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ABOUT THE CONFERENCE
Science and materials has continuously evolved through decades. SDEM 2017 was organized in Oct2017 and was successful in capturing the development of materials and processing. Department of
Civil and Mechanical Engineering, AIET, Bhubaneswar is organizing SDEM-2017 to showcase
recent advances in materials processing and applications. In keeping up with the research interest of
the materials community, SDEM-2017 will provide an update on scientific and technical aspects
covering broad areas of interests in engineering materials, processing and applications.

ABOUT THE DEPARTMENT
The Department of Civil and Mechanical Engineering has been in existence since 2009 with the
inception of the college with an initial intake capacity of 60 and is producing high quality technical
manpower needed by industry, R&D organizations, and academic institutions. The intake capacity
was enhanced to 120 in the year 2011.The Department has full fledged faculty members who are
specialized in the fields of design, thermal, production and CAD/CAM. Laboratories are fully
equipped to enhance the knowledge of the student, periodic industry trips and visits to various project
sites are arranged. Special lectures and seminars are held on a frequent basis to assist them tailor in
their particular areas of interest and trying hard to transform students of even mild talent to
professionals in the mechanical and mechatronics field. Already more than750nos of alumni have
been produced so far, placed in different Government, private, Public & other sectors and some of
them have pursued higher studies. However, with the progress of time, many more frontier areas of
mechanical engineering have been taken up for active research.

ABOUT THE INSTITUTE
Established in the year 2009 , Aryan Institute of Engineering and Technology(AIET) is one of the
premier engineering colleges in the self-financing category of Engineering education in eastern India.
It is situated at temple city Bhubaneswar, Odisha and is a constituent member of Aryan Educational
Trust. This reputed engineering college is accredited by NAAC, UGC and is affiliated to BPUT,
Odisha. AIET aims to create disciplined and trained young citizens in the field of engineering and
technology for holistic and national growth.
The college is committed towards enabling secure employment for its students at the end of their four
year engineering degree course. (The NAAC accreditation in the year 2018 vouches for the college’s
determination and dedication for a sustainable learning environment). The academic fraternity of
AIET is a unique blend of faculty with industry and academic experience. This group of facilitators
work with a purpose of importing quality education in the field of technical education to the aspiring
students. Affordable fee structure along with approachable location in the smart city of Bhubaneswar,
makes it a preferred destination for aspiring students and parents.
The Institute works with a mission to expand human knowledge beneficial to society through
inclusive education, integrated with application and research. It strives to investigate on the
challenging basic problems faced by Science and Technology in an Inter disciplinary atmosphere and
urges to educate its students to reach their destination, making them come up qualitatively and
creatively and to contribute fruitfully. This is not only its objective but also the ultimate path to move
on with truth and brilliance towards success.
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CHAIRPERSON’S MESSAGE

On behalf of the Organizing Committee, it is my great pleasure to welcome you to
National Conference on Structural Design and Engineering Materials (SDEM2017). In our endeavour to raise the standards of discourse, we continue to remain
aware in order to meet with the changing needs of our stakeholders. The idea to
host the SDEM-2017 is to bring together Researchers, Scientists, Engineers,
Scholars and Students in the areas of Civil and Mechanical Engineering. The
SDEM-2017 Conference will foster discussions and hopes to inspire participants
from a wide array of themes to initiate Research and Development and
collaborations within and across disciplines for the advancement of Technology.
The conference aims to bring together innovative academic experts, researchers
and Faculty in Engineering and Management to provide a platform to acquaint and
share new ideas. The various thematic sessions will showcase important
technological advances and highlight their significance and challenges in a world
of fast changes. I welcome all of you to attend the plenary sessions and invite you
to interact with the conference participants. The Conference Committees will make
any possible effort to make sure that your participation will be technically
rewarding and a pleasurable experience.
I am looking forward to meeting you in during SDEM-17 and to sharing a most
pleasant, interesting and fruitful conference.

With regards,
Dr. Madhumita Parida
Chairperson
Aryan Institute of Engineering & Technology
Arya Vihar, Bhubaneswar, Odisha
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DIRECTOR’S MESSAGE

It is a great pleasure and an honor to extend to you a warm invitation to attend the
National Conference on ‘National Conference on Structural Design and
Engineering Materials(SDEM’17)’ to be held on 21st – 23rd October 2017, at Aryan
Institute of Engineering and Technology, Bhubaneswar. The theme of Emerging
Trends in Civil and Mechanical Engineering will underpin the need for
participation in forums for collaborative Research and cooperation of individuals
from a wide range of professional backgrounds. The Conference will provide a
wonderful forum for you to refresh your knowledge in the technical field in Civil
and Mechanical Engineering. The Conference will strive to offer plenty of
networking opportunities, providing you with the opportunity to meet and interact
with the scientists and researchers, friends as well as sponsors and exhibitors.
I hope you will join us for a symphony of the outstanding conference, and spare a
little time to enjoy the spectacular and unique beauty of Bhubaneswar city.

With regards,
Prof. Sasmita Parida
Director
Aryan Institute of Engineering & Technology
Arya Vihar, Bhubaneswar, Odisha
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PRINCIPAL’S MESSAGE

I am pleased to welcome you to the National Conference on “National
Conference on Structural Design and Engineering Materials” (SDEM-2017) to
be held on 21st - 23rd October, 2017.
The intent of this conference is not only to discuss lively and emerging issues of
a particular domain but also dissemination of the awareness among other
learned people. Over the years, dramatic improvements have been made in the
field of Engineering, and Technology. I hope SDEM-2017 will become the
most useful National Conference dedicated to bring out latest trends in
Engineering, and Technology.
In order to provide an outstanding technical level for the presentations at the
conference, we have invited distinguished experts to participate in the Technical
Programmes. We will have technical sessions, plenary sessions by keynote
speakers during three days of conference including the awards presentation
during the valedictory session on the last day of the conference.
I hope SDEM-2017 will make you aware of state-of-the art systems and provide
a platform to discuss various emerging technologies in Civil and Mechanical
Engineering.

With regards,
Prof. (Dr.) S. S. Khuntia
Principal
Aryan Institute of Engineering & Technology
Arya Vihar, Bhubaneswar, Odisha
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CONVENER’S MESSAGE

National Conference on " Structural Design and Engineering Materials" (SDEM 2017)
is a prestigious event jointly organized by Mechanical and Civil Engineering
Department with a motivation to share a progress in recent technologies. The
objective of SDEM 2017 is to present the latest research and results of scientists
(preferred under graduate and post graduate students, research scholars, post-doc
scientists, academicians and working professionals) related to the subjects of
Mechanical and Civil Engineering. The conference will provide with paper
presentations and research paper presentation by prominent speakers who will focus
on related state-of-the-art technologies in the areas of the conference.
I wish all the success to the conference SDEM-2017.

With regards,
Prof. Bhagyashree Panda
Professor and HOD of Mechanical Engineering
Aryan Institute of Engineering & Technology
Arya Vihar, Bhubaneswar, India
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Large two-stroke (2 T) diesel engines utilising very inexpensive heavy fuel oil (HFO) create a lot of carbon dioxide
despite their great thermal efficiency (>50%). (CO2). The use of hydrogen (H2) as a fuel in 2 T diesel engines is a
potential option for decreasing or nearly eliminating CO2 emissions to meet the low emission requirements that will
be required by future regulation. An examination of dual combustion is carried out in this work using experimental
data and system modelling to evaluate several techniques for supplying H2 to the engine and for varying H2
percen-tages in energy terms. Previously, a comprehensive thermodynamic model of a 2 T diesel engine was
constructed and validated, along with an innovative scavenging model. The most significant disadvantages of these
engines are addressed in this study by employing dual combustion and water injection to reduce nitrogen oxides
(NOx), self-ign-ition, and combustion knocking. The results reveal that the created model matches engine
performance data in dies-el mode, with a 53 percent higher efficiency and 14.62 bar mean effective pressure (MEP)
in hydrogen mode.

type of engine, low-speed two-stroke diesel engines and the vessels
require changes to meet the challenges ahead.
Several methods are being developed in order to comply with the
new restrictions on GHG emissions, such as engine improvements,
exhaust gas recirculation (EGR), two-stage turbocharging, selective
catalytic reduction (SCR), dual-fuel engines, alternative fuels, batteries
and FC [7,8]. In recent years, battery-electric propulsion has success
fully been applied for short-sea ferries. Within the field of large oceangoing vessels within the traditional domain of the 2 T diesel engine,
short-sea Ro-Ro shipping seems to be the only area where batteryelectric propulsion constitutes an alternative that is practically feasible
weight- and volume-wise at the current stage of development of battery
technology [6,9]. A 2 T engine operating on carbon–neutral fuels seems
a more attractive solution for large ocean-going vessels to become car
bon neutral due to the cost, weight, volume and expected useful life of
batteries.
Alternatively, FC systems provide an efficient way to generate elec
tricity with few emissions [10]. Currently available FC systems are
significantly more expensive than conventional generators, but it is
expected that system prices can be reduced to levels where the higher
investment cost is justified by the advantages. In this regard, H2 is
considered as an alternative fuel for power generation especially in the

1. Introduction
The worldwide focus on fossil fuels is increasing due to growing
concerns about climate change. For more than 15 years, the authorities
have been focused on establishing rules for limiting exhaust gas emis
sions from two-stroke low-speed diesel engines [1]. This type of engine
is used around the world in applications demanding large power output
and efficiency, such as ships and electric generation plants [2]. One of
the main drawbacks of these engines compared with other types of
power plant is the high level of exhaust emissions, which largely
comprise CO2, with smaller quantities of carbon monoxide (CO), oxides
of sulphur (SOx) and NOx, partially reacted and non-combusted hy
drocarbons (HC) and particulate matter (PM). CO2 emissions are pro
portionally related to the consumption of fuel; 1 ton of fuel produces
approximately 3 tons of CO2 [3].
According to the International Maritime Organization (IMO), the
shipping industry accounted for 2.1% of global GHG emissions in 2014,
due to the burning of fossil fuels as the primary means of propulsion [4],
and approximately 13% of global NOx emissions [5]. The IMO has
adopted a strategy to reduce the emission of GHG from global shipping
by at least 50% by 2050 [6]. Taking into account the high lifetime of this
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Nomenclature
2T
A1
A2
Aa
Aadm
Aesc
BDC
C1
C2
CI
cld
cp
cv
Dp
EGR
EVC
EVO
FC
Fr
G
gc
GHG
h
Ha
Hi
Hp
HFO
HRR
IC
IMO
IO
J
lm
m1
m2
m
MEP
n
N
Nc
p
PHRR
PM

Q
R
RPM
SCR
T
TDC
u
U
V
Vc
Ẇ
WI
x
Z

Two-stroke
Released energy during the premixed phase
Released energy during the diffusion phase
Area of the intake ports
Side area of each region
Exhaust area of each region
Bottom dead centre
Shape factor
Shape factor
Compression ignition engine
Constant heat capacity of diesel in liquid state
Specific heat at constant pressure
Specific heat at constant volume
Piston diameter
Exhaust gas recirculation
Exhaust valve closing
Exhaust valve opening
Fuel cell
Energy fraction of hydrogen
Flow
Corrected volume flow
Greenhouse gas
Specific enthalpy
Height of the intake ports
Height of the bottom side
Piston position
Heavy fuel oil
Heat release rate
Intake ports closing
International Maritime Organization
Intake ports opening
Piston rod and piston length
Longitudinal shaft
Shape factor
Shape factor
Mass
Mean effective pressure
Moles
Total number of species
Corrected revolutions
Pressure
Parametric heat release rate
Particulate matter

Greek symbols
β
Shape parameter of the turbine
θ
Crank angle
Angle corresponding to the maximum HRR in the premixed
θc1
phase
Angle corresponding to the maximum HRR in the diffusion
θc2
phase
τ
Mass ratio between diesel and hydrogen
ϕ
Flow between regions
π
Compression ratio
η
Efficiency
µ
Mass ratio between water and hydrogen
υ
Angle between the connecting rod and the longitudinal
shaft
Subscripts
cmb
cmp
d
evp
h2
inj
i
j
k
ld
r
ref
trb
wll

transportation sector, such as maritime [11]. Some of the characteristics
that make H2 attractive as an alternative fuel are: high heating value,
wide flammability range, high flame speed, zero carbon content, high
diffusivity, low minimum ignition energy and that it can be produced
from renewable energy and can be stored easily [12,13].
On the contrary, H2 cannot be directly used in compression ignition
engines due to its high self-ignition temperature, which would require a
prohibitively high compression ratio and/or heating of the intake air,
reducing the volumetric efficiency and therefore the engine power.
Although H2 can be burnt in dual-fuel mode using diesel fuel as the
ignition source [14] or with spark plugs [15], several major problems
with hydrogen as fuel are yet to be resolved, including combustion
knock and high NOx emissions [16,17].
Regarding co-combustion studies developed in naturally aspirated
heavy-duty engines, it has been shown a reduction in exhaust emissions
of NOx and PM at low H2 levels; however, at higher H2 levels, an in
crease in both exhaust NOx and PM emissions has been observed
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Heat transfer
Specific gas constant
Revolutions per minute
Selective catalytic reduction
Temperature
Top dead centre
Internal energy
Total internal energy
Volume
Swept volume
Power
Water injection
Species
Total number of regions

Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the
Relative to the

combustion
compressor
diesel
evaporation
hydrogen
injection
region
species
plenums
liquid diesel
combustion phase
reference conditions
turbine
wall

[18,19]. NOx emissions were speculated to increase due to higher incylinder gas temperatures resulting from H2 combustion, while PM
emissions increased due to displacement of intake O2 by H2 [18]. Some
studies have attempted to reduce the NOx and PM emission levels by
utilizing EGR in heavy-duty engines [20]. The effect of EGR with dual
H2–diesel co-combustion was to achieve simultaneous reductions in
smoke and NOx emissions [20,21]. Other studies have investigated the
effect of an elevated intake air temperature on an engine operating on H2
and diesel as fuels, and a considerable reduction in exhaust emissions
was achieved (41% NOx and 30% PM emissions reduction), although the
authors observed no significant impact of intake air temperature on
engine performance [22]. Studies with water injection (WI) that have
been carried out in current diesel engine technology show better NOx
and PM reductions than those achieved with the use of EGR [23]. In
addition, WI is able to prevent the self-ignition and combustion knock
ing in dual combustion mode [24,25].
The aim of this work is to study the feasibility of using hydrogen in
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performance map. This mixed model is a combination of an innovative
scavenging multi-zone model that does not require an external law, and
a zero-dimensional model for diesel injection and HFO and hydrogen
combustion.
In this work, the study is focused on the effects of the addition of H2
combined with WI on the in-cylinder pressure and temperature, the ef
ficiency and MEP under various engine loads, water and H2 fractions.
Two ways of supplying hydrogen to the engine will also be studied;
through the intake ports during air induction and by injection during the
compression stroke. Fig. 1 shows a scheme of dual combustion inside the
combustion chamber of a large 2 T engine with two diesel injectors and
one exhaust valve.
2. Methodology
2.1. Engine description
The model has been developed for the diesel engine MAN B&W
10L67GBE, the main characteristics of which are shown in Table 1; a 2 T
low-speed diesel engine with in-line 10 cylinders. Each cylinder has
lateral intake ports and a single exhaust valve in the cylinder head.
This low-speed engine is characterised by operating in the two-stroke
diesel cycle, uniflow scavenging, a single exhaust valve in the cylinder
head, two turbochargers with charge cooler and flat piston geometry.
Fig. 2 shows a longitudinal section of this type of engine.
Fig. 1. Scheme of dual combustion in the combustion chamber of a large 2 T
engine with two diesel injectors and one exhaust valve.

2.2. Engine model
This section gives a description of the main hypotheses on which the
model is based and the full integration of the thermodynamic model,
that is, the combination of the compressor and turbine operation maps
with the engine sub-models that it is shown in Fig. 3.
The engine is formed as is shown in Fig. 4 by:

Table 1
MAN B&W 10L67GBE specifications.
Type
Stroke
Bore
Cylinder displacement
Connecting rod length
Connecting rod length/ crank length ratio
Maximum power
Nominal speed
Firing order
Engine cooling
Turbocharger cooling
Fuel
Specific HFO consumption at maximum
continuous ratio (MCR)
Diagram of distribution

Two-stroke low-speed diesel engine
1700 mm
670 mm
599.361 cm3
2549 mm
2.9988
16 MW
125 rpm
1-9-4-6-3-10-2-7-5-8
Water-cooled
Water–air heat exchanger
Heavy fuel oil with sulphur less than
1%.
195.9 g/kW h

• Two compressors that take the air from atmospheric conditions, and
increase the air pressure and density feeding the plenum, having
passed the air previously through an air–water cooler.
• The engine block with 10 cylinders where each cylinder takes the
compressed air from the plenum and expels the exhaust gases to one
of the two exhaust manifold, one for each group of five cylinders.
• Two turbines, one for each exhaust manifold, through which the
exhaust gases expand and move their respective compressors. A
diffuser is at the exit of each turbine to maximise expansion.
For any fuel flow, the two-stroke low-speed engine model provides:

Intake opening (IO): 48◦ before
BDCIntake closing (IC)
: 48◦ after BDCExhaust valve opening
(EVO)
: 65◦ before BDCExhaust valve closing
(EVC)
: 92◦ after BDC
Start of fuel oil injection: 5◦ before TDC

• Thermodynamic state of gases at combustion chamber.
• Operating point of compressors and turbines.
• Thermodynamic state of air and exhaust gases at plenum and exhaust
manifold.
To generate the cylinder operation map, a mixed model is developed
where a combination of a multi-zone model for scavenging and a zerodimensional model for hydrogen and HFO combustion with the possi
bility of water addition are used. The engine model involves solving
mass and energy balances with geometric equations.
The novelty regarding the development of the thermodynamic model
of the engine is the use of an innovative multi-zone scavenging model
that does not require an external law to define the flow inside the
combustion chamber. The scavenging model has been introduced
because in 2 T engines scavenging is critical from the point of view of
engine performance and therefore it has to be considered.
The volume of the combustion chamber is divided into several re
gions in the multi-zone scavenging model that applies when the inlet
ports or exhaust valve are open. In the zero-dimensional combustion
model, only one region is considered, where the pressure, temperature

low-speed 2 T diesel engines, since currently there is not any internal
combustion engine like this -used for ship propulsion and power plantsoperating with hydrogen. However, natural gas (GN) is being used to
replace heavy fuel oil, mainly because its low CO2/MJ ratio, and also
because can be mixed with small hydrogen proportion to improve GN
combustion. It is worth to mention that nowadays gas turbines are being
tested on 100% hydrogen in power plants such as the 12 MW ‘Hyper
flower’ plant in France or the plant of 10 MW in Port Lincoln (Australia).
This paper presents the development of a 2 T diesel engine model,
validated with engine performance data, and its adaptation to dual
combustion mode (H2–diesel) with water injection. The engine is
simulated through a mixed thermodynamic model that includes
compressor and turbine operation maps and the generation of a piston
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Fig. 2. MAN B&W diesel’s MC-GI low-speed engine [26].

Fig. 3. Thermodynamic model scheme of the two-stroke low-speed diesel engine.

Fig. 4. Complete engine diagram.
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Fig. 5. (a) Regions for scavenging model and (b) kinematic chain of the 2 T engine.

and chemical species are homogeneous. Fig. 5(a) shows the geometrical
boundary conditions for the scavenging model and Fig. 5(b) shows the
kinematic chain involved in the 2 T engine model.

• The pressure is uniform throughout the cylinder.
• Each region has its own temperature, mass and composition.
• Heat transfer with cylinder walls is neglected. This is because during
the scavenging phase there are no large temperature gradients be
tween cylinder walls and gases.

2.2.1. Scavenging model
During the scavenging phase, fresh air enters via the intake ports
located at the bottom of the cylinder and the exhaust gases along with a
small part of the fresh air leave the chamber through the exhaust valve
located at the top of the cylinder. The developed scavenging model is an
innovative multi-zone model that does not require an external law to
define the sweep inside the combustion chamber.
To model the scavenging process, often two limited ideal models are
used [27] although none of them have been used in this case:

The equations that define the scavenging model are described in the
following sub-sections.
2.2.1.1. Geometric equations. As we have already mentioned, the
distinction in regions will be made for the scavenging model. In the case
of the combustion model, the entire volume of the combustion chamber
corresponds to a single region. These equations provide: the position of
the piston, the total volume of the combustion chamber, the area of the
intake ports and the area of the exhaust valve at each crank angleθ.
These equations are based on the connecting rod - crank mechanism and
allow us to define:

• The perfect displacement model. It is assumed that burned gases are
pushed out by the fresh gases without any mixing.
• The complete mixing model. Fresh mixture entering mixes instan
taneously and uniformly with the burned gases.

Vi (θ) =

In the proposed scavenging model, the volume of the combustion
chamber is divided into regions as is shown in Fig. 5(a). The intake flow
mixes instantaneously due to the small size of the slices in this region.
Between consecutive slices there is a mass flow that adjusts to their
volume change (due to the piston movements) and to the exchanges with
the outside (through the intake ports and the exhaust valve). This flow
between slices is the cause of displacement.
Fig. 5(a) illustrates a representative scheme of the number of regions.
The selection of the number of zones has required an analysis of the
number of volumes into which to divide the combustion chamber to
reach the adequate number of regions; as a result the optimal number of
regions is 9. To set this number, the following criterion has been
followed:

4M

)
Hc − Hp (θ) [Volume of each region]

Hi (θ) = Hp (θ)

(1)

i− 1
[Position of the bottom side of each region]
M

(2)

2.2.1.2. Energy and mass balance. The thermodynamic properties of
each region are described as follows. Each region “i” is defined by: the
temperature Ti; the mass mij of each species j = 1, …, N and the volume
Vi.
A set of differential equations are solved to calculate the thermody
namic states in each region “i”. Included in these is an energy balance, a
mass balance, an equation of state, heat losses and heat release corre
lations. The general energy balance is formulated as follows:
dU dW dQcmb dQwll
+ ṁi ∙ḣi − ṁ0 ∙ḣ0
+
+
=
dt
dt
dt
dt

1) The number of regions is considered such that the evolution of the
temperature in the last zone (zone 9 in Fig. 5(a), the one in contact
with the exhaust valve) converges.
2) The number of regions is the minimum that guarantees that the
conditions of the turbine inlet flow are independent of the number of
regions. Saying in a different way, increasing the number of zones
does not change flow conditions at turbine inlet.

(3)

The change of mass of each species in each region is due to the flow
that it exchanges with the lower region, with the upper one, with the
intake ports, the exhaust valve and during the combustion, the change of
mass of each species is due to the fuel injection and the combustion
itself:
dxiny,j (θ)
dmj ∂mcmb,j dxcmb (θ)
=
⋅
+ mj ⋅
∂xcmb
dθ
dθ
dθ

The following hypotheses have been taken into account to develop
the scavenging model:
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The differential form of the general energy balance is:

5

B. Meher et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017
• The gas is uniformly distributed throughout the combustion chamber
volume with homogeneous pressure, temperature and composition.
When the scavenging process ends, the mass of each species in each
region is known. The total mass of a species contained in the cylinder
will be the sum of the masses of that species in each of the regions. In
this way the mass of each species contained in the cylinder will be
known when it is passed from the multi-zone model to the monozone model. To determine the in-cylinder temperature at the
beginning of the combustion process the ideal gas equation is
applied, since the total mass, the pressure and the volume are known.
• HFO is considered to be injected in a liquid state and evaporates
instantly, which is compatible with the very low engine speed. The
evaporation process is taken into account when calculating the in
ternal energy of HFO.
• The heat capacity of HFO is constant both in the liquid phase and in
the gas phase.
• The combustion chamber is considered completely rigid and nondeformable.
• Heat losses are considered during combustion due to high tempera
ture gradients between the gases and cylinder wall.
• Heat losses are not considered during scavenging due to the very low
temperature gradients between the gases and cylinder wall.
• The combustion rate per each HFO-H2 proportion and water fraction
is given by a function of the angle of rotation of the crankshaft.

∑
dQcmb (θ) dQwll (θ)
dV(θ) ∑dmj
dT
uj (T) +
+
mj cvj (T)⋅ = − p⋅
−
dθ
dθ
dθ
dθ
dθ
j
j

)
)
] dmd [ (
dminy,d (θ) [ (
cvd Tref − Tevp
hld Tiny,d + Rd ⋅Tref +
dθ
dθ (
)]
+ Levp + cld Tevp − Tref
+

(5)
Its integration allows the cylinder pressure, temperature and mass of
each species in each region to be determined, as well as the flows be
tween regions and the intake and exhaust flows.
2.2.1.3. Flow balances. To define the flow balances in each region, it
must be taken into account that there are two types of flow. There is the
flow between consecutive slices and the flow of the slices into contact
with the intake ports and the exhaust valve.
First, the flow between consecutive regions is analysed, where ϕi
defines the flow from the region i to i + 1 (positive) or the flow between
the region i + 1 to i (negative).
{
if ϕi > 0
xij
±
(6)
ϕij = x±
ij ⋅ϕi , xij =
xi+1j if ϕi < 0
{
h±
i =

hi
hi+1

if ϕi > 0
if ϕi < 0

(7)

The result of these flows at each angle is obtained from the system of
linear equations resulting from applying the mass, energy and gas bal
ance equations to each region. The external flow (φkij ), due to the contact
with the intake ports or the exhaust valve, is modelled on a discharge
through a convergent nozzle that connects each region i with the
respective plenum k.

⎧
(
) γk +1
2
pk0
⎪
2(γ k − 1)
⎪
γk k
⎪ ±xkij CDk Aki √̅̅̅̅̅̅̅̅̅̅
⎪
⎪
γ +1
⎪
ω Rk T k0
⎪
⎨
φkij =
( k )1/γk √̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[
( k ) γk − 1 ]̅
⎪
k
⎪
⎪
p1 γ k
2γk
p1
⎪ ±xk Ck Ak √p̅̅̅̅̅̅̅̅̅̅
0
⎪
1−
⎪
⎪
pk0
⎩ ij D i ω Rk T k pk0
γk − 1
0

if

pk1
<
pk0

pk
if 1k <
p0

(
γk

The resolution of the combustion model implies the resolution of the
geometry equations, the thermodynamic properties equations, the mass
balance, the ideal gas equation and the energy balance such as those
described in the scavenging model section (considering a single area)
together with the heat transfer model, the fuel injection model and the
heat release model.

2
+1

(

2
γk + 1

)

γk
γk +1

(8)
γk
γk +1

2.2.3. Heat transfer model
The heat transfer to the combustion chamber walls is essentially
governed by convection, since gas radiation to the walls can be
neglected under these conditions [28].
In the present model, the Woschni correlation is used to calculate the
heat transfer coefficient. The expression used for the heat transfer co
efficient is [27]:

If the plenum pressure is higher than the pressure of the region i, the
flow has a positive sign (the flow enters into the combustion chamber).
The variables pk0 , T0k , Rk and γ k are the conditions of the plenum k and the
in-cylinder pressure is pk1 .
If the plenum pressure is lower than the pressure of the region i, the
flow has a negative sign (the flow leaves the cylinder). The variables pk0 ,
T0k , Rk and γk are the conditions of the region i and the plenum k pressure
is pk1 .

(9)

dQwll = − hwll Awll (T − Twll)
hwll

2.2.2. Combustion model
The scavenging phase occurs while the intake ports are open. During
this phase air, water and H2 mix in the engine plenum. For the case of H2
injection presented in Section 3, only air and water are mixed.
When the exhaust valve closes, 92◦ after BDC, the compression phase
begins. Subsequently, HFO is injected 5◦ before TDC and combustion of
both fuels develops after a small combustion delay. When the exhaust
valve opens at 65◦ before BDC, the scavenging phase starts again.
The following hypotheses have been taken into account in the
combustion model:
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)

]
[
( p )0.8
Vc Tr
T − 0.55 2lm ωeng C1 +
= 3.26D−p 0.2
(p − pr )C2
pr Vr
1000

(10)

where
• Vc = 4π D2p ⋅2lm is the swept volume.
• pr , Tr and Vr the pressure, the temperature and the volume at the
beginning of the combustion phase.
• C1 = 2.28 and C2 = 0 during the compression.
• C1 = 2.28 and C2 = 0 during the combustion.
2.2.4. Fuel injection model
The fuel injection has an important effect on the mass balance, gas
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HRR characteristics in diesel engines a combination of two Wiebe
functions is more appropriate. Despite its introduction more than 50
years ago, the Wiebe function as a burn fraction or burn rate (both timeand CA-resolved) is widely used. This is because of its simplicity and
versatility as demonstrated by its many forms and numerous applica
tions. It is widely used in engine research as a single-function, doublefunction, or multiple-function prescribed combustion model for inves
tigating a wide variety of engine processes. The parameterisation of this
model is based on the Ghojel structure, the first double-Wiebe model
devised for the prediction of heat release in direct injection diesel en
gines. From this double Wiebe model, the six parameters have been set
which it has allowed the characterization of the premixed and diffusion
combustion phases. These are given by the first and second adding up of
the following equations:
⎡
⎡
( )m+1 ⎤
( )m1 +1 ⎤

Table 2
Selected operating points to study the dual-fuel mode.
Rated power
(%)

Energy fraction of
H2 (Fr)

τ = H2 mass/(diesel
mass + H2 mass)

µ= H2O mass/
H2 mass

100-80-60

0
0.25
0.50
0.80

0
0.1071
0.2647
0.5902

0
0
17.78
32.00

composition and energy balance [29]. Diesel is injected at a constant
rate between an injection start angle θiny,0 and end of injectionθiny,f , so
that the mass injected as a function of the stroke angle is:
θ − θiny,0
dminy,d
, θiny,0 < θ < θiny,f
= md
θiny,f − θiny,0
dθ

(11)

−
⎢
xcmb (θ) = + A1 ∙⎢
⎣1 − e

where
⎧ θ− θ
iny,0
, θiny,0 < θ < θiny,f , j = diesel
dxiny,j (θ) ⎨ θ
iny,f − θiny,0
=
⎩
dθ
0,
j ∕=diesel

m1 A1
dxcmb (θ)
e
= +
(m1 + 1)θc1
dθ

m2
m2 +1

θ− θ0
θ2

m1
m1 +1

θ
θc1

⎥
⎥
⎦

(17)

( )m2 +1
−
m 2 A2
e
+
(m2 + 1)θc2

m2
m2 +1

θ
θc2

(18)

It is applicable ifθ > θ0 .
The parameters to define the HRR are:

(13)

• θ0 is the starting angle of the combustion phase in relation to the
TDC.
• A1 and A2 are the energies released during the premixed and diffu
sion phases, respectively.
• θc1 and θc2 are the angles corresponding to the maximum HRR in the
premixed and diffusion phases, respectively.
• m1 and m2 are shape factors.

The heat release rate (HRR), dxdθcmb , measures the rate of progress of
the combustion reaction as a function of the crank angle, so the mass of
diesel and H2 that is burned instantaneously is expressed as follows:
(14)

The HRR parameters have been obtained from an experimental
previous study by the authors, carried out in a conventional diesel en
gine for different operation modes with an experimental set close to 200
[24,25]. These HRR parameters are dimensionless and depend on the
crank angle. The analysis of error in the experimental work can be
consulted in Table 2 of the references [24] and [25]. The novelty
regarding the combustion model is the incorporation of these parame
terized heat release rates.
In addition to considering the double function of Wiebe, two other
alternatives were studied: 1) the Vibe Substitute Heat Release Rate and
2) the Polygon-Hyperbola Substitute Heat Release Rate model. The best
results were obtained with the double-Wiebe model and for this reason
these previous analyses have not been included in this work.

where md is the HFO mass injected per cycle and mh2 is the H2 mass
existing in the combustion chamber at the beginning of the combustion
phase. The change in mass due to combustion can be expressed as:

dmcmb,j ∂mcmb,j dxcmb (θ)
=
⋅
∂xcmb
dθ
dθ

−
⎢
⎥
⎥ + A2 ∙⎢1 − e
⎣
⎦

( )m1 +1
−

2.2.5. Heat release rate

dxcmb
dmcmb,H2
dxcmb
dmcmb,d
⋅mH2
= −
⋅md ,
= −
dθ
dθ
dθ
dθ

θ− θ0
θc1

(12)

The mass variation due to the injection can be expressed for all
species:
dxiny,j (θ)
dminy,j
= mj
dθ
dθ

m1
m1 +1

(15)

where j refers to hydrogen and HFO. The heat of combustion is pro
portional to the heating value of the HFO (Qd) and H2 (QH2), and the
mass of both species.
)
(
dxcmb (θ)
(16)
dQcmb = md Qd + mh2 Qh2
dθ
In other to characterise the HRR, a double Wiebe model has been
selected. In the case of a strong premixed combustion phase, as in direct
injection engines, a single Wiebe function is not suitable for modelling
the heat release characteristics; for a more accurate simulation of the

2.2.6. Compressor flow cooling
Fig. 7 shows the heat exchanger between the compressed air at T1
and the cooling water (Trf). The outlet temperature of the cooling is

Fig. 6. Simplified engine diagram.
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Fig. 7. Diagram of the 2 T engine study.

calculated by a cooling efficiency (ηrf ):
)
(
Toutlet = T1 + ηrf T rf − T1

• The efficiency of the compressor ηcmp .

(19)

Given a point of the compressor map (gccmp , π cmp ), it is possible to
calculate:

2.2.7. Matching
When the engine is balanced, it can be assumed that:

• The composition x1, x1 = x0.
• The compressor downstream pressure as: p1 = πcmp p0 .
• The compressor outlet temperature as a function of the isentropic
evolution and the efficiency, T1.

• The ten cylinders work under the same conditions.
• Both compressors work under the same conditions, each of them
with half of the total engine air flow.
• Both exhaust manifolds are under the same conditions.
• Both turbines work under the same conditions, each of them
receiving half of the total engine exhaust flow.

• The compressor power as: Ẇ

= Gcmp (h1 − h0 ).

2.2.7.2. In-cylinder map. Using the thermodynamic mixed model to
simulate the scavenging and combustion processes, it is possible to
calculate:

The engine diagram can be represented as shown in Fig. 6.
The different components of the engine can be characterised as
follows:

• The inlet flow Gadm.
• The outlet flow Gesc and the composition xesc.
• The exhaust temperature Tesc.

2.2.7.1. Compressor.
• The corrected volumetric flow cmp.

As a function of:

• The compression ratio πcmp = p1 /p0 .

• The inlet conditions p2 and T2.

• The corrected revolutionsNcmp
c .
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Given a point of the turbine map (βtrb ,Ntrb
c ), it is possible to calculate:
• The composition x4, x3 = x4.
• The downstream pressure p4, p4 = p3/πtrb .
• The turbine outlet temperature as a function of the isentropic
expansion and the efficiency, T4.
• The compressor power as: Ẇ

trb

= Gtrb (h3 − h4 ).

The matching process involves searching for the compressor map
point (gccmp , πcmp ), the ratio between the exhaust receiver pressure and the
air receiver pressureπp , and the shape parameter of the turbine βtrb , that
ensures:
Gcmp
− 1=0
5Gadm

(20)

Gtrb
− 1=0
5Gadm

(21)

π p p2
− 1=0
πtrb p0

(22)

Ẇ

cmp

Ẇ

(23)

− 1=0

trb

2.3. Model validation – Diesel mode
Fig. 8. Main magnitudes of the engine depending on the load and in colour the
points obtained from the model for validation.

Fig. 7 shows the process that is carried out to develop the complete
study, which is accounted in four steps. The first one, the blue block,
corresponds to the development of the engine model. The second block
in golden corresponds to the validation of the model in diesel mode from
the pressure curves and operational data shown in Fig. 8 for different
rated power levels (25–100%). The third block in red corresponds to the
study of the operation of the 2 T engine model, previously validated, in
dual mode with the addition of H2 through the intake ports along with
the air. Finally, in step 4 in green, different alternatives are studied for
improving the engine performance.
The study of the effects of H2 addition combined with WI on the incylinder pressure and temperature, the efficiency and MEP under
various engine loads, water and H2 fractions were carried out through
numerical calculations using the 2 T engine model. Only the PHRRs have
been obtained through previous experimentation, collected in refer
ences [24] and [25].
In Fig. 8, the black lines and points represent the current engine data
and the different colour dots are the outputs from the model. As can be

• The exhaust receiver pressure, p3. p3 =πp p2 , where π p is the rela
tionship between the exhaust receiver pressure and the air receiver
pressure.
Given a fuel mass injected (diesel and H2), p2, T2 and πp , we obtain
G , Gesc, xesc and Tesc.
adm

2.2.7.3. Turbine. The turbine is characterised by:
•
•
•
•
•

A shape parameter βtrb .
The corrected revolutions Nctrb .
The corrected mass flow Gtrb
c .
The expansion turbine ratio πtrb = p3 /p4 .
The turbine efficiency ηtrb .

Compressor map
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Fig. 9. Selected operating points to validate the 2 T engine model over the compressor map.
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Turbine map
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128.0
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57.0
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2

PR

2.2

2.4

2.6

Fig. 10. Selected operating points to validate the 2 T engine model over the turbine map.

enough for the purpose of the work the validation of the engine model
when runs in diesel mode. Therefore, the engine performance in dual
combustion mode HFO-hydrogen presented in this work has to be
considered as performance prediction.

Table 3
Parameters of the PHRR for different energy fractions of the H2.
Energy fraction of
H2

θ0

θ1

θ2

m1

m2

A1

A2

0.00
0.25
0.50
0.80

2.00
6.89
4.00
6.73

3.00
4.18
10.23
5.01

8.0
7.63
22.65
9.23

2.50
2.58
1.61
2.91

1.00
0.688
2.63
1.35

0.200
0.082
0.856
0.144

0.800
0.949
0.184
0.932

3. Experimental study
3.1. Dual-fuel (diesel–hydrogen) operation
For the analysis of the dual mode, three load conditions have been
selected: 100%, 80% and 60% of rated power in diesel mode, with
different fractions of H2 which are shown in Table 2. For every load
condition, the energy of the mixture HFO-H2 is the same of the corre
sponding energy of the diesel mode.
When required, water will be introduced with the intake air in the
plenum, through injection close to the intake ports.
From the established load conditions and taking into account the
mass ratio τ, the PHRR laws obtained [24,25] are incorporated into the
model. The mass of water corresponding to the mass ratio is included in
the model as well, named as µ in Table 2. The PHRRs taken are
dimensionless, so that they are included in the model multiplied by the
energy associated with the mass of fuel. Table 3 shows the value of the
PHRR parameters [24,25].
Fig. 11 shows the different phases of the typical diesel combustion
process in a PHRR curve. It can be observed that the combustion process
contains a mixing-controlled phase and a diffusion phase.
From Fig. 12 (a) to (d) represents the Wiebe dimensionless PHRR

observed, the model follows the engine performance with very low
error.
For the development of the internal map of the cylinder, several it
erations are required to achieve stationary conditions and to obtain a
map point for the given conditions. To obtain the stationary conditions,
the following steps are taken: for each new iteration the in-cylinder
pressure curves are compared with the previous iteration, obtaining
an error between them. If this error is less than a previously set value,
the cylinder operating point is validated.
The MEP of the model depends on the mechanical losses introduced
in the 2 T engine model, which has been adjusted so that the MEP adapts
to the real curve, as shown in Fig. 7. Moreover, Fig. 9 and Fig. 10 show
the selected operating points to validate the 2 T engine model in diesel
mode over the compressor and turbine maps respectively.
Regarding calibration of the engine model with dual combustion
HFO-hydrogen, currently there is no any engine of this type running
with this fuel at any fuel mixture fraction and therefore it is not possible
validation from operational data. In this regard, authors consider

7

x 10
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6

Mixing-controlled phase
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Diffusion phase
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2
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Fig. 11. Representation of the PHRR.
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Fig. 12. PHRR for each energy fraction of H2.

(1) An earlier exhaust valve closure so that the amount of H2 that
leaves the cylinder without burning is reduced, mainly due to the
lower time for H2 leakages. This solution does not require any
additional modification to the original engine and its imple
mentation in the real engine is immediate by adjusting the
opening cam.
(2) Injecting the H2 when the exhaust valve has closed. In this case
there is no possibility of H2 leakage with exhaust gases. To carry
out this modification, an injector is required to introduce the H2
directly into the chamber. From a technical point of view, this
solution is easy to implement due to the high pressure in the H2
tank, in the range 300–700 bar, and the low pressure in the cyl
inder after exhaust valve closure, lower than 40 bar.

versus crank angle for each energy fraction of H2 that corresponds to the
parameters of Table 3. In Fig. 12 it can be observed that an increase in
the H2 energy fraction causes an evolution of the combustion process
from a process with two phases (mixing-controlled and diffusion) to one
with a single (mixing-controlled phase). This change in the HRR is due to
the multiple turbulent flames propagated through the H2–air mixture
presented outside the diesel spray, accelerating the combustion process
of the diesel fuel. The amount of H2O has no influence on the shape of
the PHRR. Analysing the role of the WI in the PHRR, a delay is observed
in the start of combustion as WI increases.
Fig. 13 shows the compressor map for the different fractions of H2
introduced; as it is shown, both the air mass flow and the compression
ratio decrease proportionally to the increase of H2 involved in the pro
cess. Table 4 shows the reduction of MEP and air mass flow in dual mode
operation. Keeping the exhaust valve open at the same time as the intake
ports causes H2 leaks in the scavenging process before it can be burned,
less power by cylinder and a lower exhaust temperature, providing less
energy at the turbine inlet. This promotes a reduction of the turbo
charger speed and therefore of the pressure and air mass flow when
compared to the case of 0% H2.
Fig. 13 and the next figures on the map of the compressor and the
turbine show 100%, 80% and 60% of rated power indicated with boxes.
In order to correct the power reduction due to the loss of mass of H2
through the exhaust valve, two solutions are proposed:

Analysis of Hydrogeb-Heavy Fuel Combustion...

3.2. New engine configuration for improving performance
3.2.1. An earlier exhaust valve closure
Figs. 14 and 15 show the following cases on the compressor map,
with the main engine outputs presented in Table 4:
• Cases in diesel reference mode and with the exhaust valve closing
according to the normal distribution. They are shown with the
symbol “x”.
• Case of the normal exhaust valve closure distribution, + 92◦ after
BDC. This case is represented by circle of different colours, one for
each different fraction of H2.
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Fig. 12. (continued).
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Fig. 13. Operating points in dual-fuel mode over the compressor map.

• Case of advance closing of the exhaust valve, 30◦ before normal
distribution. That is to say, the closing takes place +60◦ after BDC.
Represented by squares of different colours.
• Case of advance closing of the exhaust valve, 50◦ before normal
distribution. That is to say, the closing takes place +40◦ after BDC.
Represented by asterisks of different colours.
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• Case of advance closing of the exhaust valve, 65◦ before normal
distribution. In this case, closing is +25◦ after BDC. Represented by
asterisks of different colours.
Figs. 16, 17 and 18 show the variation of the MEP, the admission
flow and the performance for different exhaust valve closing angles. For
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all figures, the legend indicates that an “x” symbol, a “□” symbol and a
“▴” symbol correspond to 100%, 80% and 60% of rated power,
respectively. The different colors of the figures refer to the closing angle
of the exhaust valve, in this case the red, blue, green and yellow colors
corresponding to +92◦ (normal closing of the valve), +60◦ , +40◦ and
+25◦ , all after BDC, respectively.
It can be appreciated that closing the exhaust valve earlier produces
an increase in the MEP and efficiency; the higher the H2 fraction, the
earlier the exhaust valve closing required for performance improve
ment. It is also observed that the earlier the exhaust valve closing, the
higher the mass flow reduction. In dual mode, closing the exhaust valve
25◦ before BDC gives only a small reduction of performance when
compared to the original engine burning HFO.
Fig. 14 shows another effect of the earlier exhaust valve closing; as
the exhaust valve closing angle moves towards BDC, the operating
points approach the compressor’s pumping line. This behaviour is due to
the fact that advancing the closing of the exhaust valve means that the
compressor has a higher back pressure accompanied by a reduction of
the compressor flow. In addition and because the amount of fuel is
maintained, there is an increase of the fuel–air equivalence ratio
increasing the exhaust gases temperature, see Fig. 19, and pressure ratio,
see Fig. 15, where the PR ratio increases as the exhaust valve closing is
nearer to the BDC.
Fig. 20 shows the in-cylinder pressure curve at 100% of rated power
for different angles of exhaust valve closing as a function of the energy
fraction of H2. For the same exhaust valve opening angle, any increase of
H2 reduces the pressure at TDC, because of the reduction of compressor
pressure and also reduces the maximum combustion pressure due to the
increasing leakage of hydrogen. On the contrary, an earlier exhaust
valve closure causes an increase in the compression pressure at TDC and
also of the maximum combustion pressure for both the increase of air
pressure at inlet port closure and the increase of H2 ratio (upward
movement of the pressure curves).

Table 4
Comparison of the values obtained in the dual mode model for the proposed
solutions to prevent H2 leakage.
Energy
fraction
H2

Rated
power

MEP
(bar)

Intake
flow
(kg/h)

Losses
of H2

Efficiency

Diesel
Mode

0

Dual Mode
- EVC +
92◦ after
BDC

0.25

100%
80%
60%
100%
80%
60%
100%
80%
100%
80%
100%
80%
60%
100%
80%
100%
80%

13.51
10.52
7.64
13.17
10.54
7.44
12.05
9.59
10.74
8.65
13.50
10.70
7.72
13.15
10.55
12.54
10.02

8.70
7.30
5.72
8.68
7.24
5.72
8.16
6.70
7.50
6.12
8.70
7.30
5.67
8.40
6.94
8.14
6.74

–
–
–
35%
35%
32%
36%
35%
37%
36%
22%
22%
20%
23%
22%
24%
23%

49.13
47.83
46.31
47.90
47.92
45.10
43.82
43.60
39.06
39.32
49.10
48.64
46.79
47.83
47.96
45.61
45.55

100%
80%
60%
100%
80%
60%
100%
80%
100%
80%
100%
80%
100%
80%

13.41
10.53
7.85
13.09
10.29
7.71
12.88
10.17
13.41
10.51
13.22
10.38
13.23
10.42

8.55
7.16
5.46
8.46
6.90
5.29
8.31
6.76
8.31
6.72
8.22
6.60
8.23
6.23

15%
14%
13%
15%
15%
13%
16%
15%
10%
10%
11%
10%
11%
10%

48.77
47.87
47.58
47.61
46.78
46.73
46.84
46.23
48.77
47.78
48.08
47.19
48.12
47.37

100%
80%
60%
100%
80%
60%
100%
80%
60%

13.81
10.85
8.09
14.05
11.05
8.24
14.62
11.50
8.59

8.99
7.69
6.09
9.04
7.71
6.19
9.21
7.87
6.26

–
–
–
–
–
–
–
–
–

50.23
49.33
49.04
51.10
50.23
49.95
53.17
52.28
52.07

0.50
0.80

Dual Mode
- EVC +
60◦ after
BDC

0.25
0.50
0.80

Dual Mode
- EVC +
40◦ after
BDC

0.25
0.50
0.80

Dual Mode
- EVC +
25◦ after
BDC

0.25
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– H2
Injection
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0.50
0.80
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0.80

5

Compression ratio [-]

4.5
4

3.2.2. H2 direct injection
Figs. 21 to 27 show the output of the engine when H2 injection is
after exhaust valve closure, inhibiting any H2 leakage into the exhaust
flow. The engine outputs performance is summarised in Table 4. For
these figures the following legend has been adopted:
• Diesel mode reference with the exhaust valve closing at +92◦ after
BDC. This is shown with the symbol “x”.
• Dual-fuel mode (without injection of H2) with the exhaust valve
closing at +92◦ after BDC. This case is represented by circles of
different colours, this is, different fractions of H2.
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Fig. 14. Compressor map with the operating points with different exhaust valve closure.
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Fig. 15. Turbine map with the operating points with different exhaust valve closure.

Fig. 16. Comparison in terms of MEP between the different cases of exhaust valve closure.

Fig. 17. Comparison in terms of intake flow between the different cases of exhaust valve closure.

• Dual-fuel mode with H2 injection. This case is represented by squares
of different colours, this is, different fractions of H2.

• The fresh air after the compressor is not displaced by hydrogen at the
inlet and consequently there is a lower H2/air ratio when compared
with the cases before. As a result, the exhaust temperature will be
lower in the injection mode, as can be observed in Fig. 23.
• The reduction of the back pressure when the exhaust valve is closed
at +92◦ after BDC, together with a slight increase in the available
energy in the exhaust because the entire quantity of H2 is burned,
except that associated with the combustion efficiency.

In Fig. 22, the case with the exhaust valve closing at +25◦ after BDC
and H2 at intake is included to compare the results with the H2 injection
case. It is observed in Fig. 21 that the operating points in which H2 has
been injected have a greater volume flow rate, increasing the
compression ratio. This behaviour is produced by two different
phenomena:
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Fig. 24 shows the operating points on the turbine map. It can be
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Fig. 18. Comparison in terms of efficiency between the different cases of exhaust valve closure.

Fig. 19. Comparison in terms of exhaust temperature between the different cases of exhaust valve closure.

In-cylinder pressure
120

Pressure (bar)

100
80
60

-Symbols------- EC +90º after BDC
- - - - EC +60º after BDC
. . . . . EC +40º after BDC
o o o EC +25º after BDC
Diesel mode - Energy
fraction H2=0

Dual mode - Energy
fraction H2=0.25

Dual mode - Energy
fraction H2=0.50

Dual mode - Energy
fraction H2=0.80

40
20
-100

-80

-60

-40

-20

0
20
Crank angle (º)

40

60

80

100

Fig. 20. In-cylinder pressure curves at 100% of rated power for different cases of exhaust valve closure.

observed that, as the compression ratio in the compressor increases, the
PR ratio in the turbine also increases.
Fig. 25 shows the efficiency for the following cases: the reference
case (diesel mode), the dual mode operation with H2 injection and the
case of dual mode operation with the contribution of H2 through the
intake ports with the closure of the exhaust valve at +92◦ after the BDC.
It can be seen in the figure that H2 injection after exhaust valve closure
represents an improvement in performance with respect to the other
cases. This effect is greater when the energy fraction of H2 grows. The
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best results are obtained for an energy fraction of 0.80.
Fig. 26 shows the MEP for the reference case and the case of dual
mode operation with H2 direct injection. As with the performance, a
higher energy fraction of H2 produces a greater increase in MEP. This is
due to the fact that combustion is faster, approaching a constant volume
process, which results in an increase in MEP.
Fig. 27 shows the in-cylinder pressure for the rated power equal to
100% for cases of operation in diesel mode, dual operation mode with
exhaust closure at +90◦ after BDC, dual operation mode with exhaust
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Fig. 21. Compressor map with the operating points with H2 direct injection and exhaust valve closure at +92◦ after BDC.
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Fig. 22. Compressor map with the operating points with H2 direct injection and exhaust valve closure at +25◦ after BDC.

Fig. 23. Comparison in terms of exhaust temperature for different cases.
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Fig. 24. Turbine map with the operating points with H2 direct injection and exhaust valve closure at +92◦ after BDC.

Fig. 25. Comparison in terms of efficiency for different cases.

Fig. 26. Comparison in terms of MEP for different cases.

contribution of H2O has been implemented in the model with the ben
efits that we have observed in the previous experimental study on the
conventional diesel engine [24,25].

closure at +25◦ after BDC and dual operation mode with H2 direct in
jection for different H2 fractions. Comparison with Fig. 19 shows that the
maximum combustion pressure with H2 injection does not increase and
therefore the increases of MEP and efficiency do not compromise the
mechanical integrity of the engine.
Table 4 shows a comparison of the values obtained in the dual mode
model for the proposed solutions to prevent H2 leakage.
Although the thermodynamic model is not able to provide NOx and
particulate emissions data, based on the previous experimental study on
the conventional diesel engine and observing the reduction in the fuel
air equivalence ratio with H2 injection, it is expected that these emis
sions will be reduced as the energy fraction of H2 grows. This is because,
on the one hand, the contribution of fossil fuels is reduced, reducing the
emissions of CO2, CO and particles; and on the other hand, the
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4. Conclusions
This paper presents a methodology to analyse the effects of using H2
as fuel in a 2 T low-speed diesel engine. The engine performance has
been studied under various test conditions, and the conclusions drawn
from this investigation are as follows:
• The thermodynamic model developed for the 2 T diesel engine fits
closely current engine performance, and is thus a sound tool for
studying alternative solutions to burning HFO.
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Fig. 27. In-cylinder pressure curves at 100% of rated power for different cases.

• The use of H2 as fuel in a low-speed two-stroke diesel engine
combined with water injection is feasible and presents results that match
or improve the performances of the engine in diesel combustion mode.
Therefore, hydrogen can be considered a sound candidate as green fuel
(when comes from renewable energy) for power production and naval
propulsion with the most efficient 2-stroke engines.

Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

• Due to the characteristics of this type of engine, part of the H2 sup
plied would be lost during the scavenging and therefore engine
performance would be reduced. Two strategies have been proposed
to improve performances that have shown their validity: 1) an earlier
exhaust valve closure and 2) injecting the H2 when the exhaust valve
has closed.
• In the case of H2 supply with the intake air, it is necessary to advance
the exhaust valve closing angle to reduce hydrogen leakage with
exhaust gases. With a reduction of 65◦ of the closure angle, the en
gine performance experiences a very small power and efficiency
penalty, almost null. The MEP when closing the exhaust valve 25◦
after BDC is around 0.1 bar lower than in the case of operation in
diesel mode. The best result is 13.41 bar and 49% of efficiency at
100% of rated power.
• H2 injection can improve the current high efficiency of a 2 T diesel
engine burning HFO, achieving more than 53%. This figure suggests
a feasible alternative to FC or other less polluting technologies that
would still be far from being competitive for high output power. The
performance improvements do not increase the peak combustion
pressure and therefore minor changes are required for adapting
current 2 T engines for burning H2.
• Considering the current use of these 2 T diesel engines burning HFO,
changing to dual combustion mode with H2 injection will reduce CO2
emissions by roughly 0.78 tons /MWh at full power. For a typical
mean engine use of 7000 h/year at 80% of nominal engine load for
the engine of Table 1, changing HFO to dual combustion mode with
H2 injection will reduce the CO2 roughly by 70 tons/year.
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ABSTRACT
Soil mixing, a ground modification technique, has been utilised for a wide range of purposes, including building
and bridge foundations, retaining structures, liquefaction mitigation, temporary excavation support, water
control, and environmental structures. The goal of this method is to identify the most efficient and cost-effective
method of mixing cement with soil so that the soft soil takes on the qualities of a soft rock like clayey shale or
lightly cemented sandstone.
Soft soils are noted for their great compressibility and poor strength. Physical and engineering qualities (such as
void ratio, water content, particle size distribution, compressibility, permeability, and strength) usually vary
significantly due to sedimentary processes in different environments. They also have a high compressibility
(including a significant secondary consolidation), low strength, low permeability, and compactness, and thus a
low construction quality. In order to improve the strength and deformation characteristics of these soft clays,
extensive mixing has lately been applied.
For the reasons stated above, a comprehensive laboratory testing programme was conducted to investigate the
influence of cement and acrylic resin inclusion on the physical and engineering behaviour of a soft clay. With
cement content ranging from 5% to 30% w/s.w. (weight by soil weight) and acrylic resin of 5% w/c.w. (weight
by cement weight) and curing durations of 7 and 28 days, a series of unconfined compression, oedometer
consolidation, durability, porosity, and permeability tests were done.
KEYWORDS: stabilization, cement, acrylic resin, compressive strength, slaking, permeability, compressibility.

Introduction
A technique of stabilization and reinforcement of a soft soil is mixing by cement, ground modification. This
technique has been used in Japan (mid 1970’s), and in Scandinavia (Sweden, Finland), for many diverse
applications. Names such as Jet Grouting, Soil Mixed Wall (SMW), Geojet, Deep Soil Mixing (DSM) or in
present work Cement Deep Mixing (CDM) has recently gained wide acceptance in the United States
(Kaushinger, 1992). The CDM technique is used at the following cases:
Soil Stabilization of a Cement Stabilized...
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BUILDING FOUNDATION: to reduce settlement by ensuring volume stability or controlling
permeability or increasing strength.
EXCAVATION WORK: to provide better support by strengthening the surrounding soil or varying its
permeability.
PAVEMENT CONSTRUCTION: to provide more durable and stronger pavements by eliminating volume
changes and preventing weathering deterioration.
SLOPE STABILITY: to prevent slips by strengthening the soil.
WATER RETENTION: to ensure safe structures against water erosion
ENVIRONMENTAL CONSERVATION: to prevent or repair erosion damage by increasing the resistance
of the soil to natural weathering from water (Lee, 1974; Ingles et al, 1972).
Each of these aforementioned methods has a basic target; the engineering structures remain intact over a long
period of time without any required repairs or reconstruction in the future.
During the last decades some limitations have been imposed to constructions: limits on the space occupied and
on time for construction; safety, growing environmental concern; shortage of traditional natural material. Soft
soil deposits are problematic soils for construction and that is why they have been ignored for long time, on the
contrary with soils of higher quality with reduced technical difficulties and lower construction costs. Alternative
areas for construction become however more and more important during the last decades, due to growing
shortage of better quality soils for construction. These limitations could be overcome with the introduction of
new mixing materials (such as cement-acrylic resin) and new construction techniques (such as CDM), (Pinto et
al, 2003).
Several minimum requirements must be satisfied in order to improve adequately the physical and engineering
properties of soft soils. If a soft soil is stabilized by cement, factors as compressive strength (bearing capacity),
durability under environmental conditions of wetting-drying (strength of cement-soil bonds), porosity (water or
waste leakage through the pore grains), permeability (containment walls can be constructed with permeability of
approximately 5x10-7 cm/sec), compression index (consolidation-settlement of foundations) should be taken into
consideration (Bell, 1975; Kawasaki et all, 1981 and Kamruzzaman et all, 2000).
For these reasons, tests of compressive strength and slake durability index were carried out, and parameters such
as porosity, compression index Cc, apparent swelling index Cas, permeability coefficient, were estimated for soft
clay stabilized with 5, 10, 20 and 30% cement addition with/without 5% acrylic resin, cured for 7 and 28 days.
The main concept in this research work is the study of the influence of cementing agent on the stabilizationengineering parameters (Anagnostopoulos et al, 2003).
The final accepted basic strategy of this study for the above mentioned engineering parameters was:
(1) The influence of variability percentage of cement on strength, slaking (potential weakening of bonds
between the grains of cement-acrylic resin stabilized soft soil due to wetting-drying or due to stresses), porosity,
and compressibility parameters.
(2) The characterization, classification and study of higher values of the above stated parameters for this
improved soft clay in order to use it as reinforced material in soil-improvement techniques such as soil mixing.
Soil Stabilization of a Cement Stabilized...
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Additionally, the acrylic resin used as additive with cement paste increases significantly the bonds within the
grains as well as durability, cohesion, engineering strength and decreases porosity.
Finally the acrylic resin prevents, by making the clay-cement system more impermeable, from the adsorption of
deleterious substances such as sulphates or probably organic compounds with small chains.
DESCRIPTION OF MATERIALS
Soil
Soft soil sample was collected from excavations at a depth of 10 to 15m. The basic characteristics of the in-situ
soft soil are listed in Table 1.
Table 1. Properties of the in-situ soft soil

Properties

Characteristics

Properties

Characteristics

Liquid Limit LL (%)

43.54

Plastic Limit PL (%)

25.32

Grain size distribution
Clay (%)
Silt (%)
Sand (%)

27
40
33

Plasticity Index PI (%)

18.22

Water Content (%)

25.16

Activity

0.67

Initial Void Ratio (eo)

1.653

Bulk Unit Weight (kN/m3)

16.68

pH (Soil:water = 1:5)

8

Dry Unit Weight (kN/m3)

13.33

Specific Gravity

2.7
X-Ray Diffraction
Analysis

Montmorillonite,
Kaolinite, Illite,
Chlorite, Quartz,
Calcite.

Compression Index (Cc)

0.311

Swelling Index (Cas)

0.093

Shear Strength (kPa)

18.6

Cement
Microfine Portland cement was used with Blaine over 4500cm2/g., produced by Titan Co., Greece and its
chemical composition is shown in Table 2.

Table 2. Chemical composition of the cement used
Chemical Component

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Ignition loss

Amount (%)

30
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Acrylic Resin (A.R.)
The acrylic resin used was an emulsion of a synthetic elastic chemical substance which as additive in cement
paste increases significantly the bonds within the substrate particles as well as the cohesion and the engineering
strength. It improves also the durability in chemicals intrusion, the impermeability and finally the durability in
cycles of freezing and thawing.
The amount of A.R. added in cement-treated soil samples was 5%w./c.w. (per weight of cement) for all cement/
soil ratios.
SAMPLE PREPARATION
Cement and cement-acrylic resin treated soil samples were prepared as follows:
A required amount of water was added to the soil sample and mixed thoroughly by a high speed-rotating stirrer
to obtain saturated conditions. Afterwards a quantity of cement in powder form was added to the saturated soil
and the whole mixture was stirred in short time (5 min) to avoid hardening of the soil-cement mixture. Then, the
quantity of A.R. (5% w/s.w.) was added and another mixing followed for 5 min. Quantities of the added cement
to the soil slurry were 5, 10, 20, 30% w/s.w. The samples for unconfined compression tests were kept in plastic
bags during the curing time. Oedometer specimens were prepared by placing the treated soil directly into the
oedometer ring and kept them in airtight plastic bag to prevent moisture loss until the day of their test.
The samples for compressive strength (ASTM D 1632-96) and slake durability test were kept in plastic bags
during the 7 and 28 days of curing. The strength was measured using a commercially available device named
Versa Tester/Soil test Inc. The dimensions of the cylindrical specimens tested were 35.5mm in diameter and
71mm in length. The rate of strain was 0.6604mm/min. The slaking (100 – Id2) was measured using the device
and testing procedure developed by Franklin (Franklin and Chandra, 1972). Finally the slake durability index
(Id2 – second cycle) was calculated as the percentage ratio of the final to initial dry sample weight. The
dimensions of the cylindrical specimens tested in slake durability test were 35.5mm in diameter and 23.7mm in
length.
Permeability coefficient was measured according to A.S.T.M D 5084-00e1 regulation and porosity was measured
according to the referenced method of Grimshaw (Grimshaw, pp. 421-422, 1971).
RESULTS AND DISCUSSION
Unconfined compression tests were performed to determine the stress-strain and stiffness characteristics of
cement treated soft soil. The experiments were conducted with cement content varying from 5 to 30%
with/without 5% A.R. having curing periods of 7 and 28 days. Figures 1 and 2 illustrate the stress-strain
behaviour of treated soil for different cement content with/without A.R. after 7 and 28 days curing period,
respectively. It was found that all soil-cement stabilized samples cured for 7 days and treated with acrylic resin
revealed lower compressive strength and stiffness compared with soil-cement stabilized samples without A.R.
treatment. The difference in strength was 18, 28, 33 and 48% for 5, 10, 20 and 30% w/s.w. cement respectively.
The reason of the above reported difference was related to the retarding action of the A.R. on the pozzolanic
reactions and consequently on the cement hardness. This adverse action is going to be diminished by time.
Strength values of soil-cement stabilized samples cured for 28 days and treated with A.R., were higher than
values of soil samples treated only with cement. In case of 5% w/s.w. cement addition the increment of strength
was 26.5% while in larger amount of cement addition this increment was almost permanent between 18.5 to 19%
(figure 3).
Figures 1 and 2 also reveal that higher cement content treated soil exhibits more ductile behaviour. More brittle
type of failure with low values of failure strain was observed for lower cement content treated soil in both curing
periods (Tatsuoka et al, 1996).
Soil Stabilization of a Cement Stabilized...
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Figure 1. Stress-strain behaviour of cement and cement acrylic resin treated soil cured for 7 days

Figure 2. Stress-strain behaviour of cement and cement acrylic resin treated soil cured for 28 days
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Figure 3. Compressive strength vs. cement percentage for treated soil cured for 7 and 28 days

Figure 4. Compression index Cc vs. cement percentage for treated soil cured for 7 and 28 days
Figure 4 shows the Compression index Cc in relation to cement content of treated soil aged for 7 and 28 days.
Consolidation characteristics were improved strongly as the cement content was increased. Curing time had only
marginal effect on this improvement. The addition of 5, 10, 20, 30% w/s.w. cement, decreased the compression
index Cc to about 0.17, 0.11, 0.017 and 0.016 correspondingly, in 28 days, from 0.311 of the untreated soil.
Acrylic resin caused a small increment of Cc for all percentages of cement due to initial water absorption from
the hydrophilic groups of acrylic resin polymeric chains and to its final water loss during loading.
The portion of (e-logs´v) relationship before apparent pre-consolidation pressure is defined as apparent swelling
index (Cas). Figure 5 illustrates the relation between Cas and cement content. In case of 5%w/s.w. cement
Soil Stabilization of a Cement Stabilized...

25

N. Mohanty et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

addition, the curing time and A.R. influenced the Cas values. This influence is limited for higher amounts of
cement added. Generally A.R. reduced slightly the Cas values due to prevention of water intrusion in the soil
mass.

Figure 5. Apparent Swelling Index Cas vs. cement percentage for treated soil cured for 7 and 28 days

Figures 6-8 show the relation of cement content with slaking, permeability coefficient and porosity of treated
soil cured for 28 days. The above results indicate that the addition of A.R. decreases the values of slaking,
permeability coefficient and porosity. Also, the increase of cement content decreases strongly the values of
slaking, permeability coefficient and porosity. In relation to the above, the slaking decreases because of the
potential strengthening of bonds between the grains of cement-acrylic resin stabilized soil. Additionally, A.R.
forms polymer films, which partially fill the voids and micro cracks between the cement-soil grains resulting in
the decrease of permeability coefficient and porosity.
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Figure 6. Slaking vs. cement percentage for treated soil cured for 28 days

Figure 7. Influence of cement content permeability coefficient of treated soil cured for 28 days
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Figure 8. Influence of cement content on porosity of treated soil cured for 28 days

Figure 9. Compressive strength vs. slaking of treated soil cured for 28 days
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Figure 10. Porosity vs. slaking of treated soil cured for 28 days
Figures 9 and 10 show the influence of A.R. on slaking-compressive strength and slaking-porosity, respectively.
Slaking (durability) is governed by both cement and A.R. film formation process in their binder phase with soil
particles. The above improves significantly durability, strength and decreases slightly the porosity of treated soil
cured for 28 days (Stavridakis, 1997).
CONCLUSIONS
The conclusions from the compression and oedometer consolidation tests are described below.
The higher the percentage of cement added the higher the increment in strength and stiffness of treated
soil.
Development of strength and stiffness for a short curing time (7 days) is delayed significantly because of
A.R. addition while for long curing time (28 days) the engineering parameters are increased considerably.
Compressibility parameters (compression index, and apparent swelling index) are improved significantly
as the cement content is increased while curing time does not influence them.
Addition of A.R. revealed a small increase in Cc for all percentages of cement because of A.R. tendency
to keep water in its molecule.
Addition of A.R. and curing time don’t influence the Cas values for cement more than 5%w/s.w.
The increase of cement content reduces the values of slaking, permeability coefficient and porosity. There
is also a significant reduction of the above parameters with the addition of 5% A.R.
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Abstract

The performance and emission characteristics of the CI engine running on algal oil diesel blend B20 with
variable injection timing are the subject of this study. Because of its low emission features, algae-based
bio-diesel has gotten a lot of interest in recent years. Micro algae provide the methyl ester of algal -oil.
With the help of the transesterification process, the oil was turned into bio-diesel. With varying load
conditions, the experiment is conducted by advancing and retarding injection timing. For this study, the
delayed injection timings of 21°bTDC and 19°bTDC were chosen. 25°bTDC and 27°bTDC are used for
advanced injection timing. The experimental results show that at the advanced injection timing of
270bTDC, the brake thermal efficiency (BTE) rose by 5.70 percent, with a large decrease of CO of 81.25
percent and a reduction of HC emission of 30 percent. When the load is high, the smoke intensity is
lowered by 26.39 percent. At high load, the retardation test revealed a considerable reduction in NOx of
28%. The temperature of the exhaust gas is likewise reduced by 7.8% when the injection timing is
advanced under high load.
Keywords: Algae oil; Injection timing; Advance; Retard; Emissions; Taguchi.

_________________________________________________________________
1. Introduction
In the modern era the demand for fossil fuels is very high due to increase in vehicle production. But it is the fact
that the source for crude oil supply left in the globe is very limited. This stimulates the researchers to find more
of renewable alternate fuels such as bio fuels. Biodiesel is one of the renewable fuels and can be effectively used
in CI engines. The biodiesel is extracted from animals, plants like neem, jatropha, etc. and it effectively reduces
various exhaust emissions in CI engines [1,2]. Algae is the more potential feedstock for the bio fuels as it
produces higher yield productivity and higher photosynthetic efficiencies compared to other conventional feed stocks [3,4]. The oil is extracted from algae and it is converted into bio-diesel with the help of transesterification
process. The later can be used in CI engines by blending with diesel fuel. However the number of researches in
using algae oil as a bio diesel is limited so as to get a complete understanding [5]. The algae oil diesel blend of
B20 showed better performance and emission characteristics than any other blends [6]. The main purpose of this
investigation is to study the performance and emission characteristics of the CI engine fuelled with algae oil
diesel blend (B20) by advancing and retarding the injection timing. Optimization analysis of the same is done to
find the desired results.
Nomenclature
bTDC

Before Top Dead Centre

aTDC

After Top Dead Centre

____________
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BTE

Brake thermal efficiency

CI

Compression ignition

NOx

Oxides of nirogen

HC

Hydrocarbon

2. Experimental Setup and Procedure
The experiments were conducted in a single cylinder four stroke stationary diesel engine with a rated brake
power of 4.4KW and running at a constant speed of 1500 rpm. The engine is vertically air cooled and the
compression ratio of the engine is 17.5:1. The standard injection timing of the engine is 23°bTDC. The
specifications of the engine are listed in Table1.
Table 1: Specifications of the engine
Make

Kirloskar

Type

Direct injection, vertical air cooled

No. of cylinders

1

No. of stroke

4

Rated power

4.4 KW

Rated speed

1500

Bore diameter (D)

87.5 mm

Stroke(L)

110 mm

Compression ratio

17.5:1

Original fuel injection timing

230 CA bTDC

The engine was coupled to an eddy current dynamometer with control systems. The engine is equipped with
crank angle encoder, pressure transducer and thermocouples to measure the exhaust gas temperature. AVL five
gas analyzer was used to measure the emissions from the exhaust gas. AVL smoke meter was used to measure
the smoke density from the engine exhaust gas. Figure 1 shows the photographic view of the entire set up.

Figure 1: Photographic view of Experimental Setup
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The engine was started with the neat diesel fuel with constant speed of 1500 rpm and allowed to run for 20
minutes to obtain the steady state condition. The variable load tests were conducted. At each load, air flow rate,
fuel flow rate, exhaust gas temperature, oxides of nitrogen, unburned hydrocarbon, carbon monoxide and smoke
density were measured. Then the same procedure was repeated by varying the injection timing (both advanced
and retarded). The injection timings were varied by varying the thickness of shims.
3. Results and Discussion
With algae oil diesel blend B20 the diesel engine was run on variable loads, first with standard injection timing
of 23°bTDC and with both advanced injection timings of 25°bTDC and 27°bTDC and retarded injection timings
of 21°bTDC and 19°bTDC.The characteristics curves of the results are plotted in the following figures.
3.1. Brake Thermal Efficiency
The characteristics curve of the brake power against brake thermal efficiency BTE is shown in Figure 2. From
the graph, it is observed that almost all the parameters lies with the same range where as there is a slight
increase in the brake thermal efficiency for the advanced injection timing when compared to the standard and
retarded injection timing due to more accumulation of the fuel as longer ignition delay (physical delay) at
advanced injection timing leads to better mixing, which results in better combustion leading to maximum BTE.
The advanced injection timing 27°bTDC shows the increase of 5.70% in BTE at full load.
3.2. Oxides of nitrogen emission
Figure 3 shows the variation of NOx emission with brake power for the blend B20 for standard, advance and
retarded injection timing. It is observed that there is an increase in emission of NO x with break power. The
higher the combustion reaction temperature, more NOx will be formed. The graph shows reduced NOx
emissions for the retarded injection timings when compared to others. The retarded injection timing of 19°bTDC
shows significant reduction in NOx of about 27.98% at full load.
3.3. Hydrocarbons emission
Figure 4 shows the variation of HC emission with brake power for the blend B20 with standard, advanced and
retarded injection timing. It is observed that advanced injection timings shows reduced HC emission than
standard and retarded injection timings. 27°bTDC shows the least emission of HC with a decrease of 30% at full
load.
3.4. Carbon monoxide emission
Figure 5 shows the variation of CO emission with brake power for the blend B20 with standard, advanced and
retarded injection timing. It is observed that there is a gradual decrease in CO emission with brake power and it
suddenly increase at full load. This is due to incomplete combustion. At full loads the advanced timing shows
significant reduction in CO emissions when compared with standard and retarded injection timings. The
advanced injection timing of 27°bTDC shows the massive reduction of CO emissions by 81.25% at full load.
3.5. Smoke emission
Figure 6 shows the variation of smoke emission with brake power for the blend B20 for standard, advanced and
retarded injection timing. Carbon when dispersed in air forms smoke as a result of incomplete combustion. It is
observed that there is a very minimal decrease in smoke intensity with break power at part loads and significant
increase at full loads. At full loads the advanced timing shows significant reduction in smoke emissions when
compared with standard and retarded injection timings.27°bTDC shows 26.39% reduction in smoke intensity at
full load.
3.6 Exhaust gas temperature
Figure 7 shows the variation of exhaust gas temperature with brake power for the blend B20 for standard, advance and retarded injection timing. The exhaust gas temperature decreases for all fuels by advancing the injection timing, which is due to latent heat of vaporisation of the fuel. The exhaust gas temperature is found to be
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higher with retarded injection timing of 19 BTDC .The advanced timing 27°bTDC shows 7.80% reduction in
exhaust gas temperature at full load.
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3.7. Optimization

Analysis

3.7.1 Taguchi Method
In this investigation the effect on injection timing on CI engine is carried out with 2 input parameters which
includes load and injection timing and the output parameters include brake thermal efficiency, HC and CO. The
Taguchi L9 orthogonal array is used to carry out the experiment with 2 sets of process parameters to obtain
optimum result. The output parameters such as break thermal, HC, CO and smoke are measured for various
injection timings (both advance and retard). The maximum break thermal efficiency and reduced CO and HC
emissions are obtained at the process parameters of 75% load and advanced ignition angle of 27° bTDC. Break
thermal efficiency, HC, CO and smoke values are used to calculate the mean and S/N ratio in this experiment.
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3.8 Cycle to Cycle variation
Heywood [8] reported that when COVIMEP exceeds 10% in conventional combustion engines, drivability problems in vehicles normally arise. So it is necessary to investigate the cycle to cycle variations of IMEP as it a ffects the engine drivability. PCCI combustion engines have lower COVIMEP as compared to conventional CI
engines. However, COVIMEP increases rapidly with late combustion timings. Higher engine operating speeds
reduces the desired combustion timing. Therefore, retarding the combustion becomes more difficult. Johansson
et al. [9] found the new value of COVIMEP (3.5%) for HCCI combustion which is used as lower operating limit.
Some of the test conditions may be out of PCCI operating range using this new value of acceptable COVIMEP .
The experiments were conducted with varying percentage of jatropha diesel blends at rated engine speed of
1500 rpm and p-Ɵ diagram of 50 consecutive combustion cycles for each test condition at steady state operation
were recorded. To evaluate the cycle to cycle variations of PCCI combustion parameters at various test cond itions, coefficient of variation (COV) of every parameter were calculated for every engine operating condition
[10] as follows.
ఙ

COV(x) = ×100%
௫

Where x =σ
ୀଵ ݅ݔȀ݊ and standard deviation ( σ)
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The COVIMEP of the engine operating under PCCI mode of operation lies in the range of 3.6 %.

4. Instrumentation
4.1. Error analysis
Errors and uncertainties in the experiments can arise from instrument selection, condition, calibration,
environment, observation, reading and test planning. Uncertainty analysis is needed to prove the accuracy of the
experiments. Percentage uncertainties of various parameters like Total fuel consumption, brake power; specific
fuel consumption and brake thermal efficiency were calculated using the percentage uncertainties of various
instruments given in the Table 2.
Table 2.List of instruments and its range, accuracy, and uncertainties

S No

1

Instrume nts
Smoke level measuring

Range

Accuracy

Pe rce ntage uncertaintie s

± 0.1

±1

0–1000 0C

±1 0C

±0.15

0–10,000 rpm

± 10rpm

±0.1

±0.1cm 3

±1

BSN

0–10

instrument

2

EGT indicator (K-type chromel–
alumel thermocouples)

3

Speed measuring unit

4

Burette for fuel measurement

5

Digital stop watch

± 0.6 s

±0.2

6

Manometer

± 1 mm

±1

7

Pressure pickup

0–250 bar

± 0.1

± 0.1

8

Crank angle encoder

0–250 bar

±1 0

± 0.2

The total percentage uncertainty of this experiment is
=√ {(uncertainty of TFC)2 + (uncertainty of specific fuel consumption)2 + (uncertainty of brake thermal
efficiency)2 + (uncertainty of CO)2 + (uncertainty of CO2)2 + (uncertainty of UBHC)2 + (uncertainty of NOx)2
+ (uncertainty of BSN)2 + (uncertainty of EGT indicator)2 + (uncertainty of Pressure pick up)2}
= √ {(1)2 + (0.2)2 + (1)2 + (0.2)2 + (0.15)2 + (0.2)2 + (0.2)2 + (1)2 + (0.15)2 + (0.1)2}
= 1.8.
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5. CONCLUSIONS
Based on the results obtained from the experimental investigation, the following conclusions were drawn:
a) It was found that with the advanced injection timing of 270bTDC brake thermal efficiency was
increased to an extent of 5.70%. CO emissions were largely reduced up to 81.25 %.
b) This results indicated that oxides of nitrogen (NOx) were reduced by 27.98 % with retarded injection
timing of 190bTDC.
c) Simultaneously Unburned hydrocarbon and smoke emissions were reduced by 30 % and 26.93 %
respectively with advanced injection timing of 270bTDC.
d) In addition with the above results Taguchi method indicated that 75 % load at advanced injection
timing of 270bTDC is the optimum conditions in terms of brake thermal efficiency.
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Abstract
By taking "Highway Tunnel" as the exploration object, it has concentrated on the steadiness of encompassing stone
which was exhumed in even stone layers. Embracing mathematical reproduction strategy, the mathematical model
of the passage has been set up. It got the even and vertical bearing factors of the encompassing stone. As per the
determined outcomes, the development technique can be improved to guarantee the wellbeing and nature of the
development.
Keywords: Highway tunnel; Horizontal rock strata Stability of surrounding rock; Numerical simulation

Introduction
surrounding rock structure. The structure of rock mass is divided
into five categories: the complete structure, block structure,
catalectic structure, layered structure and granular structure,
which are also the basic types of the tunnel surrounding rock
structure in the horizontal rock area [8].

The stability of tunnel surrounding rock refers to the selfstability of the surrounding rock without any supports, mainly
reflected in two aspects, which are surrounding rock
deformation and failure [1-3]. The essences of the stability
analysis of surrounding rock are the analysis and evaluation of
rock mass medium, the relationship between stress and strain.
A large number of engineering practices shows that [4-7], the
stability of tunnel surrounding rock is not only associated with
the quality of geological structure and groundwater, but also
with the excavation and supporting of the tunnel of time and
form.

The rock mass of the horizontal layered structure is a
simple sedimentary rock, which can be composed of a single
lithology, and can also be formed by the combination of different
lithological layers. The level is often the intercalated sliding
between layers connecting level is weak, the damage mostly to
the top curve subsidence and separation. When the subsidence
is large, layers appear broken failure. Large span underground
cavern excavation in layered rock is clearly layered, and the
more prominent problem is the stability of surrounding rock.

The length of Xishan tunnel is 13.63km, and it is the second
longest highway tunnel in China. The main and auxiliary work of
the tunnel is through the horizontal rocks. Because of its poor
stability of tunnel surrounding rock, there is more likely to occur
arch block off during the construction, it is one of the important
factors affecting the tunnel construction safety. How to ensure
the stability of surrounding rock of tunnel level plays a crucial
role in tunnel construction and safety operation.

The comprehensive effect of tunnel surrounding rock
stability depends on many factors, the main factors are: physical
and mechanical properties, structure and construction of rock
mass, natural stress state of rock mass and geological structure
influence, groundwater, rock under static and dynamic load,
tunnel’s geometry and the construction scheme.

By taking Xishan super-long highway tunnel as the research
object, factors affecting the failure mechanism and stability of
surrounding rock deformation after excavation are researched.

According to the factors affecting the stability of tunnel
surrounding rock, influence factors of surrounding rock stability
of tunnel in horizontal stratum area can be summarized into
three types [4]:

Analysis Of Stability And Failure Characteristics Of
Surrounding Rock In Horizontal Rock Strata

i.
The geological factors: rock stress, physical and
mechanical properties of the rock, structure of the rock, rock
composition and physical and chemical properties, etc.;

The stability of surrounding rock is not only determined by
the strength of the rock, but also depends on the integrity of the
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ii.
The engineering factors: the shape and size of the
tunnel section and the high-span ratio; the construction
factors: tunnel construction methods, support time and
support methods etc.

in the tunnel site, and the geological condition is very complex.

Establishment of calculation model of the tunnel
In the cross section of the model, the horizontal is the X
direction, the vertical direction is Z, and the Y direction is along
the tunnel axis. In the finite element model, the left and right
away to the tunnel are 3 times of the tunnel span, the upper
boundary is taken to the surface, the lower boundary is to the
3 times the height of the tunnel. Boundary conditions imposed
displacement constraints: the left and right sides apply X to the
constraints, the front and back surfaces (vertical axis of the two
sides) apply Y to the constraints, the bottom surface applies Z to
the constraints, the upper surface is set to be the free surface.
In accordance with the “tunnel structure near the subdivision
of the grid, away from the loose” principle, automatic division of
the finite element mesh, the entire model has nearly 30 thousand
nodes and more than 140 thousand units. The passivation and
activation of the grid units are to realize the tunnel excavation and
support. It changes the “boundary conditions” in the “element”
to reinforce the surrounding rock strata. The excavation surface
of a single element is extracted from the rock solid to simulate
the initial shot Crete support structure. The calculation model of
tunnel is shown in Figure 1.

iii. The geological factors are the main factors that
influence the stability of surrounding rock.
The destruction of surrounding rock of the tunnel is
mainly depended on the stability of surrounding rock [9]. The
failure mode of surrounding rock is varied with its structural
characteristics, and its failure mechanism is also different
in different damage stages, and it is related to the shape of
the tunnel. For horizontal strata, due to the rock level and
surrounding rock itself of low strength and bad cementation,
leading to deformation and failure in the process of excavation of
the surrounding rock. It has its special characteristics and failure
modes are:
i.

Fragmentation loose;

ii.

The expansion and drum inside;

iii.

Crushing failure;

iv.

Sliding failure;

v.

Underground water failure.

Numerical Simulation Analysis On Stability Of
Surrounding Rock In Horizontal Rock Strata
With the development of science and technology, the
numerical simulation theory and method to solve the problem
of the tunnel have developed rapidly. Due to the successful
application of various numerical methods [10-12], the
understanding of the engineering geological phenomena of
many tunnels has been deepened, and the quantitative process
of the tunnel engineering disciplines has been greatly promoted.
In this paper, software called MIDAS/GTS is used to analyze the
stability of the surrounding rock in horizontal rock strata.

Figure 1: Calculation model of the tunnel.

Parameter settings in the calculation model
In the calculation of model, according to the characteristics
of the horizontal strata in Xishan tunnel, the rock is assumed as
ideal elastic-plastic body. The rock has been wreathing seriously,
So the parameters obtained from the experiments should be cut
to get closer to the true state of the surrounding rock. According
to the geological survey data, the surrounding rock grade of
Xishan tunnel is mainly based on the III and IV grade rocks.
The physical and mechanical parameters of the materials in the
model are set as Table 1.

Geological condition of Xishan tunnel
The length of Xishan highway tunnel is 13.63km, the main
tunnel and ancillary works across the horizontal rock tunnel is
one of the important factors affecting the safety of the tunnel
construction. The tunnel is through 17 fault fracture zones,
faults in the entry section are relatively concentrated. In the
200m range, there are a total of eight faults, and some of the
faults are more possibility to occur inrush. Karst development is
Table 1: Physical and mechanical parameters of materials in the model.

Names

 kN / m3

 

C MPa

E Gpa



III grade surrounding rock

21

44

1.1

11

0.25

IV grade surrounding rock

20

30

0.4

3

0.3
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Results and analysis of the calculation

The Convergence of the side wall is basically a whole side of the
tunnel section convergence phase the offset of convergence of
both sides, this is due to the tendency of layered rock to rock
resistance on both sides of the differences caused by the impact,
but relatively to the tunnel section and the whole structure will
not.

i.
The lateral wall convergence and vertical displacement
after excavation of the III grade rock tunnel are shown in
Figure 2. It can be seen from the above, III grade surrounding
rock tunnel excavation of the maximum level of convergence
of the lateral wall is about 16mm, and the maximum
settlement value of the tunnel vault is approximately 46mm.

The vertical displacement of the vault soil is obviously
larger than that of the other parts after the excavation of the
horizontal rock tunnel. This is because the horizontal rock
strata, tunnel excavation, horizontal plate at the crown level
emptied, equivalent to support and on both sides of the arch wall
horizontal beam plate, and generally horizontal rock formation
is difficult to form a pressure arch or stable pressure arch, which
makes the vault rock to bear fairly big rock pressure.

ii.
The lateral wall convergence and vertical displacement
after excavation of the IV rock tunnel are shown in Figure
3. It can be seen that IV grade surrounding rock tunnel
excavation of the maximum level of convergence of the
lateral wall is about 55mm, and the maximum settlement
value of the tunnel vault is approximately 80mm.

According to the results obtained from the above calculation,
the following measures are put forward for the construction of
horizontal rock strata in Xishan tunnel:
i.
To avoid the the vault crown settlement of the tunnel, it
should strengthen arch bolt, ensuring that the arch and the
overlying rock solid or unperturbed perturbation closely,
the formation of “pressure arch”, the diameter of 22 cement
mortar bolt is used for anchor.
ii.
After the anchor is buried, in the arch and side wall set
steel mesh, and timely shot Crete, using flexible composite
support to adjust the tunnel side wall convergence
deformation, the effect of tunnel surrounding rock and the
structure of control at a minimum. Reinforcing steel mesh
with double laying made of φ6 round steel, the mesh size is
20cm×20cm. Selecting C25 shot Crete, each layer thickness
is 4-6cm, the total thickness is 20cm.

Figure 2: Schematic diagram of lateral wall convergence and
vertical displacement after excavation of III grade surrounding
rock tunnel.

iii. Timely closed in the arch, so that the tunnel section is
closed as soon as possible into the ring, improve stability,
and strengthen the monitoring measurement, especially the
vault displacement monitoring.

Conclusion

Figure 3: Schematic diagram of lateral wall convergence and
vertical displacement after excavation of IV grade surrounding
rock tunnel.

The special stratigraphic structure of the horizontal strata
of the Xishan tunnel makes the interlinear jointing ability
greatly reduced, and the tunnel duration is tight, so the tunnel
construction has a great risk. In this paper, the stability of the
horizontal strata during the construction of Xishan Tunnel is
analyzed by numerical simulation method. The construction
measures are put forward. In the tunnel construction, the
construction safety is still needed to ensure the construction
safety and construction quality.

From the above simulation analysis data can be seen:
After the excavation of IV grade surrounding rock tunnel,
both the horizontal convergence of the lateral wall and the
vertical displacement of the vault is larger than that of the
surrounding rock after excavation of the III grade surrounding
rock tunnel.
After the excavation of the horizontal rock tunnel, the
lateral wall of the surrounding rock has a convergence trend.
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a b s t r a c t
The high-risk shell-and-tube heat exchangers in the petrochemical industry's flufent system of
hydrogenation reaction are the subject of this research. The distribution of corrosive medium in the
three phases of oil, gas, and water is studied using Aspen Plus to simulate the hydroprocessing
reactorfluefent system. The ammoni-um salt crystallisation temperature is calculated using the
least-squares approach. The heat exchanger is then idefinetid if it is at risk of ammonium salt
crystal corrosion. The transfer function is determined using dynamic mathematical modelling of the
heat exchanger. The heat exchanger outlet is controlled by a temperature con-trol system using
proportional integral derivative (PID) control, and the PID parameters are self-tuned using fuzzy
logic. The results of the MATLAB simulation show that the control system can quickly control the
heat exchanger outlet temperature.

the same time, more than 80% of worldwide energy utilization
involve heat transfer processes Chen
(
et al., 2009; Laszczyk, 2017).
Therefore, designing a suitable control system can not only control
the temperature of the heat exchanger outlet, but also improve the
heat transfer efﬁciency and economic efﬁciency (Bauer et al., 2008;
Rhinehart et al., 2017; Dul 
au et al., 2018; Ramadan et al., 2016).
Process simulation combined with Computational Fluid Dynamics (CFD) numerical calculation is an effective method to
analyze the ammonium salt deposition Ou
( et al., 2013; Jin et al.,
2019). Ionic equilibrium model can be created by Aspen software
to calculate the crystal temperature of the NH4Cl. And it will
determine whether the equipment in the corrosion circuit is at risk
of corrosion, especially heat exchangers. In view of the rise in outlet
temperature caused by corrosion of the heat exchanger, an appropriate control method should be adopted to improve the heat exchange efﬁciency. Control of heat exchangers is a complex process
due to the nonlinear behavior and complexity caused by various
phenomena such as leakage, friction, temperature dependent
ﬂow
properties, unknown ﬂuid properties. Various control strategies
were designed for overcoming mentioned problems. A control
strategy is proposed by Gang et al. 2013)
(
for cooling season as to
compare the temperatures of the water exiting the ground heat
exchanger and the cooling tower directly. They develops arti
ﬁcial
neural network models for predicting the temperature and the
results show that the model can predict temperature with an

1. Introduction
Heat exchangers are ubiquitous pieces of equipment in the
process industry, especially in the petrochemical industryPanahi
(
et al., 2020). The more common type of heat exchangers is represented by the shell-and-tube heat exchangerFettaka
(
et al., 2013),
which has the advantages of simple structure, wide selection of
materials, low cost and large processing capacity. In the ﬁnery
re
unit, heat exchangers have been subjected to high-temperature and
high-pressure conditions for a long time, and are in a complex
corrosion environment ofﬂow, mass transfer, cooling, and phase
change (Rizk et al., 2017; Rezaei et al., 2021; Faes et al., 2019). It is
internationally recognized as the high-risk equipment for corrosion. The proportion of processing of inferior crude oils of high
sulfur, high acid, and containing chlorine has been increasing in
recent years, thereby resulting in failure incidents in the heat exchangers of crude unit and hydrogenation unitJin
( et al., 2017;
Zhang et al., 2013; Xu et al., 2013). Due to corrosion, the heat
transfer efﬁciency of the heat exchanger is reduced, resulting in an
increase in the outlet temperature, which also affects the subsequent processﬂow and even reduces theﬁnal product's quality. At
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List of symbols
Kp
T
TJ
G1
G2
T1i
T2i
T1o
T2o
c1
c2
q
k
F
C
L
M1

The ammonium salt dissociation constant, Pa 2
Temperature, K
The crystallization temperature of NH4Cl, K
The ﬂow rates of hotﬂuids, kg/s
The ﬂow rates of coldﬂuids, kg/s
The inlet temperatures of hotﬂuids, K
The inlet temperatures of coldﬂuids, K
The outlet temperature of the hotﬂuids, K
The outlet temperature of the coldﬂuids, K
The speciﬁc heat capacities of the hotﬂuid, J/(kg$K)
The speciﬁc heat capacities of the coldﬂuid, J/(kg$K)
Heat transfer rate, J
Heat transfer coefﬁcient, W/m 2$K
Heat transfer area, m2
The circumference of the tube, m
The total length of the heat exchanger, m
The mass per unit length of theﬂuid, kg

Greek letters
m
The peak position of the Gaussian curve
s
Overshoot
d
Standard deviation of the Gaussian curve
εi
The measurement error

system is designed to control the outlet temperature of the heat
exchanger. On the one hand, the research of this paper provides a
characterization method for the risk analysis of the hydroprocessing reactor efﬂuent system. On the other hand, the fuzzy PID
control system designed in this paper can provide guidance to the
outlet temperature control of the heat exchanger.

absolute error less than 0.2 K.Wang et al. (2013) presents an
adaptive optimal control strategy for online control of complex
chilled water systems involving intermediate heat exchangers.
Adaptive method is utilized to update the key parameters of the
proposed models online. The results demonstrate that the strategy
has enhanced control robustness and reliability.Gao et al. (2015)
solved an established thermal dynamic model numerically to predict the transient response of an unmixed
eunmixed cross-ﬂow
heat exchanger and analyzed the transient response due to the
time dependent ﬂuid inlet temperature andﬂow rate are conducted. Vasickaninova et al. 2018)
(
applied a variety of robust
control techniques to laboratory heat exchangers with nonlinear
and asymmetric properties that can be modeled as uncertain systems. Considering incomplete knowledge margin of process parameters, parameter changes and measurement noise, real-time
control of the heat exchanger under laboratory conditions is achieved. The control effects of different robust controllers are
compared through three indicators, which show that the robust
controllers have good control performance.Skavdahl et al. (2016)
take the advanced high temperature reactor-intermediate heat
exchanger-secondary heat exchanger (SHX) system as the research
object. Transfer functions describing relationships between the
controlled variables and the manipulated and load variables are
developed and the system response to various temperature disturbances is simulated using a custom-developed MATLAB program. Simulation results indicate that the controlled variables are
maintained successfully at their desired points by the control system. Since the characteristics of the industrial heat exchange system (HES) are drastically affected by variations of the steam
pressure, ambient temperature and water quality, some control
strategy are established, such as the cascade PI control strategy
with the signal compensation Jia
( et al., 2020), a dual-rate adaptive
control method (Wang et al., 2018), the neural network MPC
method (Carvalho et al., 2020) and so on.
However, a major problem of the above mentioned methods are
that it is relatively difﬁcult to construct an accurate mathematical
model of the heat exchanger. This paper analyzes the process of the
hydroprocessing reactor efﬂuent system. The crystallization temperature of ammonium chloride salt is obtained by combining
Aspen Plus software and least square method, and the heat
exchanger with corrosion risk is determined. The mathematical
model of the heat exchanger is established, and a fuzzy PID control
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The capacity of the heat exchanger, m 3
The storage capacity of hotﬂuid, m 3
The storage capacity of coldﬂuid, m 3
Laplacian
Proportional coefﬁcient
Integration constant
Differential constant
The inlet ﬂow deviation
The deviation change rate
Peak time, s
Adjustment time, s
The steady-state error

2. Corrosion risk assessment
2.1. Technological process
Hydroprocessing reactor efﬂuent separation and cooling system
is illustrated inFig. 1. The hydroprocessing efﬂuent ﬂows out from
the bottom of the hydroprocessing reactor (R301) at a temperature
of 611.75 K. It is cooled to 464.05 K by two heat exchangers (E301
and E302) and then enters the heat exchanger (E303). The outlet
temperature of the heat exchanger (E303) is 388.55 K. After cooling
by air cooler (A301) and water cooler (E304), it enters the highpressure separator (D301). The recycle hydrogenﬂows out of the
top of D301 to the desulfurization tower, the sour water
ﬂows out
from the bottom of D301, and the oil phase enters the low-pressure
separator (D302), where the sour gas, cold ef
ﬂuent liquid and sour
water are separated. The cold efﬂuent liquid is transported to the
fractionation system. The inlet of the heat exchanger (E303) is
provided with intermittent water injection point, which temperature is 320.15 K. The source of water injection is the demineralized
water and the puriﬁed water after demineralization. During the
cooling process of NH3, HCl and H2S generated by hydrogenation
reaction into heat exchanger (E301, E302, E303), air cooler (A301)
and water cooler (E304), with the decrease of process logistics
temperature, crystallization reaction of NH3 in gas phase will occur
with HCl and H2S to produce NH4Cl and NH4HS crystal particles.
Ammonium salt particles are easy to absorb water in the
ﬂuid or
dissolve in the water phase to form a high concentration of corrosive solution, resulting in the occurrence of ammonium salt crystal
deposition and corrosion under scale, resulting in equipment
corrosion failure. Therefore, it is of great signi
ﬁcance to take the
temperature of the ammonium salt crystallization as an index to
evaluate the corrosion risk of the hydrogenation ﬂuent
ef
system. By
calculating the ammonium salt crystallization temperature, the
position in the process that corresponds to the temperature will be
determined, so as to identify which equipment or section of
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Fig. 1. Hydroprocessing reactor efﬂuent separation and cooling system.

pipeline risk of ammonium salt crystallization corrosion exists.

Table 1
The meaning of letters.

2.2. Crystal temperature calculation method
Depending on the principle of material conservation, combining
the analysis data and real-time monitoring data obtained from the
Laboratory Information Management System (LIMS) and the
Distributed Control System (DCS), the composition of the hydroprocessing reactor efﬂuent can be reversed. In Aspen Plus, the heat
exchanger module andﬂash module were applied in the preparation of the multiphase equilibrium system of hydrogenation
efﬂuent system. The temperature, pressure andﬂow of heat
transfer and ﬂash evaporation system adopt the real-time data
collected by DCS, and the equilibrium distribution law of NH3, HCl
and H2S in three phases can be obtained by changing the contents
of S, N and Cl. The simulation model is presented inFig. 2 and
solved by the Peng-Robinson method.
In Fig. 2, the meaning of letters is shown inTable 1 below. The
numbers 1e7 represent simulation modules, where 1 and 5 are
mixer model, 2, 3, 4 and 6 are heater model, 7 is a separator.
In the actual working condition, the crude oil feed quantity is
22.38 kg/s, the chlorine content is 1 ppm, the nitrogen content is
678.225 ppm, the sulfur content is 0.53%, the water content is
1.94 kg/s and the pressure is 6.9 10 6 Pa. According to the simulation results, the curve of partial pressure product
Kp of and HCl,
H2S and NH3 changing with temperature in the gas phase at threephase equilibrium is drawn in MATLAB, and the intersection point
of the curve of crystallization equilibrium when the crystallization
reaction of NH4Cl and NH4HS reached equilibrium obtained by
thermodynamic calculation is the crystallization temperature of
NH4Cl and NH4HS, as shown inFig. 3 and Fig. 4.
In Fig. 4, the crystallization line of NH 4HS is above the curve of
value of Kp in actual conditions. There is no intersection of two
lines, which illustrate that NH4HS crystallization is not produced in
the hydrogenation efﬂuent system.
In Fig. 3, the upper part of the NH 4Cl crystal equilibrium curve

Letters

Material

S1
S2
S3
S4
S5eS10
S11
S12
S13
S14

Recycle hydrogen
Low-pressure segregator oil
S, Cl, N content in raw materials
Low-pressure segregator gas
Hydroprocessing reactor ef
ﬂuent at different temperatures
Gas phase after separation
Oil phase after separation
Water phase after separation
Water injection

Fig. 3. The calculation of the crystallization temperature of NH4Cl.

indicates that NH4Cl is solid, that is, there is a risk of crystallization.
The lower part indicates that NH3 and HCl exist in the form of gas,
and crystallization will not occur at the corresponding temperature.
The intersection of the two curves in theﬁgure is the temperature
point at which NH4Cl begins to crystallize. In the actual working
condition, NH4Cl crystallization will occur when the

Fig. 2. The simulation model in Aspen Plus.
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Abbreviated as

Z n1 ¼ X n3 В31 þ E n1

(4) Without considering the in
ﬂuence of the total measurement
error E n1, according to the principle of least squares, theﬁtting
constants b 0, b1, b2 can be obtained. The generalized least squares
solution of the matrixB is:

Fig. 4. The calculation of the crystallization temperature of NH4HS.


1
B ¼ XTX
XTZ

hydroprocessing reactor efﬂuent are cooled to the crystallization
point during the cooling process. There is risk of NH4Cl crystallization corrosion in the equipment below this temperature, and
prevention and control measures should be taken. In order to
accurately calculate the crystallization temperature, gaussian
ﬁtting is carried out on the two curves in this paper and speci
ﬁc
steps are as follows.
1) Assume a set of experimental data byx( i, yi) (i ¼ 1, 2, 3, …, N),
which can be described by a Gaussian function.

yi ¼ A  e

ðxi mÞ2
2d2



2d

2

¼ ðln A 

x2
m2
2x m
Þ þ i2  i 2
2
2d
2d
2d

h1 ¼ f 1 ðxÞ

(11)

h2 ¼ f 2 ðxÞ

(12)

Solve the intersection of the two curves using the secant
method. Let the objective function beH (x), x k, xk-1 is the approximate root ofH (x) ¼ 0, then H (x) is

(1)

ðxi  mÞ2

(10)

After solving forB, bring b 0, b1, b2 into Eq.(4), Eq. (5), Eq. (6), ﬁnd
the values ofA, m and d. Then get theﬁtting function. Assume that
the ﬁtted functions are respectively as follows:

HðxÞ ¼ h 1  h 2 ¼ f 1 ðxÞ  f 2 ðxÞ

The parameter to be estimated in Eq.(1) is A. The physical
meanings represented by m and s are the peak position, and standard deviation of the Gaussian curve.
2) Take the natural logarithm of both sides of Eq.
(1)

ln y i ¼ ln A 

(9)

(13)

Use H (x k), H (x k-1) to construct a linear interpolation polynomial
P1 (x), and use the root ofP 1 (x) as the new approximate rootx kþ1 of
H (x) ¼ 0

P1 ðxÞ ¼ Hðx k Þ þ

(2)

Hðx k Þ  Hðx k1 Þ
ðx  x k Þ
xk  xk1

(14)

The iterative formula is solved as

3) Parameter substitution for Eq.(2)

xkþ1 ¼ x k 
ln y i ¼ z i

ln A 

2m
2d



2

m2
¼ b0
2
2d

¼ b1

1
2d2

¼ b2

(3)

Hðx k Þ
ðx  xk1 Þ
Hðx k Þ  Hðx k1 Þ k

(15)

Determine whether it is less than the given error, which is the
error between two adjacent iteration points arti
ﬁcially set. If the
condition is met, the iteration ends, andx kþ1 is the solution ofH
(x) ¼ 0. Otherwise, continue the iteration until the result meets the
end condition.
Aspen Plus simulation is performed on the working conditions
of the device, and the obtained temperatures
T and Kp are used as a

(4)

(5)

(6)

Then Eq. (2) becomes a quadratic polynomialﬁtting function.

b0
zi ¼ b 0 þ b 1 xi þ b 2 x2i ¼ ð1 x i x2i Þ½ b1 
b2

(7)

Consider the measurement error ε i, which caused by the
calculation of data y i during the experiment. Then, expressz i in
matrix form as follows:
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During the iteration process, the relationship between the
number of iteration steps andT i is shown in theFig. 7.
It can be seen from theFig. 7 that when the string cut method is
iterated to the fourth step, the given error requirements have been
met, that is, the zero point of the function isTJ ¼ 449.3377 K, which
is the crystallization temperature of NH4Cl under this working
condition. It can be seen from the processﬂow that the inlet and
outlet temperatures of the heat exchanger E303 are 464.05 K and
388.55 K, respectively, and the crystallization temperature of NH4Cl
is within this temperature range, indicating that there is a risk of
NH4Cl crystallization corrosion in the heat exchanger. NH4Cl crystals deposited in the heat exchanger are removed, and the water
injection point is selected to be the pipeline between E303 and
E202.
Fig. 6. The ﬁtting result of the crystallization equilibrium curve.

2.3. Corrosion risk analysis
set of experimental data. Gaussianﬁtting results are shown in the
Fig. 5.
The ﬁtted equations is:

Kp ¼ 0:03215  e 

ðTi 505:45 Þ2
:104:2 2

þ 0:02065  e 

ðTi 388:15 Þ2
71:16 2

The content of Cl and N in crude oil is notﬁxed, sometimes it
ﬂuctuates greatly, and the change of pressure will also affect the
partial pressure of NH3 and HCl. Therefore, it is necessary to
calculate and analyze the crystallization temperature of ammonium salt with changed conditions of Cl, N content and pressure, so
as to judge the corrosion risk.
The content of Cl element in the ef
ﬂuent of hydrogenation reaction is generally 0.5e10 ppm, and the content of N is generally
between 500 and 5000 ppm. According to the operating conditions,
the system is divided into high pressure and low pressure, which
will affect the operation of the system. The working conditions of
each group of experiments are given inTable 2. The calculation
results are presented inFig. 8, Fig. 9 and Fig. 10.
Fig. 8 shows the change of crystallization temperature of NH 4Cl
under different system operating pressure. With the increase of
system pressure, the crystallization temperature of NH4Cl increases
gradually. As can be observed inFigs. 9 and 10, with the increase of
Cl content and N content, the crystallization temperature of NH4Cl
increases signiﬁcantly, and the crystallization risk of ammonium
salt in the hydroprocessing reactor ef
ﬂuent system also increases
continuously. It can be seen that the Cl content and N content in
crude oil have a signiﬁcant inﬂuence on the crystallization temperature of NH4Cl, and it is very necessary to control the Cl content
and N content in crude oil to reduce the crystallization temperature
of NH4Cl and avoid NH4Cl crystallization deposition, tube blockage

(16)

The ﬁtting error is expressed by root mean square error (RMSE),
which is equal to 1.6538 10 4.
In the same way, theﬁtting result of the crystallization equilibrium curve when the NH4Cl crystallization reaction reaches
equilibrium by thermodynamic calculation is shown in
Fig. 6.
The ﬁtted equations is:
ðTi 702:55 Þ2

Kp ¼ 18780  e 

(17)

69:63 2

5

And RMSE is 5.0301 10 .
In order to solve the intersection point of the two curves, that is,
the crystallization temperature of the ammonium chloride salt, the
variance is obtained by the string cut method as follows:

HðT i Þ ¼ 18780  e 
e

ðTi 702:55Þ 2
69:63 2

 0:03215  e 

ðTi 505:45Þ 2
:104:2 2

 0:02065

ðT 388:15Þ 2
 i
71:16 2

(18)

Fig. 7. The relationship between the number of iteration steps and Ti.
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Table 2
Working conditions of each experiment.
Experiment

①
②
③

Content
S content,
%

N content, ppm

Cl content, ppm

0.53
0.53
0.53

678.225
678.225
500e5000

1
0.5e10
1

Water injection, kg/s
1.94
1.94
1.94

Pressure,
Pa
(1e13)  10
6.9  10 6
6.9 10 6

6

Fig. 11. Shell-and-tube heat exchanger.
Fig. 8. Experiment ① the inﬂuence of operating pressure on the crystallization temperature of NH4Cl.

3. Mathematical model
The structure of the shell-and-tube heat exchanger is shown in
Fig. 11, where G 1 and G 2 are the ﬂow rates of hot and coldﬂuids
respectively and the unit is kg/h.T 1i and T 2i are the inlet temperatures of hot and coldﬂuids, and the unit is K.T 1o and T 2o are the
outlet temperature of the hot and coldﬂuids, and the unit is K.c 1
and c 2 are the speciﬁc heat capacities of the hotﬂuid and the cold
ﬂuid, and the unit is J/(kg$K).

3.1. Static characteristics analysis
Static characteristic is that the output variable of the object
under stable conditions is usually a functional relationship between
the controlled variable and the input variable. The heat exchanger
can be expressed in functional form as follows:
Fig. 9. Experiment ② the inﬂuence of Cl content on the crystallization temperature of
NH4Cl.

T1o ¼ f ðT 1i ; T2i ; G1 ; G2 Þ

(19)

The two basic equations derived from the static characteristicsdthe heat balance relationship and the heat transfer rate
equation are shown in Eq.(20) and Eq. (21) respectively.

q ¼ G 1 c1 ðT1o  T 1i Þ ¼ G2 c2 ðT2i  T 2o Þ

(20)

q ¼ kF DT

(21)

Where q is heat transfer rate, J.k is heat transfer coefﬁcient, W/
m2$K. F is heat transfer area, m 2. DT is the average temperature
difference, K. The calculation formula of DT is as follows:

DT ¼

ðT2i  T 1o Þ þ ðT 2o  T 1i Þ
2

Then put Eq.(20) and Eq. (22) into Eq. (21). Basic expressions of
static characteristics of heat exchangers is as follows.

Fig. 10. Experiment ③ the inﬂuence of N content on the crystallization temperature of
NH4Cl.

T1o  T 1i
1
¼
T2i  T 2o G1 c1 þ 1 ð1 þ G1 c1 Þ
kF

at high temperature.

2
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(23)

G2 c2

Derivation of Eq.(23) can get the inﬂuence ofG
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dT1o
G2 c2 ðT2i  T 1i Þ
¼
dG1 2G1 2 c1 ½G2 c2 þ 1 ð1þ G2 c2 Þ2
kF

2

(2) The effect ofG 1 and G 2 on T 1o are described by the transfer
function as follows:

(24)

G1 c1

GðsÞ ¼

K
eT2 s
ðT1 s þ 1ÞðT 2 s þ 1Þ

Where the calculation ofT
3.2. Dynamic characteristics analysis
Supposing that there is no phase change occurs on both sides of
the heat exchanger. The dynamic characteristics of the heat
exchanger is necessary to be described by partial differential
equations. A mathematical model of the distributed parameter
object is created. Start with the heat dynamic equilibrium equation,
take a micro-element to analyze the problem, and assume that the
temperature at each point in the micro-element is the same. Firstly,
analyze the heat balance problem of hotﬂuid. Taking a cylinder of
length dz as a micro-element. The thermal equilibrium equation of
this micro-element can be described as:

G1 c1 T1 ðl; tÞ  G 1 c1 ½T1 ðl; tÞ þ
¼ M 1 c1 dl

vT1 ðl; tÞ
vl

vT1 ðl; tÞ
dl þ KCdl½T 2 ðl; tÞ  T 1 ðl; tÞ
vl

C is the
Where,l ¼ z/L. L is the total length of the heat exchanger, m.
circumference of the tube, m.Cdl is the surface area of the micro
element, m2. M1 is the mass per unit length of theﬂuid, kg. M 1dl is
the mass of the micro element, kg. Eliminate the ldin Eq. (25), and
arrange it as

M1 vT1 ðl; tÞ
vT ðl; tÞ
KC
Þ
¼  1
þð
Þ½T ðl; tÞ  T 1 ðl; tÞ
G1
vt
vl
G1 c1 2

(26)

T1 ¼

W1 =G1 þ W 2 =G2
2

(36)

T2 ¼

W1 =G1 þ W 2 =G2
8

(37)

GðsÞ ¼

Similarly, the heat balance equation of coldﬂuid is:

M vT ðl; tÞ
vT ðl; tÞ
KC
¼  2
þð
ð 2Þ 2
Þ½T ðl; tÞ  T 2 ðl; tÞ
G2
vt
vl
G2 c2 1

and T 2 are as follows:

Where W 1 and W 2 are the storage capacity of hot and coldﬂuid
respectively, m3.
From the transfer function, it can be approximated that the
dynamic characteristic has a purely delayed second-order inertial
link. To transfer heat from the hotﬂuid to the cold, the hotﬂuid
must ﬁrst be transferred to the partition wall, and then from the
partition wall to the coldﬂuid. This grows up to be a second-order
inertial link. In addition, pure hysteresis due to residence time is
also considered. The two time constantsT 1 and T 2 of the secondorder link depend not only on the residence time of the
ﬂuid on
both sides, but also on the thickness, material and scaling of the
tube. However, Eq.(35) describes the inherent nature of the dynamic characteristics of the heat exchanger.
(3) In the heat exchanger outlet temperature control system, the
hot ﬂuid ﬂow G 1 does not change. According to the working condition, the basic law of the dynamic characteristics of the heat
exchanger can be achieved. The mathematical model of heat
exchanger temperature control is

(25)

ð

1

(35)

2
e11:85s
537s 2 þ 57:17s þ 1

(38)

It can be seen from the above equation that the system lag time
constant is 11.85s. And the heat exchanger temperature control
system is a system with a large inertia and lag.

(27)

The boundary conditions are:
T1(l,0) ¼ T 1(l)

(28)

T2(l,0) ¼ T 2(l)

(29)

T1(0,t) ¼ T 1i(t)

(30)

T1(l,t) ¼ T 1o(t)

4. Design and simulation of fuzzy logic control system
4.1. Fuzzy logic control
The heat exchanger outlet temperature control system is a
typical non-linear control system. Non-linear controller design is
an important task for the petrochemical industryAras
( et al., 2011;
3
1
)
Lin et al., 2020). Non-linear controllers have the ability to deal with
common process characteristics, such as input and measured dead
time, uncertain and changing parameters, manipulation and state
variable constraints, unmeasured and frequent disturbances, etc
3
3
)
(Fuente et al., 2006; Wakitani et al., 2019). Fuzzy control is an
intelligent control method based on fuzzy set theory, fuzzy linguistic variables and an inference engine. It is an intelligent control
method that imitates human fuzzy inference and decision-making
processes of human behavior. The structure principle of fuzzy
controller is illustrated inFig. 12.
It is useful for representing process descriptions such as high or
low, which are inherently fuzzy and involve qualitative conceptualizations of numerical values meaningful to operatorsGeng
(
et al.,
2009; Hojjati et al., 2007). Fuzzy logic supports representation of
variables and relationships in linguistic terms. For example, the
linguistic variable of pipe temperature can take the fuzzy values of
low, normal, high, and very high, and each fuzzy value can be
modeled.

(

T2(0,t) ¼ T 2o(t)

(32)

T2(l,t) ¼ T 1i(t)

(

It is difﬁcult to solve dynamic equations accurately. In order to
explain the basic laws of the dynamic characteristics of heat
transfer objects, some empirical formulas can also be employed to
describe them. The dynamic characteristics of the heat exchanger
can be reﬂected in the following approximate relationship.
(1) The effect ofT 2i on T 1o is described by the transfer function as
follows:

GðsÞ ¼

K
Ts þ 1

Where K is gain, s is Laplace operator, andT ¼ W/G
pacity of the heat exchanger, m3.
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Fig. 12. The structure principle of Fuzzy logic controller.

effect.
Fuzzy-PID uses fuzzy set theory to establish a binary continuous
function relationship between the parametersK p, Ki, Kd and the
input deviationE and deviation change rateEc.
Depending on the control object of the system is the heat
exchanger inlet ﬂow rate, the two-input three-output controller
can comply with the requirements. The values of the inlet
ﬂow
deviation E and the deviation change rateEc of the heat exchanger
are input variables, andK p, Ki, Kd are output variables. If NB, NM, NS,
ZO, PS, PM, PB are used to denote negative large, negative medium,
negative small, zero, positive small, positive medium, positive
large, etc., in this system,E, Ec and output K p, Ki, Kd is speciﬁed as
the following fuzzy subsets:

Fig. 13. The relationship between the input and output variables.

E, Ec ¼ {NB, NM, NS, ZO, PS, PM, PB}

4.2. Fuzzy-PID control

Kp, Ki, Kd ¼ {NB, NM, NS, ZO, PS, PM, PB}

This paper adopts the method of combining fuzzy control
technology with PID control.E(k) and Ec(k) are input deviation and
deviation change rate of the system, respectively.
K p, Ki, Kd are the
parameters that characterize their proportional (P), integral (I) and
differential (D) effects. However, the PID regulator does not possess
the function of setting parameters online, so it can not satisfy the
self-tuning requirements of the system under different working
conditions, thereby affecting the further improvement of its control

Their domains are:
E, Ec ¼ {-3, 2, 1, 0, 1, 2, 3}
Kp, Ki, Kd ¼ {0, 1, 2, 3, 4, 5, 6}
The relationship between the input and output variables and the

Fig. 14. The membership function of E and Ec.
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Fig. 15. The membership function of Kp, Ki, Kd

Fig. 16. Fuzzy-PID and PID simulation model in Simulink.

Fig. 17. Step response curve of Fuzzy-PID and PID simulation model.
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Table 3
The performance indicators.
Indicators

Overshoot, s

Peak time, t p

Adjustment time,t

Fuzzy-PID
PID

14%
45%

48.85 s
35.85 s

63.85 s
89.85 s

s
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In Eq. (39), e ss represents the steady-state error. By substituting
Eq. (38) into Eq. (39), the steady-state error can be calculated as 0.
As the peak time and adjustment time are affected by the pure
hysteresis, the actual peak time and adjustment time are 11.85 s
later than the simulation results. And the performance indicators of
the control system are shown inTable 3.
Therefore, the Fuzzy-PID controller designed in this paper has
more superior performance than the traditional PID controller,
which provides guidance for the outlet temperature control of the
heat exchanger in petrochemical industry.

5. Conclusion
This paper carries out a risk assessment of high-risk heat exchangers in reﬁneries. Through the process simulation calculation,
the changes of ammonia and hydrogen chloride partial pressure
with temperature are obtained. The crystallization temperature of
ammonium salt was produced by Gaussianﬁtting and chord cut
method. Through the comparison of temperature range, it is
concluded that the heat exchanger E303 has the risk of corrosion of
ammonium salt crystal deposition. Then, the heat exchanger is
mathematically modeled to obtain the transfer function of the
dynamic characteristics of the heat exchanger as the controlled
object of fuzzy control. Through fuzzy PID control, the temperature
control of the heat exchanger outlet is achieved. This method has
useful application value in oil re
ﬁning enterprises and can guarantee product quality.
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Abstract
When dealing with clayey soils, geotechnical engineers may need to modify the engineering properties of the
soils in order to make them appropriate for construction. Soil improvement has been achieved using waste
resources such as fly ash and pozzolanic materials. Rice husk ash was discovered to be a suitable material for soil
improvement in recent research based on pozzolanic activity. The effects of lime and rice husk ash on the
engineering qualities of clayey soils are the subject of this research. A range of laboratory tests have been carried
out. Rice husk ash and lime were blended together to create a variety of samples. Lime samples were 2 percent, 4
percent, 6 percent, 8 percent, 10 percent, and 12 percent, whereas rice husk ash samples were 7.5 percent, 10
percent, and 12.5 percent. The LHRA (lime-rice husk ash) blend's studies revealed that it will reduce swell
behaviour in clayey soils. When exposed to an LHRA blend of 12-12.5 percent, their PI (plasticity index) would
drop from 41.25 percent to 0.96 percent. When subjected to the same mixing, their swell potential would drop
from 19.23 percent to 0.019 percent. At an LHRA blend of 6-12.5 percent, their CBR (California Bearing Ratio)
value would rise from 3.03 percent to 16.3 percent. In terms of shear strength metrics, their internal friction angle
would increase from 5.36 to 23.85. The cohesion of the soil increased from 54.32 kN/m2 to 157.19 kN/m2.
Bearing capacity increased to 4131 kN/m2 from 391.12 kN/m2 when the shear parameter was increased.
Consolidation settlement was reduced from 0.03 to 0.006 at LHRA 6-10 percent. All of these elements add up to
the possibility of improving the engineering qualities of clayey soils by combining lime and rice husk ash. This is
useful in the civil engineering profession for task construction.
KEYWORDS: engineering properties, lime-rice husk ash, clay
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INTRODUCTION:

A difficult problem in civil engineering work exists when the sub-grade is found to be clay. Soils having high
clay content have a tendency to swell when their moisture content is allowed to increase (Chen, 1981).
This moisture may come from rains, floods, leaking sewer lines, or from the reduction of surface evaporation
when an area is covered by a building or pavement. Frequently, these clayey soils cause the cracking and
breaking up of pavements, railways, highway embankments, roadways, foundations and channel or reservoir
linings (Cokca 1997).
Soils are molded with greater than 50% laterite in Indonesia. These soils generally have high swell potential and
are not favorable when used for construction. Construction damages are possible (Munirwasyah 1989).
When geotechnical engineers are faced with possible construction damage, a need for improving the
engineering properties of the soil is justified. Fly ash or pozzolanic materials, which are regarded as wastes, may
be used to make these soil improvements. Recent research, based on pozzolanic activity, found that rice husk
ash was a potential material for soil improvement (Muntohar 1997 and 1999).
The effects of the engineering properties of clayey soils when blended with rice husk ash and lime is the focus of
this paper. A series of laboratory experiments have been implemented. Varieties of samples were made
by blending both rice husk ash and lime together. These samples were 2%, 4%, 6%, 8%, 10% and 12% for lime
and 7.5%, 10% and 12.5% for rice husk ash.

THEORY
Soil Stabilization
When the mechanical stability of a soil can not be obtained by combining materials, it may be advisable to order
stabilization by the addition of cement, lime, bituminous material or special additives. Cement treatment is most
applied to road stabilization especially when the moisture content of the sub-grade is very high. Lime or waste is
also sometimes applied for stabilization.
Calcium hydroxide (slaked lime) is most widely used for stabilization. Calcium oxide (quick lime) may be more
effective in some cases, however. The quick lime will corrosively attack equipment and may cause severe
skin burns to personnel. Ingles (1972) recommended the criteria of lime mixture as show in Table I:
Table I. Suggested lime contents
Soil type

Content for modification

Content for Stabilization

Fine crushed rock Well

2

Not recommended

graded

1 – 3 percent Not

~

recommended Not

Not recommended

clay

gravels

Sands

–

4

percent

3

percent

Sandy

clay

recommended 1 –

~

Silty

clay

3

percent

2

–

4

percent

Heavy

clay

1

percent

3

–

8

percent

–

3

5

percent

Very heavy clay Organic

1 – 3 percent Not

3 – 8 percent Not

soils

recommended

recommended

Rice husk ash (RHA) is a pozzolanic material that could be potentially used in Indonesia, considering it is
sufficiently produced and is widespread. When rice husk was allowed to burn under controlled temperature,
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higher pozzolanic properties (than other leaf plants) were observed. Silica is a main mineral of RHA. When
reacted with lime, it will form a bonded gel [Ca(SiO3)]. The composition of RHA minerals is show in Table II:
II.
Table
(Wen-Hwei, 1986)
Mineral

Composition (%)

SiO2

86.90 - 97.30

K2O

0.58 - 2.50

Na2O

0.00 - 1.75

CaO

0.20 - 1.50

MgO

0.12 - 1.96

Fe2O3

~ 0.54

P2O5

0.2 – 2.85

SO3

0.1 – 1.13

Cl

~ 0.42

Composition

of

RHA

minerals

Reaction Mechanism of Pozzolanic Materials
Lime reacts with any other fine pozzolanic component (such as hydrous silica and RHA minerals) to form
calcium-silicate cement with soil particles. This reaction is also water insoluble. The cementing agents are
exactly the same for ordinary Portland Cement. The difference is that the calcium silicate gel is formed from the
hydration of anhydrous calcium silicate (cement), whereas with the lime, the gel is formed only by the removal
of silica from the clay minerals of the soil. The pozzolanic process may be written as
Ca(OH)2 + SiO2 C-S-H
Ca(OH)2 + Al2O3 C-S-H
(Note: C-S-H is cemented material).
The silicate gel proceeds immediately to coat and bind clay lumps in the soil and to block off the soil voids in the
manner shown by Figure 1. In time, this gel gradually crystallizes into well-defined calcium silicate hydrates
such as tobermorite and hillebrandite. The micro-crystals can also mechanically interlock. The reaction ceases
on drying, and very dry soils will not react with lime or cement. The mechanism of the reaction can be
represented as
NAS4H + CH ® NH + CAS4H ® NS + degradation product*
< NH + C2SH* 8 (2CH)
Where: S = SiO2, H = H2O, A = Al2O3, C = CaO, N = Na2O.
* As silica is progressively removed, calcium aluminates and alumina are formed residually
** Or CSH
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Figure 1. Reaction mechanism of stabilization on clay soils (Ingles, 1972)
METHOD
Material
The soils involved in this research were dug from a quarry area in Kasihan, Bantul. The soil sample was
disturbed. Hydrated lime in powder form was used for the lime material.
Equipment
The tests implemented (consistency limits, grain-size distribution, Proctor compaction, California Bearing
Ration, Oedometer and the triaxial test) were tested with the basic equipment used to perform these testes. These
tests were conducted in the Soil Mechanics Laboratory, Department of Civil Engineering, Muhammadiyah
University of Yogyakarta.
Test Procedure
1. Preparation of soil samples:
a. soil samples dried
b. soil samples sieved through #4 and #40 sieves
2. Mixing of soil samples:
a. soil samples blended with lime (with the defined percentage)
b. water added to act as a medium for the reaction process
c. soil samples cured
3. Testing of soil samples:
a. consistency limits
b. grain size distribution
c. compaction
d. California Bearing Ratio
e. triaxial test
f. consolidation test
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Clay soils sample (no blending of LHRA)
The clay soil with no blending of LHRA was tested to examine its physical properties. Theses are shown in
Table III. The chemical elements of the lime- rice husk ash are shown in Table IV:
Table III. Physical characterization of clay sample
Physical properties

Test
result

Natural moisture content, wN
Moisture content (disturbed)
Specific Gravity, Gs Liquid
Limit,
LL
Plastic Limit, PL Shrinkage
Limit, SL Plasticity Index, PI
Maximum Dry Density, gd
Optimum Moisture Content
Grain size distribution:

71.38
18.32
2.63
73.59
32.34
13.82
41.25
1.32 gr/cm3
34
9.24
90.76

- Coarse particles
- Fine particles
- Clay
Silt
Activity

10.00
80.76
3.059

Table IV. Chemical element of tested materials
Chemical
elements

Clay (%)

RHA (%)

Hydrated Lime (%)

SiO2

51.39

89.08

0.00

Al2O3

17.21

1.75

0.13

Fe2O3

9.33

0.78

0.08

CaO

3.66

1.29

59.03

MgO

1.17

0.64

0.25

Na2O

1.72

0.85

0.05

K2O

0.39

1.38

0.03

MnO

0.25

0.14

0.004

TiO2

0.98

0.00

0.00

P2O5

0.17

0.61

0.00

H2O

4.23

1.33

0.04

HD

9.48

2.05

40.33

EngineeringProperties
The results of the engineering property tests on the soil are as shown in Table V.
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Table V. Engineering properties of sample with several blending

DISCUSSION
Based on a series of these tests, the soil is classified as a Silty Clay (Gs = 2.632 with 90.76% fines) with
expansive behavior. Chen (1975) classified soil with PI > 35% as having very high swell potential, where LL
and PI of the sample is respectively 73.59% and 41.25%. The effect of blended lime and rice husk ash (LRHA)
on the physical properties of soil can be shown as in Figure 2 and Figure 3.

Figure 2. Effect of blended LRHA on the specific gravity of soil

As shown in Figure 2, by adding LRHA the specific gravity of the soil decreases. This indicates that the soil is
lighter than that of its natural conditions. Figure 3 shows the influence LRHA has on consistency limits. Figure
3(c) shows that the PI of the soil decreases when lime content is increased. Figure 3(d) indicates that swell
potential decreases as well. The lowest value was attained by a 12.5% LRHA blend. Figure 4(a) and (b) show
that there is a decrease of finer particles. Chen (1975) presented the correlation of PI with swell potential. The
swell potential is higher for higher PI.
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Figure 3. Influence of LRHA on the consistency limits
(a) Liquid limits (LL)
(b) plastic limits (PL)
(c) Plasticity index (PI) (d) swell potential

Figure
4.
Effect
of
LRHA
on
(a) Finer particle of soil (b) Coarse particle of soil

the

grain

sieve

of

clayey

soil

Figure 5 represents that by increasing lime and RHA content in soil, MDD tends to decrease, whereas OMC
increases. Decreasing MDD indicates that compaction energy (CE) is less than the natural state. Increasing OMC
tends to be prevalent when lime was added. Figure 6 shows that soil, which has been blended with lime, is best
to be compacted in the wet optimum state. Therefore, blended LRHA has a place in construction work
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where a soil's moisture content is very high. Ordinarily, a soil with high moisture content can be combined with
Portland cement (a cement stabilizer). Utilizing the blend of LHRA makes the cost decrease, for example
Price of Portland cement is $500.00 per kg; price of LRHA is $125 per kg (Lime $125 per kg and Rice Husk
Ash $20 per kg). Assuming the weight of soil is 1 kg, and a mixture of 2-10% LHRA, the cost is $4.50. When
2% cement is used, the cost is $10.00. The LHRA blend is found to be 45% cheaper than that of Portland
cement.

Figure 5. Influence of LRHA on MDD and OMC of clayey soil
(a) Maximum dry density (MDD) (b) Optimum water content (OMC)

Figure 6. Compaction characterization of clayey soil with blended by LRHA
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Figure 7. California bearing ratio (CBR laboratory) and consolidation parameter of soil with blended by LRHA
(a) CBR laboratory
(b) Compressibility Index (Cc)

Figure 8. Effect of LRHA on the shear strength of clayey soil
(a) Shear strength of soil (qultimate)
(b) Internal friction angle (j)
(c) Cohesion
Figure 7(a) reveals a trend to enhance and attain the optimum CBR value at a 6% lime content and a 6-12.5%
maximum of rice husk ash (RHA). Figure 7(b) shows the compressibility index (Cc) tends to be non-linear. This
condition exhibits that when the rate of consolidation is rapid, the settlement of the soil will reduce. Figure 8
shows that the addition of lime augments the shear strength parameter, cohesion, and the internal angle of
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friction. Lime dominated the cohesion properties of the soil, whereas RHA interferes with the internal angle of
friction. Furthermore, the soil strength is enhanced. Figure 8(c) shows that the maximum ultimate strength is
attained at a 10% LHRA content. Figure 9 shows brittle behavior of the soil when mixed with LHRA.

Figure 9. Stress-strain behavior of clayey soil under Triaxial test
Therefore, it can be concluded that lime and rice husk ash (LRHA) can improve the engineering properties of
soils. Practically, the effective lime content should be blended in the range of 6-10%.

CONCLUSION
Lime stabilization is commonly used for clayey soil. This research shows:
1. Physical properties such as consistency limits and swell potential exhibit improvements when mixed with
the appropriate LHRA blend.
2. LRHA stabilization is more advantageous when moisture content of soil in the field is very high or applied
in the optimum condition.
3. The engineering properties of soil improve:
a. CBR, and shear strength of soil improve at a lime range of 6 - 10%
b. Consolidation settlement diminishes
c. Rate of consolidation enhances by increasing of LRHA.
4. Economically, utilization of LRHA for geotechnical applications is cheaper.
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a b s t r a c t
A direct injection diesel engine powered with a 90 percent diesel/10 percent canola biodiesel blend was
explored in this study to see if delayed injection timing may help offset greater NOx emissions. The tests
were carried out at 2200 rpm with four loads (3.75 Nm, 7.5 Nm, 11.25 Nm, and 15 Nm) with three
injection timings (original28 CA, 26 CA, and 24 CA bTDC). The implications of delayed fuel injection timings
on performance, emissions, and combustion were thoroughly investigated. The paper calculated and
presented the changes in cylinder pressure, combustion timing, heat release rate, fractions and durations
of premixed and diffusion combustion phases, injection and ignition delays, NOx, total hydrocarbon, CO,
CO2, smoke, break specific fuel consumption, and break thermal efficiency. The testing results showed
that a 2 CA injection retardation may satisfy lower NOx and break specified fuel consumptions without
having a substantial negative impact on other engine metrics, but further injection timing retardation
degra-ded the parameters. The retarded injection timing of 2CA provided decreases in NO x up to 11% and
in BSFC up to 2.7%.

1. Introduction
Many studies have been worked on alternative diesel fuels to
reduce the greenhouse gas emissions and replace some of fossil
fuels [1,2]. As an alternative fuel, biodiesel has been widely used
without any modification in all segment vehicles with old and
new technology compression ignition engine types[3]. Although
the biodiesel can be used purely, engine manufacturers warrant
the usage of biodiesel blends which contain up to 20% in volume
[4,5]. In the literature, it was reported that the biodiesel addition
changes the parameters of engine performance, combustion and
emissions even at 5% blending ratio depending on the properties
of the biodiesel and the engine specifications[6–8]. The biodiesel
fuel compatible with biodiesel standards EN 14214 and ASTM
D6751 was crucially affected from the raw material properties
[9]. There are approximately 300 feedstocks for biodiesel production [10]. Among them, canola (rapeseed) is commonly preferred
in European countries due to suitable properties for meeting the
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standards, easy growing in different climate conditions and high
oil content [11]. Although the positive effects of high quality
biodiesel are also taken into account, such as lesser engine oil consumption, lower engine wear, emission reduction and carbonneutrality, the increments in NOx emissions and break specific fuel
consumption (BSFC) are the most notable negations[12–14].
NOx formation mainly occurs with three mechanisms, namely
thermal, prompt and fuel. Thermal NOx is more dominant than
others in diesel engines[15]. However, NO x formation with biodiesel fuel blends is linked on a number of related effects such as the
changing of combustion timing due to fuel injection system
response from different speed of sound and bulk modulus of biodiesel; biodiesel fuel characteristics as oxygen content, cetane
number, double bound or saturated fatty acid content; engine running conditions especially the engine load[16,17]. Different strategies such as ethanol or methanol additions, exhaust gas
recirculation, changing injection timing and pressure, water emulsion, using of fuel additives and dual biodiesel blends were used to
control the NOx formation [18–20]. Among them, the changing the
injection timing was reported as an important technique for effective NOx emissions control and it can be applied easily in all engine
types without significant modifications[21]. It is known that NO x
formations mainly occur in the lean flame region during the
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Nomenclature
A
aBDC
aTDC
bBDC
bTDC
B10
BSFC
BTE
CA
CA50
CA90
COVimep
cp
D
EOI
EOP
EVC
EVO
FMEP
h
hf

Surface area of cylinder wall
After bottom dead center
After top dead center
Before bottom dead center
Before top dead center
Blend of the canola biodiesel (10%) and No.2 diesel fuel
Break specific fuel consumption
Break thermal efficiency
Crank angle
50% of accumulated heat release
90% of accumulated heat release
Cyclic variations of indicated mean effective pressure
Constant pressure specific heat ratio
No. 2 diesel fuel
End of fuel injection
End of the premixed combustion stage
Exhaust valve closing
Exhaust valve opening
Friction mean effective pressure
Heat transfer coefficient
Fuel enthalpy

premixed combustion phase in compression ignition engines.
Therefore, the maintaining optimal combustion timing with controlling the amount of fuel burned in the premixed phase can significantly reduce the NOx emissions [22].
Gnanasekaran et al.[23] investigated the influence of injection
timing on the fish oil biodiesel/diesel blend ratio ranged from
0:100 to 100:0 in a DI compression ignition engine. The tests were
carried out with the retarded and advanced injection timings of
3 °CA with respect to the original timing. It was evaluated that
the retardation of injection timing caused lower NOx and higher
break thermal efficiency. In another study, mahua oil biodiesel
and its blends at different ratios with diesel fuel were tested in a
Richardo research engine for three injection timings at various
compression ratios by Raheman and Gahdge[24]. It was found that
the decreasing engine performance due to biodiesel addition was
enhanced with the advanced injection timing. In addition, a study
including the more sensitive injection timing was performed for
20% castor biodiesel blend by Deep et al.[21]. The lowest NO x
emission was obtained with retarded injection of 2°CA, reasons
of decrease in the break thermal efficiency were remarked as the
increased mechanical and heat losses for the advanced injection
timing, and reduction of peak cylinder pressure for retarded injection timing.
A research group investigated effects of fuel injection timing on
emissions, injection, combustion, and performance characteristics
of a direct-injection diesel engine fueled with canola oil methyl
ester-diesel fuel blends [8,25]. They reported that the retarding
the injection timing by 5°CA (from 20 to 15 °CA bTDC at 20 Nm
the engine load) resulted in decreasing of the nitrogen oxide and
carbon dioxide, and increasing of the smoke opacity, the hydrocarbon and the carbon monoxide for all test conditions. In addition, it
was pointed out that the advanced and retarded injection timings
caused negative effects on the brake-specific fuel consumption and
the brake thermal efficiency.
The effects of injection pressure and timing were examined by
Kannan and Anand [26]. In order to compare the waste cooking
oil biodiesel and diesel fuels, the advanced injection timing was
performed at 1.5°CA and 3.0°CA with regard to the original value.
It was stated that the ignition delay was mainly influenced with
the injection timing rather than injection pressure. Moreover, they
indicated that the advanced injection timing and high injection
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HRR
IA24
IA26
ID
IMEP
IVC
IVO
m
mf
n
p
Qgr
Qht
R
SOC
SOI
TDC
Tg
Tw
V

Heat release rate
Injection advance of 24 °CA bTDC
Injection advance of 26 °CA bTDC
Ignition delay
Indicated mean effective pressure
Intake valve closing
Intake valve opening
Total mass in cylinder
Injected fuel mass
Engine speed
In-cylinder pressure
Gross heat release
Transferred heat from cylinder walls
Universal gas constant
Start of combustion
Start of fuel injection
Top dead center
In-cylinder gas temperature
Mean temperature in cylinder walls
Total in-cylinder volume 5

pressures reduced the heat release rates. Jaichandar et al.[27]
investigated the combined effects of combustion chamber geometry and injection timing for an engine fueled with pongamia oil
methyl ester. The fuel injection timing was sequentially retarded
with 1 °CA increment from the standard injection timing (23°CA
bTDC) to 20 °CA bTDC, and advanced to 24°CA bTDC at the five different loads. It was found that the low retardations in the injection
timing improved the engine performance while the more retardation adversely affected. The advanced injection timing caused
increase in NOx similar to Hwang et al.[28]. Furthermore, Ganapathy et al. [29] investigated the effects of injection timing on jatropha biodiesel usage. It was found that the modulation of
injection timing for biodiesel blended fuels can satisfy benefits in
terms of performance and emissions.
The literature studies mentioned above reported that one of the
most significant engine parameters affecting the NOx emissions is
the retarding injection timing. Also, these literature outcomes
reveal that the investigation of the effects of injection timings
has an importance in the adaptation of biodiesel/diesel blends to
existing engines even at the low blend ratios[30]. In addition, even
small changes in the injection timings have some effects on the
engine characteristics [31]. Previous studies mainly involve the
effects of injection timing on performance and emission parameters, however combustion and injection parameters such as heat
release rate, combustion duration, fuel line pressure, ignition delay
were investigated in minor parts of these works[21,23,25–28,32].
In addition, other combustion and injection parameters such as
fractions and durations of combustion phases, injection and ignition delays and center of accumulated heat release, should be considered for NOx formation without penalty in BSFC[24–26]. Also,
these parameters are useful information in the combustion modelling and the determination of the strategies for the internal combustion engines [33].
A comprehensive study including the parameters mentioned
above has not been found in the literature on canola biodiesel
within the knowledge of the authors[34–36]. In this present study,
detailed engine tests were performed with the canola biodiesel/
diesel blend to investigate the effects of fuel injection timing on
the performance, the emissions and the combustion. The changes
in the break specific fuel consumption and the break thermal efficiency, the cylinder pressure, the combustion timing, the injection
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and the ignition delays, the heat release rate, the fractions and the
durations of premixed and diffusion combustion phases, NOx, total
hydrocarbon, CO, CO2 and smoke, were found and compared in the
paper.
2. Material and methods
2.1. Test fuels
Canola oil, which is assumed to be commonly used in the future
as a biodiesel feedstock, was chosen for the biodiesel production in
this study. Canola can be easily grown in different climate conditions and has high oil content and canola oil is one of the most suitable feedstock for biodiesel production due to suitable properties
for meeting the standards. The canola oil contains mainly unsaturated fatty acid compositions (58.9% oleic and 20.57% linoleic). The
amount of free fatty acid in canola oil was below 0.5%. Therefore,
methanol/oil molar ratio and amount of sodium-hydroxide per
liter of the oil were applied in the transesterification process as
6:1 and 3.5 g, respectively. Reaction temperature was specified
as 60 °C. After separation of glycerol and three times washing with
distilled water, the ester was heated up to 100°C in order to eliminate the residuals. Conversion ratio to methyl esters of 97% was
achieved by using this procedure. The important properties of
the biodiesel were given in comparison with the standard limits
in Table 1. Among the properties, the oxidation stability of the biodiesel was not within the limits. The other properties of canola biodiesel were within the EN 14214 limits. The oxidation stability was
improved by adding 500 ppm pyrogallol as an antioxidant[37]. The
biodiesel fuel produced by using the canola oil was blended with a
commercial diesel fuel (D) with 10% mixing ratio by volumetric
(B10), which is suitable for real life applications.
2.2. Test system and method
All the experiments were performed at the maximum torque
speed (2200 rpm) under low (3.75 Nm), partial (7.5 Nm), medium
(11.25 Nm) and high (15 Nm) loads in a DI compression ignition
Table 1
Properties of the Canola Oil Methyl Ester.
Property

Analysis
result

EN 14214
Limits Min/
Max

Ester content (% m/m)

97.2

96.5/-

884.4

860/900

Viscosity @ 40 °C (mm /s)

4.526

3.5/5

Flash point (°C)

177.6

120/-

Sulphur content (mg/kg)

2.5

-/10

Cetane number

54.3

51/-

Density @ 15 °C (kg/m 3)
2

Oxidation stability at 110°C (h)

2.6

6/-

Acid value (mg KOH/g)

0.48

-/0.50

Iodine value g (iodine/100 g)

120

-/120

Linolenic acid methyl ester (% m/m)

9.3

-/12

Polyunsaturated methyl esters 
(4
double bonds) (% m/m)
Methanol content (% m/m)

0.0

-/1

0.001

-/0.20

Cold filter plugging point (°C)

8

- /15 (win.) +5
(sum.)
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Test
method
EN
14103
EN ISO
12185
EN ISO
3104
EN ISO
3679
EN ISO
20846
EN ISO
5165
EN
14112
EN
14104
EN
14111
EN
14103
EN
14103
EN
14110
EN 116

engine. The tests examined under these four loads were performed
for diesel fuel (D) and diesel–biodiesel blend fuel (B10) with standard injection, retarded injections of 2 (IA26) and 4 (IA24)°CA.
During the experimental procedures, the oil temperature was kept
at 82 ± 2 °C. To prevent the variations at the inlet temperature, the
inlet air temperature was kept constant at 30 ± 1°C by using an air
conditioning device.
The specifications of the test engine and a visual description of
the experimental set-up are given inTable 2 and Fig. 1, respectively. A DC dynamometer (10 kW @4000 rpm) was used for the
engine loading on Cussons P8160 test bed. Measurements of inlet
air flow rates were made by using a laminar flow element (Merriam Z50MC2-4F) and a mass flow computer (Merriam LFS-1).
The mass of injected fuel during test period was measured by using
an electronic balance with high precision. NiCr-Ni type thermocouples were used in the measurements of the lubrication oil, the inlet
air and the exhaust gas temperatures. The determinations of CO,
CO2, THC and NOx emissions were performed with Environnement
S.A. brand EGAS 2 M model exhaust gas analyzer. AVL 4000 DiSmoke model opacimeter was used to measure the smoke emissions. Koyo brand TRD J1000-RZ model optic encoder with 1000
pulse incremental was placed to the end of pulley in order to determine of the crank angle and TDC.
The definitions of combustion and injection characteristics were
shown in Fig. 2. The static injection advance of the test engine having a Jerk-type fuel pump was adjusted by modifying the thickness
of shim between pump and engine block and measured with Sincro
brand DS-88n model stroboscope based on the piezo resistor
placed on fuel line. However, the start of fuel injection (SOI) was
regarded as the dynamic injection timing. Dynamic injection timing was measured using a needle lift sensor (Wolff brand proximity
sensor based on hall-effect) and signal conditioner. The needle lift
threshold value of 0.01 was found enough for the determination of
SOI and end of fuel injection (EOI). The injection durations were
obtained from the angle difference between SOI and EOI. Ignition
delay (ID) is equal to the angular spacing between the SOI and
the start of combustion (SOC). Second derivation of cylinder pressure was employed to obtain the SOC. The corresponding crank
angle to the zero point proceeding the peak value of the second
derivation was assigned as SOC. End of premixed combustion stage
(EOP) is the crank angle in the local minimum just after the maximum value of heat release rate (HRR). The premixed combustion
duration in terms of the crank angle was determined from the
interval time between SOC and EOP, meanwhile the diffusion
combustion duration was calculated with the interval time
between EOP and 90% of accumulated heat release (CA90). The
total combustion duration is the summation both the premixed
and the diffusion combustion durations. The crank angle which is

Table 2
Technical specifications of the test engine.
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Engine type

DI-Diesel engine, natural aspirated, air cooled

Make/Model
Cylinder number
Compression ratio
Bore  stroke
Displacement
Max. power
Max. torque
Fuel injection system
Combustion chamber
geometry
Nozzle opening pressure
Injection nozzle
Static fuel injection timing
Valve timings
IVO/IVC
EVO/EVC

Antor/6LD400
1
18:1
86  68 mm
395 cm3
5.4 kW@3000 rpm
19.6 Nm@2200 rpm
PF Jerk-type fuel pump
x type
180 bar
0.24 mm 4 holes  160°
28 bTDC°CA
7.5 bTDC/25.5 aBDC°CA
21 bBDC/3 aTDC°CA
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Fig. 1. The experimental setup.

Fig. 2. The definitions of combustion and injection characteristics.
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equal to 50% of the accumulated heat release is abbreviated as
‘‘CA50”.
The values of in-cylinder gas pressures were obtained from Cussons P4110 combustion analyzer with an AVL 8QP500c model
pressure sensor. The data collected from the sensors using NI
USB 6259 DAQ card with 0.36°CA resolution were averaged for
50 consecutive cycles after the filtering procedure. Based on the
Thermodynamics’ First Law, the single-zone combustion model
was used in the calculation of the HRR. The single-zone model
equations including both the heat transfer from cylinder walls
and the internal energy change with temperature are given in following equations [38].


  dV
dQ gr cp
dmf dQ ht
dP PV dm
dV
1 P
þV

þP
 hf
¼
þ
R
dh
dh m dh
dh
dh
dh
dh
ð1Þ



dQ ht h A
Tg  Tw
¼
6n
dh

ð2Þ

The constant pressure specific heat ratio, universal gas constant,
fuel enthalpy and heat transfer coefficient are symbolized asc p, R,
hf and h, respectively. The changes in gas composition were determined according to mass flow rates of the injected fuel m
( f) and
burned fuel. Variations of c p were computed by using the mean
in-cylinder gas temperature (T g) and JANAF coefficients. The heat
transfer was calculated with the Hohenberg correlation and the
mean wall temperature (T w) was regarded as 450°C (723 K) [39].
The accuracies and uncertainties for measurements and calculations are shown in Table 3.
3. Result and discussion
3.1. Effects of the biodiesel blend and the injection timing on the
combustion and the injection parameters
The effects of the fuel injection timing with the biodiesel addition on the combustion/injection parameters and the premixed/
diffusion combustion phase fractions are given inFig. 3 and
Fig. 4, respectively. The presented results in the figures will be discussed together for all engine loads by considering the effect of
each parameter.
The biodiesel blend generally resulted in low peak HRR and thus
prominently low in-cylinder pressure at especially the medium
and the high loads. The percent reductions in HRR values with
B10 are 14.47, 16.10, 21.83 and 21.61% from the low load to the
high load. These reductions can be explained mostly due to the
lower heating value of the biodiesel and earlier SOI leading to
the short ID. As can be seen inFig. 3, SOI was advanced with the

Table 3
Measurement accuracies and calculation uncertainties.
Accuracy

Uncertainty

CO
CO2
NOx
THC
Smoke

2%
2%
0.1 (ppm)
0.05 (ppm)
0.01 (m1 )

Time
Load
Fuel mass
Temperature
Engine speed
Cylinder pressure

±0.5% (s)
±0.25% (N)
±0.1 (g)
±1 (°C)
±1% (1/min)
±0.6 (bar)

Torque
Fuel flow rate
Intake air flow
Thermal efficiency
Specific fuel
consumption
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±0.25% (Nm)
±0.72% (g/min)
±1.2% (L/min)
±1.16%
±1.26% (g/kWh)

biodiesel addition, except the low load. Advancement up to
1.65 °CA in SOI is seen at the high load, while there is a little retardation of 0.13 °CA at the low load. Besides of the lower vapor pressure of the biodiesel, its high viscosity, density and bulk modulus
are important factors leading to rapid pressure wave propagation
in the fuel rail and so the earlier SOI[40].
Injection duration increased up to 2°CA with the biodiesel addition at the high load, also a slightly increment was observed at the
other loads. It is thought that the increase in the injection duration
at high load can be mainly impressed by the more fuel requirements to provide the same engine torque with the biodiesel fuel
blend having lower calorific value. The SOC occurred earlier with
the biodiesel blend with respect to the diesel fuel under the all
loads. These advancements in SOC from the low load to the high
load are 0.44, 0.94, 1.07 and 1.14°CA, respectively. Besides the
advancement on SOI as mentioned above, higher cetane number
and inherent oxygen content of the biodiesel also caused the early
SOC. However, the further decrease of ID in parallel with the load
increase can be explained by the higher in-cylinder temperature.
The biodiesel blend prompted the increase in the combustion
duration at the low load. Also, this increase was not appeared in
the other loads due to the higher in-cylinder temperature. Except
an increase of 3 °CA in diffusion combustion duration at the low
load, the premixed and diffusion combustion durations were not
changed significantly. The CA50 at the low and the high loads
moved away from TDC for the biodiesel blend, while it was very
similar with the diesel fuel at the partial and the medium loads.
It is thought that this phasing in CA50 was caused from the low
combustion temperature at the low load and the increase of injection duration at the high load. For the all loads, the biodiesel fuel
blend led to the reduction of the total heat release in the premixed
combustion phase as can be seen inFig. 4. This decrease in the premixed combustion fraction is a result of the earlier SOC and the
lower heating value of biodiesel blend. All diffusion combustion
fractions increased as a consequence of the continued fuel injection parallel with the engine load.
The static fuel injection timing of the test engine is 28°CA bTDC.
The results of different injection timings on the biodiesel blend fuel
are given in Fig. 3 and Fig. 4. It can be said that the injection parameters have considerably effects on the combustion parameters. The
SOC generally delayed in parallel with the retarded injection timing. These retardations in SOC generally resulted in the low HRR
in the premixed combustion phase and combustion pressures.
While it was not observed a significant difference in the ID at the
low and the partial loads, ID was decreased with retarded injection
at the other loads, except with IA24 at the medium load. The
increase in ID based on further retardation (IA24) at the medium
load was attributed to the low temperature environment in the
combustion chamber [41,42]. Even though it was not clearly
observed in IA26, a significant increase in the premixed combustion durations was determined for IA24, except the low load.
With the retardation of injection timing, CA50 values were generally shifted beyond TDC as based on the late SOC. The premixed
and the diffusion combustion fractions were not significantly
affected from the retarded injection timing at the medium and
the high loads, while there were the steadily declining in the premixed combustion fractions at the low and the partial loads. The
injected fuel masses before SOC were very close at these engine
loads due to identical ID durations. Moreover, the in-cylinder temperatures decreased due to lower HRR with the retarded injection.
The low temperature resulted in the low burning speed which
caused the shifting of combustion towards EOI and decrease in
the premixed combustion fractions at the low and the partial loads,
while the rising temperature with load increment compensated
the decreasing of ID at the medium and the high loads.
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Fig. 3. The effects on combustion and injection parameters.

3.2. Effects of biodiesel blend and injection timing on the performance
The BSFC and break thermal efficiencies (BTE) are given inFig. 5.
The trends of the performance parameters were generally similar
at almost all loads. The lower heating value of B10 resulted in
the rise of BSFC and the decrease of BTE with comparing to the diesel fuel [4,12–14,30,37,43,44]. To provide the same power of a fuel
with lower heat capacity, the more fuel requirement was the main
factor of increasing in the BSFC. The other factors affecting the BSFC
and the BTE are the increase of viscosity, density and surface tension, which provide the more fuel injection in mass by increasing
the line pressure [40].
The retarded injection up to 2°CA (IA26) provided to largely
overlap the performance parameters of the biodiesel blend and
the diesel fuel as can be seen inFig. 5. The indicated mean effective
pressure (IMEP) values for B10 (7.78 bar) and IA26 (7.76 bar) were
higher than those of D (7.62 bar) at high loads, while vice versa for
IA24 (7.57 bar). These increments in the IMEP value were also seen
69
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at the other loads with IA26 caused to the enhancement in the BTE.
However, the decrease of in-cylinder pressure resulting with the
lower friction mean effective pressure (FMEP) can be thought as
another reason of this performance enhancement. The studies on
engine friction reveal that the frictions in the piston and main
bearings increase with the rise of maximum cylinder pressure
[45–47]. A decrease in the BTE with the retardation of CA50 is
the expected situation. The CA50 values shifted beyond TDC with
the retarded fuel injections with respect to B10, as seen from
Fig. 3. Also, the decrease in the combustion durations for IA26 at
all loads prevented this negative situation by increasing the degree
of constant volume combustion[48,49]. The decrease of the BTE
value with retardation of 4 °CA (IA24) at the high load can be
attributed to the excessive shifting of CA50 as well as the increase
in combustion duration.
Coefficient of variations of IMEP (COVimep) generally increased
with B10 in reference to the diesel, except the high load. Inherent
oxygen content of biodiesel can be seen as a reason of the enhance-
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Fig. 4. The effects on premixed and diffusion combustion fractions.

Fig. 5. The effects on performance parameters.

ment in COVimep at the high load observing lack of oxygen. COVimep
values decreased up to 1.26% with IA26 compared to B10. A deterioration in COVimep value of 1.01 was determined at the high load
with IA24 with respect to B10. The more shifting of CA50 away
from TDC and decrease in cylinder temperature can be seen as a
reason for this situation.
3.3. Effects of biodiesel blend and injection timing on the emissions
THC, CO and CO2 emissions are given inFig. 6. When comparing
with the diesel, generally B10 gave better results in terms of THC
and CO while it had a bit more CO2 emissions [4,30,37,40,43,44].
The retarded injection also showed a positive effect, except CO2.
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The lowest THC values were obtained with IA26. At the medium
load, a decrease of 18% in THC was seen with IA26 compared to
D. As it is seen from the results presented inFig. 3, ID periods were
found slightly shorter for B10 and decreased significantly with the
retarded injection timings when compared with D fuel. Shorter ID
period can reduce the amount of fuel burning the premixed combustion phase. In general, THC emissions were mostly eliminated
by decreasing the possibility of overmixing and over-lean regions
in the combustion chamber due to shorter ID periods of B10 with
IA24 and IA26. Also, the oxygen content of B10 fuel improved the
oxidation of THC and CO sources at under-mixing conditions during the longer CD when increased the engine load. However, the
more retarding of injection deteriorated the THC and CO emissions
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Fig. 6. The effects on CO, THC and CO 2 emissions.

at the high load up to 30% and 79%, respectively. These deteriorations for IA24 resulted from under-mixed fuel in the over delay
in the end of combustion (as also seen from more retarded CA50
location) and slower thermal oxidation reactions at the high engine
load.
Smoke and NOx emissions are presented inFig. 7. The literature
results indicated that the smoke emissions can be improved with
the biodiesel addition while the NOx increase [4,30,37,40,43,44].
Lower sulphur and inherent oxygen contents of the biodiesel blend
can be seen as a reason of the decrease in the smoke. In other
respect, the oxygen content increased the thermal NOx formation
with high local flame temperatures by enabling the conversion
reactions at especially local regions where the equivalence ratio
is high. Consequently, NOx formation rates especially during the
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initial and intermediate of diffusion combustion phase were provoked by the combustion of blended biodiesel fuel. This can also
be seen from increasing combustion rates and longer duration for
the canola biodiesel blends during mixing controlled diffusion
combustion phase in HRR diagrams F( ig. 3. and Fig. 4), especially
at the high and the medium loads. Retardation of injection timing
can be used to reduce the NOx without any noticeable increase in
smoke emissions [50].
As discussed before, ID period have a strong function on incylinder gas temperatures and the SOC generally delayed in parallel with the retarded injection timing. Therefore, more fuel burns in
the expansion stroke with the retarded fuel injection timing, which
causes lower entire in-cylinder temperature history and increases
soot generating precursors due to NOx-smoke trade-off character-
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Fig. 7. The effects on smoke and NO x emissions.

istics. IA26 showed the almost same NOx and smoke values with
the diesel fuel except the high load and much better NOx emissions
than those of B10 at all load conditions. The decrease of in-cylinder
temperature history in parallel with HRR is seen as a reason for
both the increase in smoke emissions up to 54% and the decrease
in NOx emissions up to 11% with IA26 in comparison with B10.
However, smoke emissions with B10 fuel and retarded fuel injection timings were still lower than diesel fuel for the high load.
4. Conclusions
In this study, canola biodiesel/No. 2 diesel fuel blend was used
in a compression ignition engine. Although the canola biodiesel
meets to the biodiesel standards, there is an accepted opinion in
the literature on the decrease in the engine performance and the
increase in NOx emissions. In this study, the retardation of injection
timing was examined in order to overcome these adverse effects.
The experimental results showed that:
 The maximum HRR values decreased up to 22% with the biodiesel blending at all engine loads, while the maximum cylinder
pressures were close to those of the diesel fuel. Retarded injection generally decreased both the maximum HRR and the cylinder pressure.
 The starts of combustion occurred earlier for the biodiesel/diesel blend at all loads, while the starts of injection noticeably
advanced, except the low load.
 Although the biodiesel addition hardly ever influenced the premixed and diffusion combustion durations, the premixed combustion fractions decreased. While the retarded injection
caused some decreases in the premixed combustion fractions,
the injection advance above 2°CA generally increased the premixed combustion durations up to 2.5°CA.
 The biodiesel/diesel blend having the lower heating value
caused to high BSFC and low BTE. These adverse effects were
not observed in the retardation of injection timing.
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 The biodiesel/diesel blend resulted in decrease in CO, THC and
smoke emissions and increase in NOx emissions. The more
reductions in THC (up to 30%) and CO (up to 79%) as well as
NOx emissions (up to 11%) were obtained with 2°CA retarded
injection. The retardation of injection timing of 4°CA caused
to deterioration of THC and CO emissions at high load, and of
smoke emissions for all loads.
These results can be summarized as that the retardation of
injection timing up to a certain level is a suitable approach with
regards to the engine performance and emission, without a significant alteration in the combustion parameters.
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ABSTRACT
The physical features of a granite residual soil are investigated in this study for their possible application as an
isolation barrier for waste items in underground disposal facilities. The findings demonstrate that the soil's
hydraulic conductivity is less than the recommended limit (1x10-7 cm/s) set by several waste regulatory
authorities. It also has sufficient strength for stability and has a low shrinking potential after drying. These
characteristics point to the soil's possible application as a waste-containment barrier based on soil isolation.
INTRODUCTION
Waste materials in waste containment facilities (such as landfills) are made isolated from surrounding
environment by providing liners or isolation barriers. Isolation barriers control or restrict the migration of
pollutant from the landfill into the environment. Commonly used isolation barriers are composed of compacted
natural inorganic clays or clayey soils. Compacted clayey soils have the longest history of successful application
as isolation barriers in landfills. The low hydraulic conductivity of compacted clayey soils combined with their
availability and relatively low cost makes them potential materials to use as liners in landfills for environmental
protection.
It is desirable for waste containment systems to achieve its required purposes at minimum cost. Careful
consideration should therefore be given to the choice of materials for the construction of isolation barrier. Granite
residual soil is widely distributed all over the Peninsular Malaysia. Its traditional geotechnical properties has
much been studied in the past (Taha et al. 2000, 2001, 2002). Its potential use as isolation barrier may
significantly reduce the cost of construction of the waste containment facilities. However, for use as isolation
barrier, a particular soil should have include the following physical properties: (1) hydraulic conductivity of at
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least 1x10-7 cm/s (Daniel 1993a; Mohamed and Antia 1998), (2) minimum unconfined compressive strength of
200 kPa (Daniel and Wu 1993), and (3) volumetric shrinkage upon drying of less than about 4% (Daniel and Wu
1993; Tay et al. 2001).
This paper aims to study the physical properties of granite residual soil, for potential usage as isolation barriers
in landfills. Typical tests that are generally used to investigate clayey soils proposed as isolation barriers such as
particle size distribution, Atterberg limits, compaction, hydraulic conductivity, volumetric shrinkage, and
compressive strength were conducted on samples of compacted granite residual soil. If on the basis of these tests,
the soil proves to have properties desirable for a barrier material, then it should be considered as a potentially
suitable material for the isolation of waste materials in landfills.
MATERIAL AND METHODS
The material used for this study was granite residual soil. The soil was obtained from a granite formation in the
compound of Hospital University Kebangsaan Malaysia (HUKM) in Cheras, about 8 km south of Kuala Lumpur,
the capital city of Malaysia. The soils were excavated with a shovel from the depth of 0.6m below the profile to
avoid humus layer and roots, placed in plastic bags, and transported to the geotechnical laboratory of University
Kebangsaan Malaysia. Then, the soils were removed from the plastic bags, carefully blended, and stored in a
plastic container.
The basic tests such as specific gravity, particle size distribution and Atterberg limits of the soil were performed
according to British Standard (BS1377: 1990). The data of these index properties were used to classify the soil in
the Unified Soil Classification System (USCS).
The soil was air dried and crushed into small pieces. The crushed soils were then passed through a No. 4 sieve
(4.75 mm openings). The sieved soils were wetted spraying tap water (pH= 6.65). Afterward the moistened soils
were sealed in plastic bags and stored for at least 3 days to allow moisture equilibration and hydration. This
processed soil was used for compaction, hydraulic conductivity, compressive strength and volumetric shrinkage
tests. These experiments were conducted in triplicate for each particular soil condition to ensure the reliability of
the test results. The average result of the three replicate measurements has been reported in this paper.
The soil as compacted with three energies (modified, standard, and reduced) as recommended by Daniel and
Benson (1990). The modified and standard Proctor tests were done according to BS methods (BS1377: Part
4:1990:3.3 and BS1377: Part 4:1990:3.5). Reduced compaction was identical to standard Proctor compaction
except that only 15 blows of the hammer per lift were applied rather than the usual 27 blows. This range of
energy was selected in an effort to bracket the range of reasonable compactive energy normally encountered in
the field (Daniel and Wu 1993).
The hydraulic conductivity was measured using rigid wall permeameter under falling head condition as
recommended by Head (1994). Processed soils were compacted with three energies (modified, standard, and
reduced) at different water content within the permeameter moulds. The permeant liquid was deaired tap water,
and hydraulic gradient was 15. Permeation was conducted on the samples until steady conditions were achieved.
The volumetric shrinkage upon drying was measured by extruding compacted cylindrical specimens from the
compaction moulds and allowing the cylindrical specimens to dry on a laboratory table in an air-conditioned
room (Daniel and Wu 1993). Every day the diameter and the height of the samples were recorded with a digital
caliper accurate to 0.01mm. At each reading a minimum of three height and three diameter measurements for
each height at 120° intervals were recorded. The average diameter and height were used to compute volume, and
the measurements were continued until the volume ceased to change further.
The unconfined compression test was performed in accordance with the ASTM D2166 procedure. The test as
performed on cylindrical specimens having a diameter and length of 50 mm and 100 mm respectively, which
were trimmed from the larger compacted cylinders. The samples were tested in triaxial compression test machine
without applying cell pressure. The rate of strain was 0.83% per minute (Mohamed et al. 2002).
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EXPERIMENTAL RESULTS AND DISCUSSIONS
Basic Properties
Specific gravity of the granite residual soil is about 2.63. The particle size analysis shows that the soil contains
45% clay (<0.002 mm), 66% fines (<0.075 mm), 35% sand (0.063 to 2 mm). Moreover, the results of Atterberg
limits reveal the liquid limit (LL) = 68%, the plastic limit (PL) = 35% and the plasticity index (PI = LL – PL) =
33%. On the basic of these data, the granite residual soil is classified as CH (Inorganic clay with high plasticity)
according to the USCS. Inorganic clay with high plasticity (CH) is typical material for landfill liner (Oweis and
Khera 1998).
The soil has similar properties to cohesive soils, and therefore is likely to have desirable characteristics to
minimize hydraulic conductivity. The hydraulic conductivity value of the liner material is used as the principal
indicator of its containment potential. Hydraulic conductivity behavior of soil liners is greatly influenced by the
particle size distribution because the relative proportions of large and small particle sizes affect the size of voids
conducting flow. Liner soil should have at least 30% fines (Daniel 1993b; Benson et al. 1994) and 15% clay
(Benson et al. 1994) to achieve hydraulic conductivity = 1x10-7 cm/s. Thus, the granite residual soil can be used
for liner to achieve a hydraulic conductivity = 1x10-7 cm/s, as it possesses suitable amount of clay and fine
fractions. Moreover, the soil contains adequate amount of sand, which may offer notable protection from
volumetric shrinkage and impart adequate strength as well.
Liquid limit is an important index property since it is correlated with various engineering properties. Soils with
high liquid limit generally have low hydraulic conductivity. Benson et al. (1994) recommended that the liquid
limit of the liner material be at least 20%. However, soils with very high liquid limit have poor volume stability
and high shrink-swell potentials. Most of the specifications for soil liners proposed by various researchers or
waste regulatory agencies do not generally prescribe any limit (maximum value) for their liquid limit. As long as
it does not create any working problem, soils with high liquid limit generally preferred because of their low
hydraulic conductivity. Thus, the granite residual soil with liquid limit about 68% appears to be promising for use
as liner.
The plasticity index is the most important criteria for selection of soil for liner construction. It is the key property
in achieving low hydraulic conductivity. Literatures suggest that the plasticity index must be more than 7%
(Daniel 1993b; Benson et al. 1994; Rowe et al. 1995). However, very high plasticity soil becomes sticky when
wet and then becomes difficult to work with in the field. Also high plasticity soil forms hard lumps when they are
dry and are difficult to break down during compaction. The hard lumps, if not properly compacted, form zones of
higher hydraulic conductivity. Moreover, high plasticity soil tends to be more susceptible to desiccation cracking.
For plasticity index value greater than 35, excessive shrinkage can be expected (Daniel 1991). Thus, the granite
residual soil has suitable plasticity property (PI is about 33%) to minimize hydraulic conductivity and shrinkage
susceptibility as well.
The activity (PI/%clay fraction) of granite residual soil is about 0.74. Thus, according to Skempton’s
classification it is inactive clay. Inactive clayey soils are the most desirable materials for compacted soil liners
(Rowe et al. 1995). In order to achieve a hydraulic conductivity = 1x10-7 cm/s for soil liners, soils with an
activity of 0.3 or greater may be specified (Benson et al. 1994; Rowe et al. 1995). Activity is an index of the
surface activity of the clay fraction. Soils with higher activity are likely to consist of smaller particles having
larger specific surface area and thicker electrical double layers. Therefore, hydraulic conductivity should
decrease with increasing activity. However, soils with high activity are more readily affected by pollutant if they
used in containment structures (Oweis and Khera 1998).
Thus, the comparison between the index properties of granite residual soil and the index properties as
recommended by various researchers for a good liner material shows that granite residual soil have suitable
properties to use as liner material.
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In the construction of soil liners, compaction is done to achieve a soil layer of improved engineering properties.
Compaction of soils results a homogeneous mass that is free of large, continuous inter-clods voids; increases
their density and strength, and reduced their hydraulic conductivity. Hydraulic conductivity is the key design
parameter when evaluating the acceptability of a liner material. Low hydraulic conductivity is achieved when
the soil is compacted close to its maximum dry density. Thus, compaction test is performed to determine the
maximum dry density and corresponding optimum water content for a soil under a specific compactive effort.
The compaction curves for the granite residual soil are shown in Figure 1. The compaction curves clearly
illustrate that the dry density is the function of compaction water content and compactive effort. For each
compactive effort, at the dry side of optimum water content the dry density increases with the increasing water
content. This is due to the development of large water film around the particles, which tend to lubricate the
particles and make them easier to be moved about and reoriented into a denser configuration (Holtz and Kovacs
1981). Whereas, at the wet side of optimum water content water starts to replace soil particles in the compaction
mold and since the unit weight of water is much less than the unit weight of soil the dry density decreases with
the increasing water content.

Figure 1. Compaction curves
The curves (Figure 1) are single peaked and parabolic in shape, which is typical of most clayey soils. Since the
liquid limit of the soil is in between 30% and 70%, the yielding of single peaked curves (figure 1) are therefore
generally expected (Lee and Suedkamp 1972). The most important feature on the compaction curve is its peak,
which represents the maximum dry density and corresponding optimum water content for a given compactive
effort. The maximum dry density and the optimum water content obtained from this test are given in Table 1. An
increase in compactive effort increases the maximum dry density but decreases the optimum water content.
Because higher compactive effort yields a more parallel orientation to the clay particles, which gives a more
dispersed structure; the particles become closer and a higher unit weight of compaction results (Das 1998).

Table 1. Maximum dry density and corresponding optimum water content
Compactive efforts Optimum water content, wopt (%) Max. dry density, gd (kN/m3)

Modified Proctor

20.7

16.36

Standard Proctor

26.2

14.47

Reduced Proctor

27.1

13.93
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Hydraulic Conductivity
The relationship between hydraulic conductivity, water content and compactive effort is shown in Figure 2. The
hydraulic conductivity decreases with the increasing compactive effort. Because increasing compactive effort
decreases the frequency of large pores and can eliminate the large pore mode (Acar and Oliveri 1989). These
changes in pore size yield lower hydraulic conductivity. The hydraulic conductivity also changes with the
change of compaction water content. Soils compacted at dry of optimum water content tend to have relatively
high hydraulic conductivity whereas soils compacted at wet of optimum water content tend to have lower
hydraulic conductivity. Increasing water content generally results in an increased ability to break down clay
aggregates and to eliminate inter-aggregate pores (Mitchell et al. 1965; Benson and Daniel 1990; GarciaBengochea et al. 1979). In addition, the clay particles are more uniformly dispersed and the macropores become
constricted and tortuous (Barden 1974). Moreover, increasing water content result in reorientation of clay
particles and reduction in the size of interparticle pores (Lambe 1954; Acar and Oliveri 1989). The hydraulic
conductivity is the key parameter affecting the performance of most soil liners and covers (Daniel 1987, 1990),
thus great attention is generally focused on ensuring that low hydraulic conductivity is achieved. Therefore, it is
usually preferred to compact the soil wet of optimum.

Figure 2. Hydraulic conductivity versus compaction water content
Soil liners should have a hydraulic conductivity of at least 1x10-7 cm/s. Figure 2 shows that all the three
different compaction efforts cause hydraulic conductivity less than 1x10-7 cm/s. The minimum hydraulic
conductivity and corresponding water content at various compactive efforts is presented in Table 2. In the case of
each compactive effort the minimum hydraulic conductivity is obtained at water content of slightly (0.5 to 1.7%)
wet of optimum water content. Generally the lowest hydraulic conductivity of clayey soil is achieved when the
soil is compacted at water content slightly higher than the optimum water content (Mitchell et al. 1965; U.S.
Environmental Protection Agency 1989; Daniel and Benson 1990).
Table 2. Minimum hydraulic conductivity and corresponding water content at various compactive efforts

Compactive
efforts
Modified
Proctor
Standard
Proctor
Reduced
Proctor

Minimum hydraulic
conductivity (cm/s)

Water content (%) at minimum hydraulic Optimum water
conductivity
content (%)

3.2x10-9

22.2

20.7

1.9x10-8

27.9

26.2

9.3x10-8

27.6

27.1
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Volumetric Shrinkage
Compacted soil liners are subject to frequent desiccation due to evaporative water losses. Desiccation leads to
the development of shrinkage cracks. Cracks provide pathways for moisture migration into the landfill cell,
which increases the generation of waste leachate, and ultimately increases the potential for soil and groundwater
contamination. Thus, the soil liner significantly losses its effectiveness as an impermeable barrier. Literature
suggested that cracking do not likely to occur in soil liners when compacted cylinders of the same soil undergo
less than about 4% volumetric shrinkage strain upon drying (Daniel and Wu 1993; Tay et al. 2001).

Figure 3. Volumetric shrinkage strain versus compaction water content
In this study compacted cylindrical specimens were used to determine shrinkage potential of the soil. In the field,
the soil shrinks under the overburden pressure. Soil shrinks simply due to water loss, which is independent of the
pressure if water and soil particles are considered incompressible. Much information is not available on the
relationship between overburden pressure and volumetric shrinkage of compacted soil. In a recent study Briaud
et al. (2003) reported that vertical pressure does not influence the volumetric shrinkage. However, in this study
shrinkage tests were performed with no overburden pressure applied. The specimens were allowed to dry at
approximately 27oC (the mean temperature for the Peninsular Malaysia) temperature to simulate the slow rate of
drying that occurs in the field. The Cylindrical specimens began to shrink into smaller cylinders. Volume change
occurs as the water surrounding the individual soil particles of the specimens is removed, the soil particles move
closer together. The drying tests were conducted for a period of approximately 1 month to get the possible
maximum volume change, although volume change did not occurred past the two weeks of drying. During
drying the sides of the specimens were open to the atmosphere, which does not replicate the field condition.
Drying from the top surface only requires much longer times, and was not practical. Nevertheless, although the
laboratory drying conditions did not replicate the field conditions precisely, the relative effects of soil type on
volumetric shrinkage are supposed to be preserved. The result of volumetric shrinkage test is presented in Figure
3. Test results indicate that shrinkage strains are influenced by compaction conditions. Shrinkage increases with
increasing compaction water content, but the relationship between compactive effort and shrinkage strain is less
clear. At low compaction water contents, shrinkage decreases with increasing compactive effort. No clear trend
is apparent at higher water contents. Similar results have been reported by other researchers (Klepe and Olson
1985; Daniel and Wu 1993). In this study, each of the three different compactive efforts show little volume
change behavior of less than 4%, which is typical maximum permissible limit for compacted soil liners. Thus, if
drying takes place, the compacted soil will undergo minimal shrinkage and desiccation cracking.
Unconfined Compressive Strength
The result of unconfined compression test against compaction water content is shown in Figure 4. The strength
of compacted soil decreases with the increase of compaction water content. As the amount of water increases the
electrolyte concentration is reduced, leading to an increase in diffused double layer. Expansion takes place and
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the distance between the clay particles as well as the distance between the aluminiosilicate unit layers increases,
resulting in a reduction of both the internal friction and cohesion. Other researchers (Seed and Chan 1959;
Daniel and Wu 1993; Taha and Kabir 2003) observed the same fact. Compactive effort has also a great influence
on soil strength. At low compaction water content, unconfined compressive stress increases with increasing
compactive effort. But at higher water content no clear trend is noticed; e.g. at 24% compaction water content,
modified Proctor effort results the lowest unconfined compressive stress among the three compactive efforts.

Figure 4. Unconfined compression strength versus compaction water content
An isolation barrier used in waste containment a system is supposed to sustain certain amount of static load
exerted by the overlying waste materials. In this regard, the barrier material must have adequate strength for
stability. The bearing stress acts on the barrier system depends on the height of landfill and the unit weight of
waste. Thus, to date, the minimum required strength of soil used for compacted soil liners is not specified.
Daniel and Wu (1993) arbitrarily selected them, to support the maximum bearing stress in a landfill. They
mentioned that soil used as barrier material should have minimum unconfined compression strength of 200 kPa.
Test result shows (Fig. 3) that the soil possesses higher strength than the recommended minimum strength of 200
kPa for all the three compactive efforts.
Acceptable Water Content and Dry Density
A critical step in designing of a compacted soil liner is determination of the range of acceptable water content
and a minimum dry density of the soil. Water content and dry density values can greatly affect a soil’s ability to
restrict the transmission of flow. Even small variations in water content and dry density may results a
tremendous change to the hydraulic conductivity (Mitchell et al. 1965). From the above discussions presented in
the previous sections it is clear that the physical properties (such as hydraulic conductivity, strength, and
shrinkage potential) controlling the performance of soil liners are greatly influenced by water content. If the soil
is too dry at the time of compaction, suitably low hydraulic conductivity may become unachievable. If the soil is
too wet, a variety of problems may ensue, e.g., problems with construction equipment operating on soft, weak
soils and potential slope instability caused by low strength of the soil. In addition, very wet soil may crack due to
desiccation shrinkage. Thus, it is very important to specify the range of water contents within which the
compacted soil will exhibit hydraulic conductivity = 1x10-7 cm/s, volumetric shrinkage = 4% and unconfined
compressive strength = 200 kPa. The acceptable range of water content is given in Table 3. Only the modified
Proctor compaction test meets the acceptable limits. The overall acceptable water content ranges from 16.5% to
21.1%, which is between 4.2% dry of optimum and 0.4% wet of optimum value determined from modified
Proctor compaction test. So the granite residual soil meets all the three main requirements at a wider range of
water content. In addition, the soil can be compacted at water content of 4.2% dry compared to optimum water
content and still possesses a hydraulic conductivity less than 1x10-7 cm/s. This water content is advantageous in
terms of minimizing shrinkage potential.
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Table 3. Acceptable range of water content

Acceptable range of
Compactive
water content (%) for
efforts
hydraulic conductivity

Acceptable range of
water content (%) for
Volumetric shrinkage

Overall
Acceptable range of water
acceptable range
content (%) for Unconfined
of water content
compressive strength
(%)

Modified
16.5 to >26
compaction

<16 to 21.1

<16 to 23.3

16.5 to 21.1

Standard
25.1 to 31.9
compaction

<22 to 23.1

<22 to 29

…

Reduced
27.1 to 27.9
compaction

<23 to 23.8

<23 to 28.8

…

Since, an overall acceptable range of water content has been selected, for the construction of isolation barrier the
soil must be compacted with adequate compactive energy using the overall acceptable water content to compress
large voids and to remold clods of soil into a homogeneous, relatively impermeable mass. The dry density of the
soil can be a useful indicator of the effectiveness of compaction. Literatures suggest that the minimum dry
density can be determined by drawing an overall acceptable zone on water content-dry density curve (Daniel and
Benson 1990; Daniel and Wu 1993). In this paper a simple approach has been followed to draw an overall
acceptable zone. The overall acceptable zone is shown in Figure 5 has been drawn based on overall acceptable
water content (Table 3) on water content-dry density curve, considering the range of the overall acceptable water
content as the left and right boundary of the zone. The upper boundary of the overall acceptable zone is the zeroair-void line and the bottom boundary is the modified Proctor compaction curve (because only the modified
Proctor compaction test meets the acceptable limits). Thus, the Figure 5 shows that for the granite residual soil, a
range of water content and dry densities are existed that satisfy all the three established criteria (hydraulic
conductivity, strength, and shrinkage strain).

Figure 5. Overall acceptable zone and recommended acceptable zone
However, the “initial degree of saturation” has significant influence on hydraulic conductivity. Elsbury et
al.(1990) plotted the results of hydraulic conductivity test on laboratory-compacted specimens as a function of
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initial degree of saturation. The general trend was that hydraulic conductivity decreased with increasing initial
degree of saturation. Other researchers also have been presented the similar results (Benson et al. 1994; Benson
and Trast 1995; Benson et al. 1999). Benson and Trast (1995) achieved the hydraulic conductivity less than
1x10-7 cm/s, the maximum suggested limit of the various waste regulatory agencies, for all the soils in their
study by compacting to an initial saturation in excess of 85%. In another study Benson et al. (1999) reported that
there is a high probability of achieving the field hydraulic conductivity = 1x10-7 cm/s when most of the field
compaction data point lie on or above the line of optimum water contents. The optimum point normally occurs at
saturation near 85% (Benson and Boutwell 1992). Thus, the overall acceptable zone should be adjusted based on
“85% saturation line” for meeting the field hydraulic conductivity criterion as shown in Figure 5. The
“recommended acceptable zone” defines the minimum dry density and a range of water content that will produce
compacted soil with acceptable hydraulic conductivity, strength and shrinkage strain. The
“recommended acceptable zone” shown in Figure 5 could be recommended for field control directly.
CONCLUSIONS
The following conclusions can be drawn from the investigation of granite residual soil: (1) The granite residual
soil is inorganic clay with high plasticity. Generally, this type of soil possesses desirable characteristics to
minimize hydraulic conductivity, and frequently used for the construction of compacted soil liners. (2) The index
properties (liquid limit, plastic limit, % clay content, % fines, activity etc.) of the soil satisfy the basic
requirements as a liner material. (3) It is inactive clayey soil. Thus, the soil would be less affected by waste
chemicals and also less susceptible to shrinkage. (4) The soil has hydraulic conductivity of less than 1x10-7 cm/s,
when it is compacted with modified Proctor compaction effort at a range of water content between 4.2%dry of
optimum and 0.4% wet of optimum water content. (5) Moreover, within the above range of water content the soil
compacted with modified Proctor exhibits adequate strength of more than 200 kPa and volumetric shrinkage
strain of less than 4%.
Thus, it is concluded that the granite residual soil can be used as a suitable liner material for isolating waste
materials in landfills. Its potential use as isolation barrier will enhance the waste management programs in
Malaysia.
Although the soil meets all the basic requirements as a good barrier material, it would be hard to work with due
to its high plasticity. Therefore, during liner construction great attention should be focused on soil preparation.
The soil should properly blend and homogenize to achieve a mixer of relatively small clods with reasonably
uniform moisture distribution. Blending the soil on site with a pulverizing mixer would be helpful in reducing
clod size and producing more uniform moisture content.
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a b s t r a c t
The current data article is based on a study that examines
the effects of CNG (compressed natural gas) and HCNG
(hydrogen enhanced compr-essed natural gas) on the
performance and emission parameters of direct injection
diesel engines at injection pressures of 200, 220, and 240

Performance

bar. CNG and HCNG gaseous alternative fuels were

Emission

injected as secondary fuels in amounts of 10%, 20%, and

Diesel engine

(pure diesel) during the operation. To compare the

30%

by

mass

to

enrich

the

pilot

fuel

performance and emi-ssions of dual fuel (CNG + pure
diesel, HCNG + pure diesel) operations with pure diesel
data, the performance and emissions data of dual fuel
(CNG + pure diesel, HCNG + pure diesel) operations were
examined. The data for this research was evaluated at 25
percent, 50 percent, 75 percent, and 100 percent different
engine loads for all trials at various injection pressures. The
engine load was increased from quartile to max-imum using
an eddy current dynamometer. The values of carbon
monoxide (CO), unburned hydrocarbon (UHC), and oxides
of nitrogen (NOx) harmful emissions in engine exhaust
were measured using an AVL DiGAS 4 4 4 N multi gas
analyser.
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Speciﬁcations Table
Subject
Speciﬁc Subject Area
Types of data

How data were acquired
Data format
Parameters for data collection

Description for data
collection

Internal combustion engine
Alternative fuel, performance, emission
Table
Graph
Figure
Performance (BTE, BSFC) and emission (CO, UHC, NOx) data were
acquired by experimental analysis in engine testing lab.
Raw
analysed
The data for all trials was collected at constant engine speed of
1500 rpm under 25%, 50%, 75% and 100% loads. Firstly, data were
collected at 200 bar injection pressure followed by 220 bar, and
eventually at 240 bar injection pressure.
All the data were recorded from Kirloskar, TV-1, 3.5 kW rated power,
water-cooled, 4-stroke, vertical 1-cylinder, direct-injection dual fuel
diesel engine. The data of engine performance was determined by
numerical method using various relations which are mentioned in
“Experimental Design and Procedure” section.
Emission data was collected by using of AVL DiGAS 444 N multi gas
analyser.

Value of the Data
• The data enumerates the inﬂuence of pure diesel and dual fuels on engine behaviour at
different injection pressure, identifying which fuel and injection pressure offer superior
behaviour.
• The data are vital to the research community since it analysed and compared the performance and emission parameters of dual fuels at different injection pressure and loads with
the pure diesel.
• The data can be employed by the researchers to compare the CNG and HCNG values of BTE,
BSFC, CO, UHC and NOx to the other alternative gaseous fuel.
• Scientiﬁc community working in IC engine ﬁeld can utilize the present data for comparing
with the data produced at different compression ratios.

1. Data Description
Only few researchers have performed experiments with CNG and HCNG as secondary fuel in
diesel engine [1,2]. In present research investigation, various experiments for data analysis are
performed on single-cylinder, direct injection dual fuel mode diesel engine fuelled with pure
diesel, pure diesel with CNG, and pure diesel with HCNG to assess the performance and emission
behaviour at 200 bar, 220 bar, and 240 bar injection pressure of pilot fuel. The schematic sketch
and photograph of an experimental test setup are represented in Figs. 1 and 2 respectively. The
comprehensive speciﬁcations of an experimental test setup are mentioned in Table 1. Figs. 3-5
depict the deviation of BTE for tested fuels (PD, CNG10, CNG20, CNG30, HCNG10, HCNG20, and
HCNG30) under various loads at 200 bar, 220 bar and 240 bar injection pressures respectively
while Tables 2-4 presented the data for BTE correspondingly. In the same way, Figs. 6–8 shows
the disparities of BSFC among the tested fuels at different injection pressures and the data associated with BSFC are tabulated in Tables 5-7 respectively. Similarly, the variation in CO emission are depicted in Figs. 9-11 whereas the data associated with CO emission are mentioned in
Tables 8-10 at injection pressures of 200 bar, 220 bar and 240 bar respectively. Subsequently, the
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Fig. 1. Schematic sketch of experimental setup.

Fig. 2. Photograph of an experimental setup.
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Table 1
Experimental test setup speciﬁcations.
Make
Model
Fuel injection
Ignition Type
Speed(rpm)
Bore(mm)
Stroke(mm)
Crank radius(mm)
Connecting rod length(mm)
Compression ratio
Cylinder capacity(cc)
Injection timing (bTDC)
Dynamometer
Oriﬁce diameter

Kirloskar Oil Engines
TV-1
Direct
Compression
1500 (constant)
87.5
110
55
234
17.5:1
661
23°
Eddy Current Type
20 mm

Fig. 3. BTE Vs. Load at 200 bar injection pressure.

Fig. 4. BTE Vs. Load at 220 bar injection pressure.

87
Collection and Analysis of Data at Various Injection Pressures...

C. Malla et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Fig. 5. BTE Vs. Load at 240 bar injection pressure.
Table 2
Data’s for BTE (%) at 200 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

16.50
22.22
27.94
30.93

15.06
21.21
26.53
30.21

14.20
20.25
25.34
29.31

13.36
19.08
23.56
27.54

17.16
22.94
28.05
31.16

17.93
23.11
28.24
31.89

18.07
23.27
28.70
32.18

Table 3
Data’s for BTE (%) at 220 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

17.15
22.90
28.21
31.17

15.93
21.68
27.21
30.27

15.68
20.94
26.25
29.66

14.34
19.87
24.76
28.66

17.85
23.55
28.88
32.83

18.17
24.16
29.52
33.05

18.75
24.55
30.27
33.59

Table 4
Data’s for BTE (%) at 240 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

15.67
20.34
26.27
28.41

14.73
19.99
25.66
28.04

13.40
19.50
24.58
27.88

12.70
18.21
23.98
27.50

16.62
21.83
26.59
30.12

17.09
22.34
27.08
30.64

17.16
23.05
27.60
31.30

UHC emission variation are displayed in Figs. 12-14 and the variation in NOx emissions are portrayed in Figs. 15-17 at 200 bar, 220 bar and 240 bar injection pressure correspondingly. The data
associated with Figs. 12-17 are presented in Tables 11-16 respectively.

2. Experimental Design and Procedure
For this research work, a kirloskar (model: TV1), single-cylinder, water-cooled, 4-stroke
direct-injection duel fuel diesel engine was employed. Eddy current dynamometer was utilised
to raise the engine load. The experiments are conducted for pure diesel, CNG and HCNG fuels
at diverse injection pressures of 200 bar, 220 bar, and 240 bar. The design of experiments is presented in Table 17. Initially, the engine was fuelled with pure diesel and running with constant
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Fig. 6. BSFC Vs. Load at 200 bar injection pressure.

Fig. 7. BSFC Vs. Load at 220 bar injection pressure.

Fig. 8. BSFC Vs. Load at 240 bar injection pressure.
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Fig. 9. CO Vs. Load at 200 bar injection pressure.

Fig. 10. CO Vs. Load at 220 bar injection pressure.

Fig. 11. CO Vs. Load at 240 bar injection pressure.
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Table 5
Data’s for BSFC (kg/kW.hr) at 200 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

0.520
0.390
0.321
0.290

0.540
0.430
0.341
0.316

0.559
0.451
0.380
0.341

0.589
0.480
0.410
0.391

0.490
0.331
0.281
0.252

0.421
0.290
0.231
0.211

0.391
0.241
0.191
0.172

Table 6
Data’s for BSFC (kg/kW.hr) at 220 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

0.480
0.380
0.311
0.281

0.510
0.401
0.333
0.310

0.530
0.420
0.361
0.331

0.550
0.451
0.391
0.350

0.452
0.324
0.261
0.232

0.401
0.280
0.211
0.190

0.352
0.221
0.160
0.141

Table 7
Data’s for BSFC (kg/kW.hr) at 240 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

0.480
0.381
0.321
0.292

0.571
0.461
0.381
0.341

0.590
0.491
0.409
0.371

0.621
0.521
0.450
0.409

0.454
0.362
0.307
0.279

0.436
0.325
0.288
0.260

0.409
0.306
0.269
0.223

Table 8
Data’s for CO emission (% vol.) at 200 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

0.111
0.090
0.088
0.211

0.131
0.101
0.096
0.230

0.170
0.140
0.131
0.279

0.200
0.161
0.141
0.293

0.090
0.081
0.071
0.180

0.070
0.065
0.050
0.151

0.050
0.046
0.029
0.111

Table 9
Data’s for CO emission (% vol.) at 220 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

0.080
0.071
0.063
0.179

0.090
0.078
0.069
0.210

0.110
0.090
0.082
0.230

0.140
0.119
0.100
0.269

0.070
0.061
0.054
0.150

0.056
0.049
0.042
0.121

0.051
0.045
0.033
0.096

1500 rpm speed at 17.5 compression ratio and 200 bar injection pressure under 25%, 50%, 75%
and 100% engine loads. The performance and emission parameters values for pure diesel at all
loads were recorded. After recording the values for pure diesel, CNG (10%, 20% and 30% by mass)
and HCNG (10%, 20% and 30% by mass) were introduced via intake manifold to enrich the pure
diesel at those identical conditions and record the engine behaviour. Similarly, the performance
and emission values were recorded at 220 bar and 240 bar injection pressures for all tested fuels
at all loads. AVL DiGAS 444 N multi gas (MN-05) analyser is used to record the emission parameters (CO, UHC and NOx). The numerical method is used to determine the engine’s performance
by applying the following relations;
2π ∗ speed(N ) ∗ torque( T )
kW
60, 0 0 0
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Table 10
Data’s for CO emission (% vol.) at 240 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

0.122
0.092
0.086
0.260

0.142
0.111
0.097
0.270

0.171
0.132
0.111
0.279

0.191
0.162
0.122
0.290

0.102
0.082
0.074
0.230

0.092
0.072
0.066
0.191

0.072
0.065
0.056
0.131

Fig. 12. UHC Vs. Load at 200 bar injection pressure.

Fig. 13. UHC Vs. Load at 220 bar injection pressure.

Brake power (BP ) ∗ 3600 ∗ 100
%
mass f low rate o f diesel ∗ calori f ic value o f diesel

BT E (diesel ) =
BT E (dual ) =

Brake power (BP ) ∗ 3600 ∗ 100
mass f low rate o f diesel ∗ calori f ic value o f diesel +
mass f low rate o f CNG or HCNG ∗ calori f ic value o f CNG or HCNG

BSF C (diesel ) =

BSF C (dual ) =

(2)

mass f low rate o f diesel f uel
Brake power (BP )



kg
kW ·hr

mass f low rate o f diesel f uel + 
mass f low rate o f CNG or HCNG
Brake power

(3)



kg
kW ·hr
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Fig. 14. UHC Vs. Load at 240 bar injection pressure.

Fig. 15. NOx Vs. Load at 200 bar injection pressure.

Table 11
Data’s for UHC emission (ppm) at 200 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

68
55
51
60

77
59
55
65

82
65
59
70

89
70
63
75

63
52
49
57

60
50
48
55

56
47
45
52

BP data of an operated engine for all fuels was calculated at all loads by using Eq. (1). BTE
data when the engine operated with pure diesel (PD) was obtained from Eq. (2) calculations,
whereas for dual fuel (PD + CNG or PD + HCNG) mode operation BTE data was attained from
Eq. (3) calculations. Similar to the BTE data calculations, BSFC data for pilot fuel was obtained
from Eq. (4) calculations and for dual fuel, the data was acquired from Eq. (5) calculations. Each
test was performed thrice to check the uncertainty error in the results. For the ﬁrst experimental repeat, ﬁgures and associated data are mentioned below in this article. Moreover, ﬁgures and
corresponding data of second and third experimental repeats are available in “Mendeley Data”
repository; the link direct to data access is provided in the “Data accessibility” section of speciﬁcation table.
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Table 12
Data’s for UHC emission (ppm) at 220 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

63
51
49
55

72
57
52
62

79
62
58
67

85
67
61
72

58
49
45
52

53
44
41
48

51
42
39
46

Table 13
Data’s for UHC emission (ppm) at 240 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

69
56
52
62

79
61
56
67

84
64
60
71

90
71
63
76

65
53
50
58

61
52
49
56

57
49
47
54

Table 14
Data’s for NOx emission (ppm) at 200 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

142
522
802
1113

126
496
759
1030

116
456
734
988

98
430
686
931

197
575
886
1200

281
606
936
1345

334
675
1052
1432

Table 15
Data’s for NOx emission (ppm) at 220 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

193
559
865
1151

183
521
814
1101

150
488
784
1055

119
470
715
1003

249
590
912
1260

311
652
996
1360

400
728
1103
1485

Table 16
Data’s for NOx emission (ppm) at 240 bar injection pressure.
Load

PD

CNG10

CNG20

CNG30

HCNG10

HCNG20

HCNG30

25%
50%
75%
100%

273
543
842
1165

237
513
814
1112

214
484
786
1062

196
436
711
1011

332
652
959
1261

408
720
1077
1375

527
801
1137
1490

Table 17
Design of experiments.
Fuel

Gaseous fuel (% by mass)

Injection pressure (bar)

Compression ratio

Diesel

–

17.5

Diesel + CNG

10
20
30
Hydrogen (%)
2%
4%
6%

200
220
240
200
220
240

Diesel + HCNG

CNG (%)
8%
16%
24%

HCNG (%)
10%
20%
30%

200
220
240
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Fig. 16. NOx Vs. Load at 220 bar injection pressure.

Fig. 17. NOx Vs. Load at 240 bar injection pressure.
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ABSTRACT
A series of laboratory model tests were done on a strip footing supported by a
sand reinforced by randomly dispersed polypropylene fibre and mesh elements in
order to compare the findings with those obtained from unreinforced sand and
with those obtained from each other. A homogeneous sand was compacted in the
test box at its optimal moisture content and maximum dry density for the model
tests. In the testing, three types of reinforcement were utilised in various
amounts: two sizes of mesh elements with the same opening size and one size
of fibre element removed from the meshes. The results showed that reinforcing
sand with randomly distributed inclusions increased the ultimate bearing capacity
values and, in general, the settlement at the ultimate load. The quantity as well
as the design of the discrete reinforcing pieces were found to affect their
efficiency. When it came to ultimate bearing capacity values, the bigger mesh size
was determined to be superior to other inclusions. There appears to be an optimum
inclusion ratio for mesh components, whereas fibres showed a linearly
increasing tendency for the range of reinforcement amounts used, based on an
increase in ultimate bearing capacity.

1 INTRODUCTION
Early soil reinforcement techniques typically consisted of strips, grids or
sheets (woven or non-woven geotextiles) placed horizontally in the soil.
Later other types of reinforcement, for example continuous filaments
analogous to fibrous root reinforcement and randomly distributed small
discrete inclusions in the form of fibres, rods, discs, shavings, meshes and
multioriented elements, have received increasing attention (Lawton et al.,
1993). Of these,
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the use of continuous polymeric filaments mixed with sandy soil under the
proprietary name 'Texsol' (Leflaive, 1985) has developed as an established
method in retaining walls and slope protections and already more than 80
successful applications have been reported (Khay et al., 1990; Ishizaki et al.,
1992).
Several studies aimed at examining the mechanics of soil reinforcement by
discrete inclusions and at exploring the feasibility of using them in practical
applications have been reported. In these studies direct shear, triaxial
compression, plane strain triaxial, CBR, model footing tests and also
dynamic tests were performed using various types of fibres in the majority of
cases. Improvement in engineering properties of granular soils by the incor
poration of discrete inclusions in the soil is reported with a few exceptions.
For instance, use of very short, thin steel fibres resulted in decreased static
strength compared to unreinforced soil at the same density (Verma & Char,
1978). Hoare (1979) presents results of compaction and triaxial compression
tests on dry, angular crushed sandy gravel mixed with polymeric fibres and
small strips cut from a geotextile. He concludes that reinforcement offers
resistance to compaction and reinforcement has beneficial effects on both the
strength and the ductility, except when the increased amount of reinforce
ment results in reduced density, in which case the strength may even
decrease.
Direct shear test results on a dry sand with different types of fibres
extending at various angles over the shear plane showed that reinforcement
increased the peak shear strength and limited post peak reductions in shear
resistance (Gray & Ohashi, 1983). Gray and Al-Refeai (1986) report the
results of comparison triaxial compression tests on the stress-deformation
response of a dry sand reinforced with continuous, oriented geotextile layers
as opposed to discrete, randomly distributed fibres. They concluded that
fibre reinforcement increased both the ultimate strength and the stiffness.
The decrease in stiffness at low strains observed with geotextile inclusions did
not occur with the fibres. The increase in strength with fibre content varied
linearly up to a fibre content of 2% by weight, and thereafter approached an
asymptotic upper limit. Ranjan et al. (1994) also cite an upper limit of 2% by
weight. Maher and Gray (1990) describe the effect of the sand properties (i.e.
gradation and particle size and shape) and fibre properties (i.e. weight frac
tion, aspect ratio and modulus) on the strength and deformation behaviour
of sand reinforced with randomly distributed fibres and suggest that the
asymptotic upper limit of fibre content is mainly governed by the confining
stress and fibre aspect ratio. The existence of such an upper limit is also
observed in dynamic tests carried out on the same composites (Maher &
Woods, 1990). Both shear modulus and damping increased approximately
linearly with increasing amount of fibre to about 4%, then tended to
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approach an asymptotic upper limit at approximately 5% fibre content by
weight. Contrary to these observations, special large direct shear test results
on a dry sand reinforced with fibres, wood doweling and metal rods did not
yield a linear relationship between reinforcement concentration and
increased strength (Shewbridge & Sitar, 1989).
Direct shear test results on a uniform silty sand reinforced with aligned
and randomly orientated metallic fibres of varying flexibility are discussed by
Fatani et al. (1991). Vertically placed fibres were found to be most effective.
Dynamic responses for sands reinforced with randomly distributed fibres
and with fibres orientated vertically to the shear plane were found to be
similar (Maher & Woods, 1990). Noorany and Uzdavines (1987), who
performed cyclic triaxial tests on sand with four different reinforcing
elements in nine different configurations, concluded that the specimens with
randomly distributed fibres exhibit relatively higher resistance to liquefac
tion. Triaxial tests performed on two sands reinforced with glass fibre and
mesh elements examined the effect of soil type, extensibility and shape of
inclusions and fibre length, and led to the conclusion that mesh elements
were superior to fibres, especially in the case of fine sand (Al-Refeai, 1991).
Al Refeai's results on the stiffness at low strains were mixed; in some cases
the reinforced soils were stiffer at all strains but in other cases the reinforced
soils were less stiff at small strains, as also found by Freitag (1986) based on
the data from unconfined compression tests on reinforced compacted fine
grained soil.
More recently the use of mesh elements (Mercer et al., 1984; McGown et
al., 1985; Andrawes et al., 1986) in soil strengthening has been the subject of
some research. Meshes are believed to have an additional 'interlocking'
mechanism in reinforcing. Mercer et al. (1984) and McGown et al. (1985)
report the results of laboratory compaction, CBR, triaxial compression and
model footing tests on sand reinforced with 40 and 50 mm square poly
propylene meshes of the same kind as the ones used in the present investi
gation and compacted around optimum moisture content. The compaction
test results indicate that resistance to compaction is significant for mesh
contents in excess of 0-6% by dry weight. Peak deviator stresses and bearing
pressures at any strain level, i.e. stiffness at small strains, as well as CBR
values increase due to mesh reinforcement. Field trials suggest that mesh
contents of between 0-1 and 0-2% will be suitable (Andrawes et al., 1986).
Uysal (1993) performed comparison triaxial tests on a sand reinforced with
the 30 mm x 50 mm size of the same type of meshes used in the previously
mentioned investigations and the present study, and also with 5-mm long
fibres cut from the meshes. The sand was compacted at the optimum moist
ure content and inclusion contents of 0-10, 0-20 and 0-30% were used. The
increase in peak deviator stress varied linearly over 6-59%, depending on the
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type and amount of inclusions as well as the confining pressures: the increase
was significantly larger for smaller confining pressures. Failure strains of
fibre-reinforced sand samples were generally lower than the failure strains
for mesh-reinforced samples. No clear superiority of mesh elements over
fibres was observed.
The present study examines the load-settlement data from model strip
footing tests on unreinforced sand and on sand reinforced with two sizes of
the same type of mesh elements used in the previous investigations and one
size of fibre element cut from the meshes. The main objective was to assess
the relative reinforcing efficiency of mesh and fibre elements at the same
inclusion ratio. It was also thought useful to check if the improvements in
soil strength observed in the triaxial compression tests by Uysal (1993) are
comparable to the results of model footing tests.
2 EXPERIMENTAL PROCEDURE
The general layout of the equipment used in the present study is illustrated in
Fig. 1. The model footing was made out of steel plate of 20 mm thickness
and measured 50 mm (width) x 250 mm (length). Use of a larger model was
precluded by the limitations of the loading system. It had a smooth bottom
face and a hole at the centre of the top face for mounting the proving ring.

Pressure gauge

Plastic tube

Support
steel
frame

Fig. I.
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Two dial gauges were attached along the centre-line on both sides and near
the ends of the footing to measure the displacement (settlement).
A uniform medium sand whose properties are given in Table 1 was used in
the experiments. The sand was placed in the box by compacting at the opti
mum moisture content to its maximum dry density. Allowance was made for
the volume occupied by the inclusions in tests on reinforced sand. The shear
strength parameters for the compacted sand in the low normal stress range
of 20--70 kPa were determined using cylindrical wedge shear tests (Mirata,
1991) which produce stress conditions closer to those of a plane strain test.
The shear strength parameters for a very similar sand measured by triaxial
tests using cell pressures 50 kPa and larger are c' = 20 kPa and ¢' = 36-5°
(Uysal, 1993).
The polypropylene mesh reinforcements supplied by Netlon Ltd, Black
burn, UK, were in two ready cut sizes of 30 x 50 mm and 50 x 100 mm with
the same opening size of 10 x 10 mm. They will be called the 'small mesh'
and the 'big mesh' elements, respectively, in the text. Fifty-millimetre-long
fibres were produced by cutting the meshes, as a result of which each fibre
had 4---5 knots over its length and the existence of these knots is believed to
enhance the reinforcing effect of the fibres.
For conducting the model tests moist sand/reinforced sand was compacted
in the test box in layers of 50 mm thickness. It was attempted to achieve a
uniform distribution of reinforcing inclusions by the use of a special guide
grid. The model footing was placed on the surface of the compacted sand/
reinforced sand bed. The load was applied by air pressure supplied by an air
pressure piston in a stress-controlled manner. The load and the correspond
ing foundation settlement were measured by the proving ring and the two
dial gauges placed on each side of the centre-line of the footing. The details
of the experimental work are presented elsewhere (Biitiin, 1995).
TABLE 1
Properties of the Sand Used in the Model Footing Tests
Parameter

Quantity

Uniformity coefficient, C0
Coefficient of curvature, Cc
Effective size, D 10 (mm)
D30 (mm)
D60 (mm)
Specific gravity of soil solids, G,
Maximum dry density (Mg/m3)
Optimum water content (%)
Cohesion, c' (kPa)
Angle of shearing resistance, ¢' (degrees)
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1-132
0-205
0-436
0-819
2-587
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6-98
47-8
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3 TEST RESULTS
Tests on unreinforced sand and sand reinforced with one size of fibre and
two sizes of mesh were performed at inclusion ratios of 0-075, 0-10 and
0-15% by dry weight, which are comparable to the suggested mesh reinfor
cement contents of 0-10-0-20% for practical applications. The number of
tests carried out was 18 including the repeat tests. Pressure-settlement data
were evaluated to produce the best fitting polynomial curve. For multiple
tests an average curve was obtained. Figure 2 presents the pressure-settle
ment curves or average curves thus obtained.
The examination of the figure shows that all the curves except two lie
above the curve for the unreinforced sand, indicating the improvement
brought about by the reinforcements. This is especially pronounced at large
displacements and for the larger size meshes used in the experiments. It is
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also observed that for the big meshes failure takes place at much larger
settlements. The curves that lie below the one corresponding to the unrein
forced case at large settlements are for the lowest reinforcement percentage
and for the small meshes and the fibres. An enlargement of the initial part of
Fig. 2 corresponding to loads smaller than half the failure load for the
unreinforced case indicates that most of the curves lie very slightly above the
one for the unreinforced case (i.e. the improvement is not significant) and no
noticeable or consistent trend regarding the effect of type and amount of
different inclusions is observed at small settlements (Biitiin, 1995).
The effect of the inclusion shape as well as the inclusion quantity on the
failure load (i.e. the ultimate bearing capacity) is illustrated in Fig. 3. Here
the BCRu is the bearing capacity ratio defined as the ratio of ultimate
bearing capacity of the reinforced soil to that of unreinforced soil. The
figure quantifies the previous observations as given in Fig. 2 as well as
allowing variation trends to be established. For the quantities and shapes
of the discrete reinforcements used in the experiments the change in the
ultimate bearing capacity lies between about 40% and -5%: the higher
value is for the big meshes at inclusion ratios of 0-10 and 0-15% and the
negative value is for the fibres and the small meshes at the lowest inclu
sion ratio of 0-075%. At all inclusion ratios the use of the big meshes
brings about the greatest improvement compared to the others. Although
the trials at only three reinforcement percentages do not allow definite
statements to be made, the plots in Fig. 3 show that for both the meshes
the BCRu values increase sharply by comparable amounts as the reinfor
cement percentage is increased from 0-075 to 0-10%. At an inclusion ratio
of 0-15% the BCRu value remains the same for the big meshes and drops
somewhat for the small meshes, suggesting the existence of a possible
optimum amount of inclusion quantity for the mesh elements between
0-10 and 0-15%. Unlike the meshes, the BCRu values for the fibres
increase linearly as the inclusion ratio increases. It is reasonable to assume
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that the BCRu value for the fibres will approach an asymptotic upper
limit as observed by Gray and Al-Refeai (1986); Maher and Woods (1990)
and Ranjan et al. (1994).
The displacement or settlement at failure for the sand with and without
inclusions is given in Table 2. As can be seen from the Table, the settlement
values at failure for the reinforced cases (su (RJ) vary between 0-8 and1-7su ; Su
being the settlement at failure for the unreinforced case. This compares well with
the results of model strip footing tests on geogrid-reinforced sand where Su( R)
values twice as large as those obtained from the test with unreinforced sand have
been found (Khing et al.,1993). Values in the Table suggest that the settlement
at failure increases as the inclusion amount increases. This increase is also seen
to be dependent on the type of reinforcement: the largest one corresponding to
the big meshes and the smallest to the fibres. Uysal (1993) also found that failure
strains in triaxial compression tests for the fibre-reinforced sand samples were
generally lower than the ones for the small-mesh-reinforced samples; in both
cases the reinforcements were identical to those of the present study.
Since limited settlement is generally the design criterion for actual foun
dations on sand, comparison of the load-bearing values at some selected
settlement levels (s < su) for the reinforced and unreinforced cases was also
made, as suggested by Khing et al. (1993). There is a large scatter of results
but the following values may be cited for the big meshes: for the three rein
forcement percentages the average increase in the load-bearing value due to
inclusions ats= 0-50su ands= 0-75su is about 14 and 20%, respectively, as
opposed to 34% at s= Su (R)·
4 CONCLUSIONS
Based on the results of the model footing tests performed, the following
conclusions can be drawn:
TABLE 2

Settlement at Failure for the Unreinforced and Reinforced Cases
Reinforcement type

Settlement atfailure (su rRJ) (mm)
0-075%
inclusion

0-10%
inclusion

0-15%
inclusion

6-80
5-90
5.75

9-31
6-01
5-00
(Su = 6-40)

10-75
8-30
7-78

Big mesh
Small mesh
Fibre
None
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1. The results based on such small-scale load-bearing tests should prob
ably be considered as indicative of penetration resistance and as
providing a manner of evaluating the level of soil improvement
produced by different inclusions, rather than representative of the field
performance of foundations on reinforced soil. The feasibility of
constructing footings on granular soils reinforced with randomly
distributed discrete inclusions should be established using large-scale
models or by testing full-scale trial footings. In particular, the findings
of the present model tests described above the other studies relating to
less improvement at small settlements (i.e. small increase in stiffness at
small strains) have to be checked, since in practice most shallow foun
dations are designed for limited settlement.
2. The effectiveness of randomly distributed discrete reinforcing inclu
sions in improving the properties of sands depends on the quantity as
well as the shape of the inclusions. Even the overall dimensions of
otherwise exactly the same mesh elements have been found to influence
the behaviour. Meshes of 50mm x 100mm are superior to 50-mm-long
fibres cut from these meshes as well as 30mm x 50mm meshes at the
three inclusion ratios tried for the sand used in the present study. In the
case of large-scale applications, trials by performing plate loading tests
may be required or a simple test may be devised, e.g. in the form of
measuring the imprint dimensions or the penetration depth of a falling
object.
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a b s t r a c t
One of the most difficult phases of combustion for diesel engines is cold start. Because of the low
engine temperatures, a high amount of pollutants are created within the cylinder due to misfiring and
incomplete combustion. Exhaust after-treatment systems also perform inefficiently because their
minimum operating temperatures are not met. Furthermore, at temperatures below 0°C, the danger
of persistent misfiring could possibly make it difficult to start the engine. One of the most critical
elements impacting the cold startability of a diesel engine is the ambient temperature. The goal of
this research is to use vortex tubes to improve diesel engine startability at low temperatures. In a
truck engine with six cylinders, four strokes, and direct injection, a vortex tube was employed to raise
the intake air temperature. The warmer air was transported to the cylinders after the hot air from the
vortex tube's hot output was mixed with the air from the intake manifold's inlet. The compressed air
required for the vortex tube's operation was obtained from the truck's compressed-air brake system's
air tank. The effects of ambient temperature variations on engine cranking speed and in-cylinder
pressure were investigated and presented. Experiments were carried out at temper-atures of 5, 0
and +4 degrees Celsius. For the engine without a vortex tube, it was discovered that lowering the
ambient temperature resulted in longer cranking durations, a longer time to attain idle speed, and
greater combustion instability. The vortex tube enhanced intake air temperature, resulting in shorter
engine starting–cranking, cranking–idling, and idling–stabilization times. These findings suggest that
employing vortex tubes could improve the cold starting performance of a diesel engine.

1. Introduction
Diesel engine is widely regarded as a critical power source
for transportation vehicles, construction machinery vehicles, and
military-equipment due to its advantages of significant horse
power, higher fuel efficiency, greater reliability, and more (Liu
et al., 2017). Diesel engine technologies have been improved
through high fuel pressure, direct injection, smaller size injector holes, split injection, advanced electronic control units, and
exhaust after-treatment devices such as diesel oxidation catalyst
(DOC), diesel particulate filter (DPF) and nitrogen oxide (NOx )
reduction technologies (Ramadhas and Xu, 2018). In spite of all
the improvements made in diesel technology to the date, starting
at low (below 0 ◦ C) ambient temperatures is still a problem which
has not been properly solved (Pastor et al., 2011). Diesel engines
still need improvement in cold start characteristics.
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Cold start is defined as starting the engine, which was parked
overnight, at the ambient temperature condition (Ramadhas and
Xu, 2018). According to Ramírez-Hernández (2012) ‘‘cold start
means any engine start when the temperature of oil, coolant and
engine block is equal to the ambient temperature’’. Differently
to conventional (room temperature) cold start, low temperature
cold start is defined as any engine start when the temperature of
oil, coolant and engine block is such that mixture ignition needs
to be assisted.
Ambient temperature is one of the most important factors
affecting the diesel engine cold startability. The cold start problem
is more severe when the ambient temperature is reduced to subzero. Lower initial combustion chamber wall temperature, poor
performance of battery and higher viscosity of engine oil are also
causes for lower cranking speed at cold ambient conditions. The
temperature and pressure achieved at the end of compression
stroke of the cold start process are much lower than those under
normal operating conditions. These inferior conditions for the
flammable mixture preparation lead to unstable fuel combustion
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Nomenclature
A
DOC
DPF
i
L
NOx
p
R
T
u
TBC

Cross-section
Diesel oxidation catalyst
Diesel particulate filter
Enthalpy
Length
Nitrogen oxide
Pressure
Radius
Temperature
Air velocity
Thermal barrier coatings

Subscripts
c
h
o

Cold
Hot
Orifice

and even misfiring. Diesel engine cold start performance is influenced by the ambient temperature conditions, engine design, fuel,
lubricant and engine operating conditions (Ramadhas and Xu,
2018). Gupta (1988) states that four operating factors influence
the diesel engine starting: (i) engine design, (ii) properties of
lubricating oils, fuels and coolant, (iii) battery conditions and
starter motor, and (iv) use of starting aids. The most important
engine parameters that influence the cold start quality and the
connection between these parameters are presented in Fig. 1.
Available studies on low temperature cold start combustion
process start from the 1970’s, but only recently they have become more systematic aiming at engine cold start optimization (Ramírez-Hernández, 2012). Potential solutions to diesel engine cold-start issues can be classified under the following headings: exhaust gas energy recovery (Jarrier et al., 2000; Peng et al.,
2008), the use of thermal barrier coatings (TBC) in the combustion chamber (Ciniviz et al., 2008), standard insulation (Bürgin,
2011), pre heated coolant (Xu and Johnson, 1984; Krause and
Spies, 1996; Zammit et al., 2012; Bent et al., 2013; Liu et al.,
2011), coolant flow control (Brace et al., 2008); lubricant flow
diversion (Law et al., 2007); phase change material (Gumus, 2009;
Kaltakkıran et al., 2014), intake air heating (intake air heaters and
intake manifold combustion systems) (Ramadhas and Xu, 2018;
Mertz, 1997; Lindl and Schmitz, 1999; Du and Zhao, 2003; Payri
et al., 2006), glow plugs (Pastor et al., 2011; Lindl and Schmitz,
1999; Ramadhas and Xu, 2016; Kawamura and Yamamoto, 1983;
Phatak and Nakamura, 1983a,b; Kobayashi et al., 1984), newly
formulated fuel (Hara et al., 1999; Palanisamy, 2013; Broatch
et al., 2014; Tinprabath et al., 2015, 2016; Roy et al., 2016),
injection system development (Liu et al., 2017; Kobayashi et al.,
1984; Palanisamy, 2013; Osuka et al., 1994; Desantes et al., 2011;
Chartier et al., 2009; Wang et al., 2015, 2016; Liu et al., 2012),
warming up lubricating oil to improve the fuel efficiency (Will
and Boretti, 2011), oil injection into the cylinder (Malozemov
et al., 2016), cold start optimization (John et al., 2011; Deng et al.,
2018).
Last et al. (2008) described the functionality and potential of
modern cold start systems. A review paper on the approaches
taken to improve engine cold-start performance was presented
by Roberts et al. (2014). The findings were assessed and the
likely effectiveness of strategies based on system performance
and materials optimization discussed. Ramadhas et al. (2015)
presented a review paper on the factors affecting the cold start
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performance of diesel engines and the cold start aids in the modern engine design. The factors were classified into four categories;
fuels properties, lubricants, engine geometry and fuel injection
strategy. Summary of potential solutions to engine cold-start
issues is presented in Table 1.
A vortex tube is a device without moving mechanical parts,
which converts a gas flow initially homogeneous in temperature
into two separate flows of differing temperatures, as shown in
Fig. 2. It separates compressed gas stream into a low total temperature region and a high one. Such a separation of the flow
into regions of low and high total temperature is referred to as
the temperature (or energy) separation effect. The vortex tube
contains the following parts: one or more inlet nozzles, a vortex
chamber, a cold-end orifice, a hot-end control valve and a tube.
Vortex tubes have widely been used in various applications where
compactness, safety, and low equipment cost are basic factors:
heating and cooling applications, gas liquefaction, separation of
gas mixtures, drying of gases, chemical industry, electric production, snow making, etc. (Ahlborn et al., 1994; Cockerill, 1998; Gao,
2005; Yilmaz et al., 2009; Çelik, 2007; Yıldız, 2009).
Numerous experimental and theoretical research has been
done on vortex tubes. There are, however, a limited number of
studies related to the use of vortex tubes in internal combustion engines. Phatak and Nakamura (1983a,b) investigated the
transition characteristics of diesel engines to cold first motion in
a single-cylinder research engine. Engine cooling was achieved
by circulating chilled alcohol through the engine. Cold air was
supplied with the help of compressed air and three vortex tubes.
The combustion air temperature was controlled by adjusting the
cold air fraction of the vortex tubes. Lindberg and Lewis (2001)
received a patent to use a vortex tube in an engine, to cool
air prior to the air entering the intake manifold to improve the
performance of the engine by increasing volumetric efficiency.
By employing different structural interconnections of the vortex
tube with the turbocharger or supercharger, compressed air is
cooled prior to entering the engine’s intake manifold. In order to
improve engine performance and reduce emissions of pollutants,
it is found to be advantageous to cool the exhaust gases that are
being recirculated by the use of various devices, such as air-toair coolers, water to air coolers, or other heat transfer devices.
In a patent by Holtman and Cavanagh (2005), vortex tube was
suggested to be used for cooling recirculated exhaust gases. A
vortex tube was suggested to be used in exhaust system of a
diesel engine for both cooling of recirculated gas and provision
of comfort temperature of exhaust gas on the input in oxidation
catalyst to provide an efficient operation at all diesel functioning
modes. Kukis et al. (2015) presented the results of vortex tube
usage in exhaust gas recirculation system of a diesel engine. The
usage of the vortex tube allowed reducing the temperature of
recirculated gas up to 60 ◦ C and significantly diminished the
content of nitrogen oxide and particulate matter in exhaust gases
of an engine at general operation modes.
The basic motivation of the limited number of researches
mentioned above was to reduce the temperature of the air or
recirculating gas to the engine in order to increase the volumetric
efficiency of the engine. In all of these studies, cold air from
the cold outlet of the vortex tube was used. There is no study
using hot air from the hot outlet of the vortex tube in order
to improve the cold start characteristics of diesel engines. In
this study, a vortex tube was used to increase the intake air
temperature in a six cylinders, four stroke and direct injection
diesel engine of a truck. The hot air obtained from the hot outlet
of the vortex tube was mixed with the air coming from the inlet
of the intake manifold and the warmer air is sent to the cylinders, which could contribute to the trouble free operation of the
engine in cold conditions. Our previously published study (Çelik
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Table 1
Summary table of potential solutions to engine cold-start issues (Roberts et al., 2014).

Exhaust gas energy recovery
Use of TBCs
Standard insulation
Pre heated coolant
Coolant flow control
Lubricant flow diversion
Stop start technology
Phase change material

Lubricant
warm-up

Combustion
warm-up

Catalytic converter
functionality

Vehicle
integration

Overall effect on
fuel economy

Overall effect on
emissions quality

Positive
Neutral
Positive
Positive
Negative
Positive
Negative
Negative

Positive
Positive
Positive
Positive
Positive
Neutral
Negative
Negative

Negative
Positive
Positive
Positive
Positive
Neutral
Negative
Negative

Negative
Positive
Negative
Negative
Positive
Positive
Positive
Positive

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Neutral

Neutral
Positive
Positive
Positive
Positive
Positive
Neutral
Neutral

Fig. 1. Influencing parameters on cold start (Last et al., 2008).
Table 2
Test engine specifications (Çelik, 2012).

Fig. 2. Vortex tube. (a) Sketch of operation and definition of parameters. (b)
Geometry of tube (Ahlborn et al., 1994).

Specifications

Values

Engine type
Type and number of cylinders
Bore (mm) x stroke (mm)
Displacement volume (mm3 )
Compression ratio
Maximum power
Maximum torque
Idle speed
Valve cut
Oil
Cooling system
Nominal cranking speed

Mercedes OM 401 LA V/1
V type, 6 cylinders
125 x 130
9572
16.5:1
230 kW at 2100 rpm
1340 Nm at 1250 rpm
600: 10 rpm
5-3-6-1-4-2
Diesel
Water-cooled
2100 rpm

addition the variation of the intake manifold temperature with
ambient air, the variation in the air temperature entering the
engine cylinder and the variation in the engine speed for the
engine without/with vortex tube are presented in detail. This
allowed a detailed study of the effect of using of vortex tubes on
cold start characteristics of the diesel engines.
2. Experimental setup

et al., 2013) gives preliminary study results. It presents only incylinder pressure and engine speed variation at 0 ◦ C ambient
temperatures with/without using vortex tube. In this study, incylinder pressure and engine speed variation at −5 ◦ C, 0 ◦ C
and +4 ◦ C ambient temperatures with/without using vortex tube
are obtained and the results are compared with each other. In
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Vortex tube was used to improve the cold start performance
of a six cylinders, four stroke and direct injection diesel engine
of a truck. To increase the engine intake air temperature, the hot
exhaust of the vortex tube was connected to the engine intake
manifold. Cold start experiments were carried out in Erzurum,
one of the coldest cities in Turkey. A schematic layout of the
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Table 3
Vortex tube specifications (Yıldız, 2009; Çelik, 2012).
Specifications

Values

Material
Vortex tube length
Inner diameter of vortex tube
Cold exit hole diameter
Hot exit hole diameter
Nozzle height
Nozzle width
Flow rate band
Number of nozzle holes
The minimum operating temperature
Maximum operating temperature

Stainless steel
106 mm
11.4 mm
6.2 mm
11.0 mm
0.97 mm
1.41 mm
226–991 l/min
5 cold and 5 hot
−60 ◦ C
+110 ◦ C

Table 4
Specifications of pressure transducer (Çelik, 2012).
Specifications

Values

Temperature coefficient for accuracy
Measuring range, bar
Precision, pC/bar
Capacitance, pF
Natural frequency, kHz
Acceleration accuracy
Linearity, % FSO

±0.01%/0 ◦ C
0–200
16.2
110
130
0.005
<±0.6

experimental setup used is presented in Fig. 3. The setup consists
mainly of diesel engine, vortex tube, and measuring instruments
and devices. The experimental setup and the test equipment
used for this study are described as follows. See further detailed
information in Ref. (Çelik, 2012).

the hot end to the cold end. An orifice positioned just behind the
flow inlets separates the cool central gas, which then exits the
tube at the lefthand side. The warm peripheral flow leaves at the
righthand side of the tube, where a valve is positioned to allow
regulation of the relative quantities of hot and cold gas (Cockerill,
1998; Gao, 2005; Yilmaz et al., 2009; Çelik, 2007; Yıldız, 2009).
Vortex tube needs compressed air for operation. In order to
provide the necessary compressed air for the operation of the
vortex tube, a diesel engine with compressed air tank was used.
These tanks could provide up to 8 bar pressure. The vortex tube
has an entry port, cold exit port and a hot exit port. The vortex
tube entry port was placed in communication with the air tank’s
compressed air outlet. This causes the compressed air to enter
the vortex tube, and be separated into a hot portion and a cold
portion. The hot portion exits the vortex tube hot exit port and
is routed to the engine’s intake manifold. The cold portion exits
the vortex tube cold port and is routed to ambient.
For the engine without vortex tube, after passing through the
air filter the ambient air enters the engine cylinders through
the intake manifold. The temperature of the air entering the
intake manifold is the ambient air temperature and the pressure
is atmospheric pressure. For the engine with vortex tube, by
passing the compressed air through the vortex tube, hot air is
obtained from the hot outlet of the vortex tube and cold air is
obtained from the cold outlet. When the engine is first started,
the compressed air tank is opened and compressed air is sent to
the vortex tube to obtain hot air from the hot outlet end of the
vortex tube. This hot air is sent to the engine by mixing with the
cold ambient air in the intake manifold, so that the first operation
of the motor is made with air with much higher temperature than
the ambient air.

2.1. Engine
2.3. Measuring instruments and devices
The engine used in the study is a 9.6 L six cylinder, direct
injection diesel engine of a truck and the specifications of the
engine are given in Table 2. Vortex tube was used to improve the
cold start performance of this engine.
2.2. Vortex tube
Vortex tubes are classified by their main technological and
design features: flow configuration, the method of heat supply (removal), and how removal of low-pressure gas streams
is organized. For the positioning of the cold exhaust, there are
two different types: counterflow vortex tubes and parallel flow
(uniflow) vortex tubes (Yilmaz et al., 2009). In this study, a counterflow vortex tube, as shown in Fig. 4, is used. The specifications
of the vortex tube are given in Table 3. In counterflow vortex
tubes the cold exhaust is placed on the other side from the
hot exhaust, as shown in Fig. 4. The working gas is tangentially
injected into the vortex tube via inlet nozzles positioned next to
the cold exhaust. A strongly swirling flow is created and the gas
proceeds along the tube. The outer region of the flow is found
to be warmer than the inlet gas, while gas towards the center of
the tube experiences cooling. Part of the gas in the vortex tube
reverses for axial component of the velocity, and it moves from

Variation in the cold starting events was observed by both the
cylinder pressure data and the engine crankshaft. Fig. 5 shows
a schematic view of the electronic indicator system. In-cylinder
pressure was measured in one cylinder. In-cylinder pressure measurement was accomplished using KISTLER quartz pressure transducer connected to a charge amplifier. The technical specifications of the piezoelectric pressure transducer used are given in
Table 4. Crank angle was measured by a magnetic shaft encoder.
The magnetic shaft encoder was rigidly mounted to the front
of the engine and connected to the crank shaft with a flexible
coupler. The data from charge amplifier including cylinder pressure and encoder were collected by National Instruments high
speed M series, 6250 model, 1.25 MS/s DAQ Card in a Intel(R)
4 CPU 2.00 GHz personal computer. Data were recorded using a
software package NI-DAQmx obtained from National Instruments
Corp. Analysis of in-cylinder pressure and the variation of engine
speed according to the crank angle data during starting engine
were performed by using software developed in MATLAB (Çelik
et al., 2013).
At different locations, temperature measurements were made
using a data acquisition card and a personal computer in order
to provide the same initial conditions for experiments with and

Table 5
Transition characteristics to stable regime and fuel consumption data.

−5 ◦ C

Cranking time (s)
Time to reach the idling conditions (s)
Time to reach the stable regime (s)
Steady state idle speed (rpm)
Fuel consumption (ml/s)
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0 ◦C

+4 ◦ C

Without
vortex

With
vortex

Without
vortex

With
vortex

Without
vortex

With
vortex

15
8
23
480
0.624

10
7
17
500
0.614

3
15
18
530
0.483

2
10
12
565
0.442

2
2
4
565
0.385

2
2
4
580
0.320

109

D. Swain et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Fig. 3. Schematic diagram of the experimental setup (Çelik et al., 2013; Çelik, 2012).

without vortex tube. Thus, the vortex tube hot outlet temperature, the engine air inlet temperature, the engine exhaust gas
temperature, the engine coolant outlet temperature and ambient
air temperature were measured. All of the thermocouples were
type-K (Cr–Al). The thermocouples used had typically an accuracy
of 0.5 ◦ C. Temperature measuring locations and points of thermocouples are presented in Fig. 3. All the measurements were
performed on the engine not disassembled from truck.
2.4. Test procedure
Six series of experiments were carried out at −5, 0 and 4 ◦ C
ambient air temperatures with and without using vortex tube.
First series of experiments were performed without using vortex
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tube, and then second series of experiments with using vortex
tube at the same level of temperature.
Before the engine was started for vortex tube experiments, the
hot air from hot exhaust of vortex tube was transferred into the
engine intake manifold for about 3 s in order to take it into the
cylinders for the first cycles. Then, the engine was started and hot
air was continuously transferred into the manifold. Subsequently
followed data recording using NI-DAQmx data acquisition system.
The engine operated with hot air for the period until stable, and
after the regeneration, the vortex tube was disengaged and the
engine was switched to normal operation. The cold start period
included the cranking period and the acceleration period to reach
peak engine speed.
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Fig. 6. Variation of intake manifold air temperature with ambient air
temperature for the engine without vortex tube.

3. Results and discussions

Comparison of the engine without vortex tube and the engine
with vortex tube in terms of the inlet manifold air temperatures
for −5, 0 and +4 ◦ C ambient air temperatures is given in Figs. 8–
10, respectively. The examination of these figures reveals that
there is an increase in the intake manifold air temperatures of
up to 10 ◦ C for the engine with vortex tube depending on the
ambient air temperatures. This temperature increase is expected
to improve the cold start characteristics of the diesel engine.

3.1. Intake manifold air temperature

3.2. Air temperature entering the engine cylinder

Fig. 6 shows variation in intake manifold air temperature for
various ambient air temperatures for the engine without vortex
tube. Variation in intake manifold air temperature for various ambient air temperatures for the engine with vortex tube is shown
in Fig. 7. It can be seen that the intake manifold air temperature
increases as the ambient air temperature increases in both for the
engine without vortex tube and for the engine with vortex tube.

Variations in the air temperature entering the engine cylinder
without and with vortex tube are shown in Figs. 11 and 12,
respectively. It can be seen that the air temperature entering
the engine cylinder increases as the ambient air temperature
increases in both for the engine without vortex tube and for the
engine with vortex tube. The following inferences can be made
from these figures:

Fig. 4. A schematic diagram and photograph of the counterflow vortex tube
used in the experiments (Yıldız, 2009; Çelik, 2012).

Fig. 5. A schematic view of the electronic indicator system (Çelik, 2012).
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Fig. 7. Variation of intake manifold air temperature with ambient air
temperature for the engine with vortex tube.

Fig. 8. Variation in intake manifold air temperature (Tambient = −5 ◦ C).

Fig. 10. Variation in intake manifold air temperature (Tambient = +4 ◦ C).

Fig. 11. Variation in the air temperature entering the engine cylinder for the
engine without vortex tube.

Fig. 9. Variation in intake manifold air temperature (Tambient = 0 ◦ C).
Fig. 12. Variation in the air temperature entering the engine cylinder for the
engine with vortex tube.

(a) The air temperature entering the engine cylinder increases
as time passes from the time the engine is first started. The same
result was obtained when the vortex tube was used. This can be
attributed to the heating of the engine, intake manifold and pipes
as the engine starts.
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(b) The use of the vortex tube allows warmer air to enter the
engine.
(c) The difference between the air temperature entering the
engine cylinder for the engine with vortex tube and for the engine
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Fig. 13. Variation in engine speed (Tambient = −5

◦

Fig. 16. Variation in the engine speed for the engine without vortex tube.

C).

Fig. 14. Variation in engine speed (Tambient = 0 ◦ C).

Fig. 17. Variation in the engine speed for the engine with vortex tube.

Fig. 18. Pressure and engine speed variation for the engine without vortex tube
(Tambient = −5 ◦ C).
◦

Fig. 15. Variation in engine speed (Tambient = +4 C).

without vortex tube is relatively low during the start-up period,
this difference increases with time.
3.3. Engine speed
When observing the engine speed variation during cold start,
it follows some stages of accelerating and faltering, and finally
reaches the governing speed to complete the starting. The period
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could be divided into several stages of accelerating or faltering.
The time for the engine to reach a stable speed is one of the
important parameters of engine performance. How the vortex
tube affects the engine speed is shown in Figs. 13–17. The following points can be highlighted: It can be deduced that it takes
a certain amount of time for the engine to reach a stable speed.
This period varies according to the ambient air temperature. It
takes approximately 23 s for the engine to reach the stable speed
at −5 ◦ C ambient temperature. This period becomes about 18
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Fig. 19. Pressure and engine speed variation for the engine with vortex tube
(Tambient = −5 ◦ C).

Fig. 21. Pressure and engine speed variation for the engine with vortex tube
(Tambient = 0 ◦ C).

−5 ◦ C), the air temperature inside the cylinder remained low

Fig. 20. Pressure and engine speed variation for the engine without vortex tube
(Tambient = 0 ◦ C).

s at an ambient temperature of 0 ◦ C, about 4 s at an ambient
temperature of +4 ◦ C. Using the vortex tube provided a higher
speed at all ambient temperatures. This means that the use of the
vortex tube allows the engine to reach a stable speed in a shorter
time.
3.4. In-cylinder pressure
Variations in-cylinder pressure and engine speed at −5 ◦ C ambient air temperature for the engine without and with vortex tube
are shown in Figs. 18 and 19, respectively. Figs. 20 and 21 show
in-cylinder pressure and engine speed variation at 0 ◦ C ambient
air temperature for the engine without and with vortex tube,
respectively. In-cylinder pressure and engine speed variation at
+4 ◦ C ambient air temperature for the engine without and with
vortex tube are shown in Figs. 22 and 23, respectively. As can
be seen from all these figures, the engine speed increases as the
change frequency of the in-cylinder pressure increases. For the
three different temperature levels, during the engine start the
combustion did not occur in about the first three cycles in the
cylinder. In the following cycles, the combustion was realized but
the engine could not be started because a sufficient amount of
energy could not be transferred to the crankshaft. The details of
the events encountered and the contributions of the vortex tube
during the engine start for the three temperature conditions are
described below.
Fig. 18 presents in-cylinder pressure and engine speed variation at −5 ◦ C ambient air temperature for the engine without
vortex tube. Since the ambient air temperature was low (Tamb =
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during the engine start (Fig. 11). The low temperature of the air
entering the cylinder and the engine block delayed the ignition
time. Therefore, no combustion occurred at the first crankshaft
revolutions. The crankshaft was then driven only by the starter
engine, which took about 15 s. This period is the total cranking
duration. When the cylinder pressure data is examined, it is seen
that the frequency and maximum pressures continue to be low
during this period. During this period, the engine speed is about
220 rpm. Then, the engine speed starts to increase, but the engine
has not yet fully reached idling conditions, and the main reason
for this is the lack of low combustion, due to low temperatures.
The engine has now taken about 8 s to reach the idling conditions.
The total transition time to stable idle conditions lasted approximately 23 s. Then, the engine speed rises to about 500 rpm and
the engine has now reached idle conditions.
In-cylinder pressure and engine speed variation at −5 ◦ C ambient air temperature for the engine with vortex tube are shown
in Fig. 19. Comparison of the results for the engine with vortex
tube with those for the engine without vortex tube shows that the
vortex tube has a positive contribution to the engine start. While
the total cranking time was around 15 s for the engine without
vortex tube, it decreased to 10 s for the engine with vortex tube.
Then, the transition time to idling conditions lasted for 7 s and
the total idling time was approximately 17 s. This period was
determined to be approximately 23 s in the engine without vortex
tube.
The examination of Fig. 20, that presents in-cylinder pressure
and engine speed variation at 0 ◦ C ambient air temperature
for the engine without vortex tube reveals that cranking period
lasted approximately 3 s. Then the engine speed increased to
approximately 480 rpm and this period continued for approximately 15 s. At the end of this period, the engine has not yet fully
reached to the idling conditions. Then, the engine speed rised to
approx. 530 rpm and the engine has now reached to the idling
conditions.
Fig. 21 shows in-cylinder pressure and engine speed variation
at 0 ◦ C ambient air temperature for the engine with vortex tube.
Comparison of the results for the engine with vortex tube with
those for the engine without vortex tube shows that the vortex
tube has a positive contribution to the engine start. While the
cranking time around 3 s for the engine without vortex tube, it
decreased to 2 s for the engine with vortex tube. Subsequently,
the engine reached the idling conditions in a much more stable
manner and the engine speed increased to 510 rpm in a total
of 4 s. In total, the transition time to idling conditions was
approximately 12 s. This period was determined as about 18 s
for the engine without vortex tube.
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Fig. 22. Pressure and engine speed variation for the engine without vortex tube
(Tambient = +4 ◦ C).

Fig. 23. Pressure and engine speed variation for the engine with vortex tube
(Tambient = +4 ◦ C).

In-cylinder pressure and engine speed variation at +4 ◦ C
ambient air temperature for the engine without vortex tube are
shown in Fig. 22. The three stages that occurred at −5 ◦ C and
0 ◦ C for the engine without vortex tube were also observed at
this temperature, but reaching to cranking and idle conditions
was completed in a much shorter time. After approximately 3 s,
the crankshaft reached the engine speed of 565 rpm, which is the
idle speed of the engine.
The comparison of Fig. 23 with Fig. 22 shows that the use of
the vortex tube has little positive effect on the events experienced
during the cranking period, but it increased the steady state idle
speed for the ambient temperature of +4 ◦ C. The steady state
idling speed was approximately 565 rpm when not using the
vortex tube, but this value increased to approximately 580 rpm
with the use of the vortex tube.
The cranking time, the time to reach the idling conditions and
the time to reach the stable regime for the engine without vortex
tube and with vortex tube cases are shown in Table 5. Table 5 also
presents fuel consumption data. Examination of Table 5 reveals
that fuel consumption is reduced by using vortex tube for the
same ambient air temperature.
4. Conclusions
This study aims the improvement of diesel engine startability
under low temperatures by vortex tubes. For this purpose, a
diesel engine experiment system with vortex tube was established and experimental studies were conducted. A counterflow
vortex tube was used to increase the intake air temperature in
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a six cylinders, four stroke and direct injection diesel engine of
a truck. The compressed air required for the operation of the
vortex tube was provided from the air tank of the compressedair brake system of the truck. Experiments were conducted for
ambient air temperatures of −5, 0 and +4 ◦ C both for the engine
without vortex tube and the engine with vortex tube. The main
conclusions are as follows:
(a) By using the vortex tube, higher air temperatures were
obtained in the intake manifold. There was an increase in the
intake manifold temperatures of up to 10 ◦ C for the engine with
vortex tube depending on the ambient air temperatures.
(b) The use of the vortex tube allowed warmer air to enter the
engine. There was an increase in the air temperatures entering
the engine cylinder of up to 3.5 ◦ C for the engine with vortex
tube depending on the ambient air temperatures. The warmer air
was found to improve the cold start characteristics of the diesel
engine.
(c) It takes a certain amount of time for the engine to reach a
stable speed. The increase in the ambient air temperature reduced
the time for the engine to reach a stable speed. Cranking period
and total time to reach the idle speed were found to be reduced
by using vortex tube. It took about 23 s, 18 s and 4 s for the engine
without vortex tube to reach a constant speed at an ambient
temperature of −5 ◦ C, 0 ◦ C, +4 ◦ C, respectively. However, this
time decreased to 17 s, 12 s and 4 s for the engine with vortex
tube.
(d) The use of the vortex tube at all ambient temperatures
provided a higher engine speed. In other words, the use of the
vortex tube allowed the engine to reach a stable speed in a
shorter time.
(e) It is important to note that vortex tube should be deactivated after the engine warm-up conditions to prevent the
negative effect of increasing temperature of intake air on engine
volumetric efficiency. After the warmup conditions, cold air from
hot exhaust of vortex tube can be transferred to the engine intake
manifold or it can be used to improve the efficiency of engine
intercooler.
(f) In the diesel engine used in this study, the pressure in
the air tanks was around 8 bar. The use of a higher pressure
compressor can contribute to a further improvement in the cold
starting performance of the diesel engine.
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Abstract:
In fibre-day soils, decomposition results in a decrease in the volume of organic solids as well as changes in
compressibility and strength. Some mechanisms responsible for the breakdown and conversion of plant
leftovers into humus-like products are revealed in a review of aerobic and anaerobic decomposition processes.
Kaolinite and pulp fibre were used to make fibre-day soils. The addition of fertilisers and seed microorganisms
enhanced decomposition. Changes in the degree of decomposition may be monitored concurrently with
changes in compressibility and vane shear strength thanks to the use of the ignition test for organic fraction
determination. The coefficient of consolidation increased as fibre content increased, reduced as nutrients were
added, and fell by up to 2 x 105 when organic solids were decomposed to 50%. The void ratio and the organic
fraction have a linear relationship for a given consolidation pressure. Based on experimental data, void ratio
parameters allowed for the determination of equilibrium void ratios in terms of the organic percentage and
pressure. The addition of a height ratio factor to the decomposed organic content simplified calculations of
equilibrium void ratios and decomposition settlement. With larger fibre content, vane shear strengths
increased, but with 50 percent decomposition, they declined by several orders of magnitude.
INTRODUCTION
Problems associated with decomposition in organic soils are often avoided by engineers because of
uncertainties in measurement of the ex1stmg soil organic profile and a lack of information on the effe cts of
decomposition on engineering properties. In many cases decomposition rates are so slow that the effects can
be ignored. Additional settlement due to loss of organic solids by decomposition, or a decrease in strength of
these organic soils, may go unnoticed during the usual service life. Owners of waste pulp and paper mill
landfills have taken more interest in this problem for several reasons. The available landfill volume would be
increased if a portion of the waste organic material were decomposed through biological processes. At the
same time these materials may become unstable owing to a decrease in strength. Engineers responsible for the
design of landfills or projects involving organic soil deposits need to predict the change in behaviour
associated with future decomposition of organic materials.
Decomposition of organic soil components is dependent on the availability of nutrients, moisture and suitable
temperatures. In field deposits aerobic decomposition generally develops above the water table where sufficient
nutrients and oxygen are available. Anaerobic decomposition may occur above or below the water table
where there is an absence of oxygen, nutrients are present, pH is about 5·8�7·4 and anaerobes (bacteria) are
present. Decomposition involves the production of digested organic matter, i.e. the transformation of the
complex organic fraction into simpler forms of organic by-products. The metabolism and activity of microorganisms result in the formation of carbon dioxide, volatile acids, methane (marsh gas), water, new bacterial
cells and a decrease in organic solids content. These changes
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in the soil can drastically alter its mechanical
properties over a period of time.
A review of the aerobic and anaerobic processes
responsible for the decomposition of soil organic
material illustrates the factors involved in settle
ment and stability problems. The use of kaolinite
with pulp fibres in the preparation of fibre-clay
soils has permitted precise control over organic
and mineral fractions, fibre type and size.
Nutrients added to the fibre-clay soils, in
proportions similar to those found in an average
bacterial cell (McKinney, 1962), and storage of
anaerobic samples at a temperature close to 35 °C
between physical tests helped to accelerate the
decomposition process. Decomposition measure
ment, using the ignition test, is reviewed and a
relationship is presented which permits compu
tation of the degree of decomposition. The effects
NOTATION
cvi
Cvo

C
C(p)
er

eo
G.r
Gsm
Ho
Hd
M(p)

p

decomposed coefficient of consolidation
initial coefficient of consolidation
correction factor
intercept parameter
final void ratio (after decomposition)
initial void ratio
specific gravity of organic solids
specific gravity of mineral solids
initial sample thickness
decomposed sample thickness
slope parameter
effective pressure
time
weight microbial cells
decomposed weight organic matter
initial weight organic matter
weight by-products (gases, H 2 0, volatile
acids)
weight mineral matter
weight undecomposed organic matter
initial oven dry ignition sample weight
final ignition sample weight
mineral fraction
degree of decomposition
= (Wro- J¾i) Wro - I
= (l-XrJXrn)/(1-Xfi)
decomposed organic fraction
initial organic fraction
decomposed layer thickness
initial layer thickness
settlement
consolidation pressure
shear stress
height ratio factor
= (organic solids volume)/(total solids
volume)
= Xrn/[(Gsr/Gsml +(1-Gsr/GsmJXroJ
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of organic content and decomposition on soil
compressibility are described. Undrained shear
strengths for the consolidation samples, measured
using a miniature vane shear apparatus, _illustrate
the effects of different initial organic contents and
decomposition on the behaviour of the fibre-clay
soil. The conclusions summarize the effects of
organic material and decomposition on the
behaviour of fibre-clay soils.
DECOMPOSITION PROCESSES

Organic soil contains living and dead organic
material of plant and animal origin ranging in size
from sub-microscopic to large tree roots.
Decomposition is the process by which micro
organisms return these plant and animal residues
to a stable, humus-like material. Aerobic and
anaerobic decomposition occurs in organic soils,
hence a review of these processes helps to illustrate
some of the factors involved in settlement and
stability problems.
Aerobic decomposition

Aerobic decomposition of organic material is a
biological process in which the rate and degree of
microbial activity depend on moisture content,
temperature, nutrient and oxygen concentration,
micro-organism types and substrate composition.
The optimum moisture content (Regan and Jervis,
1970), 50-100% of the dry solids' weight, and the
need for oxygen, limit this process primarily to
locations above the water table. Dickinson (1974)
has shown that aerobic activity is limited to about
30 cm below a waterlogged peat surface. The
micro-organism type varies with temperature
(Golueke, 1972), with sub-ranges including
cryophilic (5-10 °C), mesophilic (10-40 ° C) and
thermophilic (45-70 °C). Colder temperatures
common to northern regions inhibit aerobic
decomposition. Woody plants decompose more
slowly than herbaceous, and the more succulent
herbaceous species faster than the more fibrous
(Gallagher, 1978). The initial geometry of the plant
material (the fragmentation of plant parts with
larger surface areas provides more sites for
microbial action) influences decomposition rates.
Aerobic bacteria and fungi, active in the
decomposition process, have different tolerances to
pH levels, 6-7·5 for bacteria and 5·5-8 for fungi.
MacFarlane & Ivan (1969) reported that peaty
waters, which are free from salts, generally show
pH values of 4--7. The acidity or alkalinity of these
waters determines to a large extent the potential
for decomposition of the deposits.
Anaerobic decomposition

This process involves the degradation of organic
matter by anaerobic micro-organisms (bacteria),
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hence the exclusion of oxygen from the substrate
limits this form of decomposition primarily to
locations below the ground water table. It is a
slower process than aerobic decomposition. The
process is characterized by lower temperatures and
the production of odorous intermediate products
related to the production of various volatile acids.
The presence of such gases as CH 4, H 2 and H 2 S
indicates anaerobic conditions (Lahde, 1969). The
major end products include synthesized cellular
material, metabolic waste products and a residue
of non-degradable material (humus).
The anaerobic conversion of organic material
into methane can be described in three steps: (1)
hydrolysis, in which large organic molecules are
enzymatically broken down into smaller molecules
capable of being transported into the microbial
cell; (2) acid fermentation, which is the intracellular
conversion of smaller molecules into a variety of
organic materials including the short chain volatile
acids; and (3) methane production, the conversion
of short and long chain organic acids into
methane. The acid forming micro-organisms can
survive within a pH range of 5-8 whereas the
methane formers require a pH of about 6·2-7·2. If
the pH in an organic soil deposit goes below 6·0,
the methane formers cannot survive and the pH
level tends to decrease rapidly. Acid conditions
increase until the decomposition process
terminates owing to the unsuitable environment. A
balance between acid and methane production
must be maintained for this process to continue.
The extent of microbial attack on pulp fibres
was observed using a scanning electron
microscope. Details for sample preparation and
mounting of samples on small aluminium stubs are
given by AJ-Khafaji (1979). A pulp fibre with no
decomposition, shown in Fig. 1, has holes with

The kaolinite included particles with 100%
passing 40 µm, 93% passing 10 µm and 42%
passing 1 µm. The grain size distribution was
relatively well graded. Consistency limits included
a liquid limit of 47·8%, plastic limit of 27·5% and
plasticity index of 20·3%. The specific gravity of
kaolinite particles was 2·70.
Pulp fibres included a range of sizes with a
weighted average length of 1·6mm, based on the
TAPPI (1964) test procedure, and typical
diameters of about 20 µm were observed in the
electron microscope. Surface area measurements,
using the water vapour absorption method
(Perkin-Elmer Corporation, 1961), gave values
close to 133 m 2/g of dry fibre. A value of I ·54 was
used for the specific gravity of the pulp fibre.
The normal growth of micro-organisms in

Fig. I. Surface appeanac:e of cellul05e pulp fibre,
magnification 1180 x (after Kbattak, 1978)

Fig,. 2. Ad�anced stage of anaerobic decomposition sug
gesting 1058 of structual integrity, magnification 590 x
(after AI-Khafaji, 1979)
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dimensions ranging from about 2 µm to 15 µm.
Decomposition of other fibres was induced by the
addition of nutrients and seed bacteria followed by
storage under anaerobic conditions at close to
35 °c. After about two months the average degree
of decomposition, based on ignition test results,
was close to 80%. This advanced stage of
decomposition, shown in Fig. 2, indicates a
general breakdown of the fibre's structural
integrity. These photographs help visualize probable
field decomposition in fibre-clay soils.
EXPERIMENTAL WORK
The experimental work involved the prepara
tion of fibre-clay soil samples followed by
consolidation and vane shear tests. A brief
description of the soil materials, sample prepara
tion, consolidation and vane shear strength tests
follows.
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119

S. Debasish et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

nutrient-rich substrates results in cells with an
organic fraction consisting of about 53% carbon,
29% oxygen, 12% nitrogen and 6% hydrogen by
weight (McKinney, 1962). An approximate
empirical formulation gives C 5H 7O 2N, which
served as a guide in the selection of nutrient
quantities. Pulp fibre, used as the organic material,
supplied the carbon. Ammonium chloride (NH4Cl)
was used to supply nitrogen. Other nutrients found
in bacterial protoplasm and their source
compounds included K 2HP04 for phosphorus
and potassium, MgSO 4 for magnesium, CaC1 2 for
calcium and FeC1 3 for iron. About 1% (dry weight
basis) of a municipal sludge provided seed sources
for the anaerobic microbial species.
Sample preparation

Pulp fibre board, after freeze drying, was
separated into a fluffy mass. Selected proportions
of dry kaolinite and dry fibre were mixed, and
distilled water was added in amounts needed to
form a slurry. Nutrients and seed material, in
predetermined proportions, were added directly to
the slurry for those experiments involving
decomposition. Nitrogen served as the base by
which all other nutrient quantities were selected.
Approximate ratios giving optimal rates of
decomposition included C/N = 30: 1, P/N:,: l: 5
and (Mg, Fe, K, Ca and Na)/N:,: 1: 16. These
ratios appeared to satisfy the bacteria nutritional
requirements and permitted almost complete
degradation of the pulp fibres.
Load
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Fig. 3. Sectional view of the compression test cylinder
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Fig. 4. Consolidation apparatus including a beaker,
porous stone, weights and dial gauge

Consolidation and vane shear tests

One-dimensional compression tests (Khattak,
1978), with pressures ranging from 122 kN/m2 to
35MN/m2, were conducted on fibre-clay samples
containing no nutrients using a special compres
sion test cylinder (Fig. 3) with sample cross
sectional areas of 645mm2 and 100 mm 2 . The
smaller area cylinder permitted higher pressures
using the available equipment. Cylinder heights
were sufficient to permit the use of fibre-clay
samples with an initial slurry consistency. Water
drainage through porous stones at the top and
bottom provided a check on decrease in sample
height. Only initial and final dial readings were
taken for each load increment. A force transducer
mounted below the bottom porous stone
permitted load measurements to an accuracy of
±5N.
Slurry samples containing nutrients and seed
material were consolidated at much lower
pressures in a 3 litre beaker with all drainage to the
top porous stone (Fig. 4). Consolidation loads of
0·47, 1·14, 2·28 and 3·42 kN/m 2 included three load
increments for the initial condition (no decomposi
tion) and for later stages of partial decomposition.
The second and third load increments were started
as soon as the previous load increment reached
100% primary consolidation. A small vacuum at
the top of the porous stone removed fluids during
drainage so as to avoid any load change due to
buoyancy. Drained fluids were returned to
remoulded samples after each test series so that
anaerobic decomposition could continue during
storage at a temperature close to 35°C. Vane shear
tests were conducted at the end of each load
increment at 100% primary consolidation using
the Wykeham Farrance manual laboratory vane
apparatus. The test vane ( 12·7 mm across by
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Fig. 5. Weight reduction against temperature curves
(ignition for 12 h) for pulp fibre, kaolinite and mont
morillonite (after Al-Khafaji, 1979)

25·4 mm long) was inserted through an opening in
the top porous stone (Fig. 4) and duplicate test
locations were available simply by rotating the
porous stone and cap.
SOIL ORGANIC CONTENT

Decomposition involves microbial activity with
the formation of gases, water and new bacterial
cells, and a decrease in the organic solids content.
Completion of the process means that some
organic material will remain: the non-degradable
residue (humus). A brief review of the ignition test
describes the method and the degree of decomposi
tion is defined.
Ignition test
The direct determination of soil organic matter
requires its separation from the inorganic solids.
For engineering purposes ignition of the soil at .
high temperatures is the most common method.
Destruction of the organic material by ignition
requires that other soil constituents are not altered
so that the weight loss, compared with the weight
at 105 °C, can be taken as a measure of the organic
content. Weight reduction curves for the soil
components, kaolinite and pulp fibre, are
summarized in Fig. 5. The curves show that a
temperature of 400 °C maintained for 12 h would
result in a minimum loss of surface hydration
water from the kaolinite. At higher temperatures,
direct use of the ignition method without a
correction factor would have given larger errors in
organic content. Al-Khafaji & Andersland (1981),
using experimental and published weight
reduction curves for a number of clay minerals,
concluded that the organic fraction Xr for the
fibre-clay soils is given by
(1)
Xe= 1-Xm = l-C(Wz/W1)
where X m is the mineral fraction, W1 is the initial
oven dry weight at 105 °C and W2 is the final
Study of Strength on Compressibility...

sample weight after ignition. The correction factor
C depends on the ignition temperature. AI-Khafaji
& Andersland (1981) determined that C = 1·014
at 400 °C (12 h ignition) or C = 1·168 at 900 °C
(l½ h ignition) gave accurate values for the fibre-
clay soils.
For comparison Arman (1970) recommended
that soil organic content should be determined by
combustion at 440 °C. Franklin, Orozco & Semrau
(1973) found that burning at 400-450 °C until
constant weight was attained gave reliable organic
contents. Skempton & Petley (1970) concluded
that oven drying of organic soils at 105 °C and
ignition of the organic material at 500 °C gave
reasonable organic contents. They used a
correction factor of l ·04 at 550 °C compared with
C = 1·014 in equation (1) at 400 °C. Two reasons
for the difference include the higher ignition
temperature (550 °C against 400 °C) and their
assumption that the organic carbon comprised
58% of the organic content. Broadbent (1965)
stated that the carbon fraction (0·58) is based on
very old work and the value may range from 0·5 to
0·58.
Decomposition measurement
Decomposition in organic soils involves a
breakdown and conversion of plant and animal
residues into stable humus-like products. In
predicting future soil properties, questions arise as
to how much more decomposition may occur. The
changes for a typical organic soil before and after
partial decomposition are shown in Fig. 6. It is
reasonable to take the weight losses shown as a
quantitative measure of the degree of decomposi
tion Xdi, thus
(2)
where Wro is the initial weight of organic matter
and Wri is the weight of undecomposed matter after
partial decomposition. Separation of the organic
material from the inorganic fraction, as shown in
Fig. 6, is not as simple as it first appears. Define
Weight
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(gases, H2 O,
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Fig. 6. Schematic diagram showing organic soil solids,
before and after partial decomposition (after Al-Khafaji,
1979)
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the initial organic fraction Xro = J-Vr0 /(Wr0 + Wm)
and the organic fraction after partial decomposi
tion Xn = WcJ(Wci + Wm), where symbols are as
defined in Fig. 6. Solve for Wro and J¾;, substitute
into equation (2) and with rearrangement write
xdi

=

Xn
1
(1- )
Xro (1-Xn)

(3)

Determination of Xro and Xn, using the ignition
test, permits computation of the degree of
decomposition Xd ;• In the usual ignition test, for
determination of organic content, micro
organisms are lumped with undecomposed
organic material, hence a small correction for cell
yield can be included in equation (3). Because this
correction is small it has been omitted here. For
more information on cell yield and a correction
factor the reader is referred to Al-Khafaji (1979).
SOIL COMPRESSIBILITY

Compression of soils at stress levels encountered
in most engineering problems arises almost
entirely as a result of a reduction in void volume.
For decomposing organic soils, an additional
factor is the loss of organic solids. Soil compressi
bility is discussed in terms of the fibre-clay soil
Pressure: Intercept
kN/m2
14

5
200
600
1500
8000

12

1·20
1·14
1·07
0·86
0·68

Slope
13·09
2·95
1·50
0 58
0·04

p = 5 kN/m2

� } Data from Khattak (1978)
10

Q)

•

Data from
AI-Khafaji (1979)

behaviour, settlement prediction and decomposi
tion effects.
Fibre-clay soil behaviour

The application of an external stress to a fine
grained soil causes a gradual decrease in water
content until an equilibrium value is reached. The
presence of organic material, with greater water
holding capacity, greatly increases the equilibrium
water content and the corresponding void ratio at
low stress levels. This fact is illustrated in Fig. 7,
where the organic fraction has been plotted against
void ratio at selected pressures. For a pressure of
5 kN/m 2 the equilibrium void ratio in Fig. 7 ranges
from l ·2 for a zero organic fraction to about 14 for
an organic fraction close to unity. The influence of
organic content is decreased with higher pressure
levels and becomes very small for pressures greater
than 8 MN/m 2 •
For an organic soil the equilibrium void ratio is
dependent on composition, pressure, temperature
and chemical environment. The experimental data
summarized in Fig. 7 represent a relatively
constant temperature and chemical environment.
Neither nutrients nor seeding material were added
to the fibre-clay soils. The data represent void
ratios for one-dimensional compression and 24 h
loading periods. For 200kN/m 2 and higher
pressures the data were obtained using the
compression test cylinder shown in Fig. 3. Data for
the 5 kN/m2 pressure were obtained independently
using 3 litre samples and the apparatus shown in
Fig. 4. For selected pressures these data (Fig. 7)
give a series of straight-line relationships. For each
pressure level an equation may be written giving
the void ratio in terms of the organic fraction Xr.
The intercept and slope of each line appear to be
e =
X1 =
X1 =
Xm =

8

.Q

�
·o
>
u

6

x

C(p) + M(p) 1
1 - 1 • 1 68 Xm where
organic fraction by weight
mineral fraction by weight based
on ignition at 9oo•c for 1-25 h

M(p)
2

p= 200 kN/m

4

P = 8000 kN/m2
0

0·2

0·4

0·6

0·8

C(p)

OL------'-;-----',;-------',,..-__.::::=_.�
10 1

102

1 o4

Organic fraction X1

Effective normal stress: kN/m

Fig. 7. Relationships between the organic fraction X,,
void ratio e and consolidation pressure p for the model soil
samples

Fig. 8. Experimentally derived void ratio parameters for
the model organic soils (data from Khattak (1978) and AI
Khafaji (1979))
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unique to the pressure. The linear relationships
clearly satisfy the experimental data over the
pressure range 5 kN/m2-8 MN/m2 •
The straight-line relationships in Fig. 7 show
that the effects of organic content and consolida
tion pressure on void ratio may be uncoupled in
the following manner. The intercepts and slopes,
plotted as functions of pressure, give two new
functions, as shown in Fig. 8. The slope parameter
M(p) appears to be critical to equilibrium void
ratio prediction as it experiences large changes
with change in pressure. The intercept C(p)
undergoes less change with increase in pressure.
Using the slope and intercept parameters, an
equilibrium void ratio e(p,Xr) may be computed as
(4)
e(p,Xr) = C(p)+M(p)Xr
Note that for a given pressure p0 the
corresponding equilibrium void ratio e0(p0,Xr) has
been determined for all organic fractions.
Comparative results for equation (4) have been
difficult to obtain because void ratios reported in
the literature are generally given without informa
tion on effective overburden pressures and organic
fractions. Data for block samples obtained from a
normally consolidated fibrous paper mill sludge
landfill are summarized in Table 1. The paper mill
sludge resembles the fibre-day soils in that it
consists primarily of kaolinite and waste pulp
fibres. Using soil properties reported for the block
samples, three void ratios were computed. Ash
contents were converted to organic fractions using
equation (1) with a correction factor for loss of
surface water associated with the 900 °C ignition
temperature (Charlie, 1975). Effective overburden
pressures, obtained from a report by Vallee (1973),

were used with equation (4) for computation of
predicted void ratios. The comparisons, e based on
equation (4) against e = Gw/S, are excellent when
all possible sources of error are considered. For
example, if S were 92% against the computed 97%
for block B, the agreement between void ratios
would be close to perfect. More field and
laboratory data are needed to permit adjustments
to be made in the parameter-pressure
relationships shown in Fig. 8.
Settlement prediction

One-dimensional volume change, caused by
surface loads on fibre-clay soil deposits, can be
predicted using equilibrium void ratios given by
equation (4) and soil mechanics theory. Both the
initial void ratio e0 at a pressure p0 and the new
void ratio e 1 at a pressure p 1 = (p0 + Lip) will be
dependent on the initial organic fraction X ro· The
settlement Pi for a soil layer of initial thickness Lizi
can be expressed in terms of equation (4) and the
change in void ratios thus
Pi

=

Liztt::J

C( o)+M(po)Xro-C(p 1 )-M(p 1)Xro
= Liz'-[ P
]
1+C(p0)+M(p0) X ro

(5)

All symbols are as previously defined. This
expression is valid regardless of the mechanism
causing volume change-primary consolidation,
secondary compression or loss of organic solids by
decomposition. A method for including loss of
organic solids is given later in the section. The total
settlement PT can be obtained by summing incre-

Table I. Comparison of observed and predicted void ratios for a normally
consolidated fibrous papermill sludge landfill

Sludge block sample
Soil property
Sample elevation*: ft
Specific gravity,* G
Water content,* w: %
Density*: Ib/ft 3
S = lOOVw/V.: %
Ash fraction,* X m
Organic fraction,t X1
Final effective overburden
pressure+: lb/ft 2
e = Gw/S
e based on equation (4)

B

C

F

88·8
2·00
209·5
72-6
97·0
0·386
0·549
675

87·5
2·00
167·1
74·0
95·4
0·491
0·426
701

80·9
2·04
157·3
76·5
97·8
0·393
0·541
1455

4-32
4·57

3·50
3·75

3·28
3.55

* From Charlie (1975).
t X1 = (1- l ·168Xml for combustion at 900 °C (after AI-Khafaji, 1979).
t From Vallee (1973).
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mental settlements over the thickness of the soil
deposit, thus PT= LP i· For natural soil deposits
the organic fraction will, in many cases, vary with
depth owing to differences in deposition history
and possible decomposition. These variations in
organic content can be accounted for by proper
selection of the depth increment. Consider the
following examples.
Example 1. A 2 m thick soil layer with an organic
fraction Xro equal to 0·3 has an average initial
effective overburden pressure p0 equal to 5 kN/m 2•
Determine the settlement for a load increment of
95 kN/m 2•

p 1 = 100 kN/m

C(p0) = 1·20
2

M(p0) = 13-09

· Xro(l-XdJ
Xr, =
1-Xdi xro

C(p 1 ) = 1·17 M(p 1 ) = 4·16

Substitution into equation (5) gives the settlement
Pi = (2 m)
= (2 m)

=

1·20+ 13-09(0·3)-1·17-4·16(0·3)
1+1·20+13-09(0·3)

= 1·20+13·09(0·255) = 4·54
Using equations (6) and (7) with G,r = 1·54 and
G,m = 2·70 compute

The predicted settlement includes primary
consolidation and secondary compression
associated with the 24 h laboratory loading period
on the small fibre-clay soil samples.
Settlement due to loss of organic solids, brought
about by decomposition, may in some cases be
more significant than settlement due to higher
loads. A method for dealing with decomposition of
organic solids (AI-Khafaji, 1979) requires use of a
height ratio factor if/ defined as
organic solids volume
=
if/
total solids volume

0·3
if/ = ---- = 0·43
0·57+0·43(0·3)
dzd =

Pd= h.zi-h.zd = 2·00-1·65 = 0·35 m
Compression due to an increase in load requires
new void ratio values based on the decomposed
organic fraction Xn and the load increment.

(6)

Example 3. As for example 2, except that a load
increment of 95 kN/m2 has been placed on the 2 m
thick fibre-clay soil layer.

Study of Strength on Compressibility...

Solution 3. Using equation (4), compute the new
e0 and e 1 for p 1 equal to (5+95) = 100 kN/m2•
eo = C(po)+M(po) Xn

(7)

where h.zi is the initial layer thickness, e0 and er are
the initial and final (after decomposition) void
ratios and Xdi is the degree of decomposition. For
the fibre-clay soils the mineral fraction (kaolinite)

1+4·54
_ [l-{0·43) 0·20] 2 = 1·65 m
1+5 13

Settlement due to decomposition for a constant
effective overburden pressure now equals the
difference, thus

where G,r is the specific gravity of the organic
solids, G,m that of the mineral solids and Xro is the
initial organic fraction. The decomposed layer
thickness dzd, computed in terms of if/, becomes
1+er
h.zd =
--(1-if/Xdi)h.zi
1 +e0

0·3(1-0·20)
= 0·255
1-(0·20) 0·3

er = C(po)+M(po) Xn

2·709
= 0·88 m
6-127

Xro

Example 2. A 2 m thick soil layer with an initial
organic fraction Xro equal to 0·3 has an average
initial effective overburden pressure Po equal to
5 kN/m2 . It is anticipated that about 20%
decomposition (Xdi = 0·20) will occur during the
time interval under consideration. Calculate the
final void ratio er and the probable soil layer
compression.
Solution 2. The initial void ratio e0 = 5·13 as in
example 1. Compute the decomposed organic
fraction Xn by rearrangement of equation (3) and
er using equation (4).

Solution 1. Using Fig. 8 read the parameters
C(p0) and M(p0) for the loads Po and
p 1 = (5+95) = 100kN/m 2• Thus
Po = 5 kN/m 2

had a specific gravity of 2·70 and the .organic
fraction (fibre) a value of 1·54. The following
example illustrates the use of Al-Khafaji's (1979)
method.

= 1·20+13-09(0·255) = 4·54
e1

=

C(p 1 )+M(p t lXn

= 1·17+4·16(0·255) = 2·23
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thickness due to soil compression

Initial organic fraction
o X10 =0·3
D X10 = 0·6
;:,. X10 =0·8

eo -e 1
Pc = dzd 1+
eo
4·54-2·23
= 1·65--- = 0·69 m
1+4·54
The total change in layer thickness, including both
decomposition and compression, becomes

Decomposition:%

PT P d +P c = 0·35+0·69 = 1·04m
These calculations illustrate a method whereby
compression due to decomposition of organic
solids can be predicted. Prediction ofdecomposi
tion rates and related settlement rates is outside
the scope ofthis Paper. Several assumptions made
in formulation ofthe method include
=

Fig. 9. Ratio of decomposed to initial sample height
against percentage decomposition (data from AI-Khafaji,
1979)

Data are included for initial organic fractions of
0·3, 0·6 and 0·8 and a consolidation pressure of
3·42k N/m 2. Decomposition percentages presented
in Fig. 9 were based on equation ( 3). Small samples
ofthe decomposing fibre--clay soil were taken for
the ignition test from which the current organic
fraction Xn was obtained. A comparison of the
ratio Hd /H0 = 1·65/2·00 = 0·825, from example 2
with the value of0·82 at 20% decomposition in Fig.
9, is excellent. Data for comparison with natural
field deposits were not available.
Consolidation of 3litre samples (Fig. 4) at very
low stress levels permitted evaluation of the
coefficient of consolidation c. using the method of
curve fitting based on the square root oftime. For
comparison purposes, the ratio dH/H0 has been
plotted against the square root oftime in Fig. 10 to
show the effect ofincreasing degrees ofdecompo
sition (Xd; = zero, 0·07, 0·33and 0·40) on the fibre
clay compressibility. The initial sample heights,
equal to H0, varied between tests as a result of
different gas contents and decrease in the organic
solids content. Use of NH4Cl as the nitrogen
source (C /N ratio = 30: 1) with other nutrients,
seeding material and storage ofsamples at about

(a ) partial decomposition does not alter the
experimentally determined pressure-void
ratio-organic fraction relationships shown in
Fig. 7
(b) the expected degree of decomposition is
available or can be predicted on the basis of
other information.
Presentation ofthis method helps direct attention
to the need for data including void ratios, effective
overburden pressures and organic contents which
can help in correlating the experimental laboratory
curves with field behaviour of organic soil
deposits.
Decomposition effects on compressibility
Decomposition reduces the volume oforganic
solids permitting additional settlement in an
organic soil under a constant effective overburden
pressure. This behaviour is shown in Fig. 9, where
the ratio ofdecomposed to initial sample height is
plotted against the percentage decomposition.
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Fig. 10. Compression curves for the fibre-clay soil at four degrees of decomposition (data from Al-Khafaji, 1979)
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Fig. l I. Influence of organic (fibre) content on the initial
(no decomposition) coefficient of consolidation at three
stress levels (data from Al-Khafaji, 1979)
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Consolidation pressures
" =0·47-1·14kPa
c
uC=2·28 -3·42kPa

UNDRAINED SHEAR STRENGTH

Undrained shear strength, measured with a
laboratory vane apparatus, helps to show the
fibre-clay strength behaviour and decomposition
effects on strength.
Fibre-clay strength behaviour

Decomposition:%

Fig. 12. Anaerobic decomposition effects on the coeffi
cient of consolidation for fibre-clay soils with Xro = 0·6
(data from Al-Khafaji, 1979)
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35 °C between tests permitted a reasonably high
rate of anaerobic decomposition. Sodium
bicarbonate was added to remoulded samples after
each test series to return the pH to 7·0 and provide
an environment conducive to continued
decomposition.
For no decomposition the experimental cv
values are summarized in Fig. 11 for three initial
organic fractions and three pressure increments.
Higher cv values correspond to larger fibre
(organic) contents and to lower stress levels. Fluids
drained from the samples were returned and the
samples were remoulded to a slurry consistency
after each series of consolidation tests.
Compression curves for several degrees of
decomposition (Fig. 10) provided information on
changes in cv as a result of decomposition. These
data, summarized in Fig. 12 for initial fractions of
0·6 and 0·8, showed a large decrease in Cv as
decomposition occurred. Part of this reduction can
be attributed to the formation of gas bubbles and a
reduction in the coefficient of permeability. Void
ratios decreased as a result of loss in organic solids,
a change in interparticle contacts and a decrease in
bulk volume under the same pressure increments.

After consolidation a small laboratory vane
(12·7 mm across by 25·4 mm long) was inserted into
the 3 litre samples through an opening in the top
porous stone to a depth where the vane would
shear a right cylindrical surface. Only the
Consolidation pressures
0 u =1·14 kPa
□ uC=2·28 kPa
t, uC=3·42kPa
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Fig. 13. Influence of organic (fibre) content on vane shear
strength at three levels of consolidation pressure, no
decomposition (data from Al-Khafaji, 1979)
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maximum shear strength was recorded for each
test. An approximately linear increase in vane
shear strength with increase in fibre content is
shown in Fig. 13 for three levels of consolidation
pressure. This increase in strength appears to be
dependent on fibre length, interlocking of fibres
and development of fibre tensile stresses. Pulp
fibres, with an average length of 1·6mm, were
about seven to eight times shorter than the
minimum vane dimension. No attempt was made
to measure differences in undrained shear strength
on horizontal and vertical planes, only the
influence of differences in fibre-clay soil composi
tion effects at selected consolidation pressures. The
addition of nutrients to the fibre-clay soil slurry
always reduced the shear strength for all organic
contents. The influence ofhydrogen ion concentra
tion, pH, on the vane shear strength is illustrated in
Fig. 14 for an initial organic fraction of0·30 and no
decomposition. Different values of pH correspond
to identical model soil samples except for their
C/N ratios-5:1, 10:1, 30:1, 50:1, 200:1 and
infinity. The nitrogen source was NH4CI. The
maximum strength corresponds to a pH of 7·0,
with a large decrease in shear strength observed as
soon as the samples became slightly acid or
alkaline. Similar behaviour with smaller differences
was observed for initial organic fractions of0·6 and
0·8. Greater repulsive forces between particles for
pH values above or below 7·0 could alter
equilibrium void ratios for a given consolidation
pressure and thereby influence the undrained shear
strengths. No information is available on possible
changes in pH for natural organic soils over a
period of time. Several factors which might
influence pH in the field include decomposition of
organic fractions and/or seepage of rain water.
Decomposition effects on strength

Decomposition with disintegration of fibres
(Fig. 2) and formation of decomposition products
(Fig. 6) should lead to a reduction in the undrained
shear strength of organic soils. Changes in vane
shear strength, as a result of decomposition, were
observed by running vane tests on the
consolidated 3 litre fibre-clay soil samples at
several stages of decomposition. Comparisons for
several levels of decomposition and the same
consolidation pressure are shown in Fig. 15. The
results include data for samples with initial organic
fractions of0·3, 0·6 and 0·8 by weight. Decomposi
tion by 45% reduced the ratio of decomposed to
initial vane shear strengths to less than 0·2, a very
significant reduction. If a similar level of
decomposition should occur in the field, it would
have serious implications for the stability of
natural organic soil deposits and man-made
landfills containing organic waste materials.
Study of Strength on Compressibility...
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C/N = 30:1 with NH4 CI
Consolidation pressure= 1 ·14 kPa
Initial organic fractions by weight

1·0

0 XIO= 0·B

0-8

0 XIO = 0·6
XIO = 0·3

6

0-6

0-4

0·2

o�--�___.____.____.___....
0

01

0·2

0·3

0-4

Degree of decomposition XIO

0·5

Fig. 15. Ratio of decomposed to initial vane shear
strength against degree of decomposition for the fibre-clay
soils (data from AI-Khafaji, 1979)
CONCLUSIONS

The effects of decomposition on the
compressibility and vane shear strength of fibre
clay soils prepared from kaolinite and pulp fibres
have been studied. These conclusions are intended
to reflect the findings of this investigation and are
limited to the materials used and the test
procedures employed.
(a) The relationship between void ratio and
organic fraction (by weight) for a constant
stress level was observed to be linear. A plot of
the intercepts C and slopes M against pressure
p gave the relationship between p and the new
void ratio parameters C(p) and M(p). Use of
these parameters with the organic fraction Xr
permits prediction ofan equilibrium void ratio
e(p, Xr) = C(p) + M(p) Xr for the fibre-clay
soils.
(b) Ultimate settlement in fibre-clay soils can be
predicted in terms of the organic fraction and
increase in pressure using the equilibrium void
ratios and conventional soil mechanics theory.
(c) Increased settlement, as a result of
decomposition with loss of organic solids
volume, can be predicted using the initial and
decomposed organic fractions with effective
overburden pressures. A simplified computa
tion procedure, using a height ratio factor,
accounts for differences in specific gravity of
the organic and mineral soil components.
(d) The vane shear strength offibre-clay soils, at a
given consolidation pressure, increased with
increase in the organic (fibre) fraction. The
addition ofnutrients to the kaolinite-fibre soil
mixtures reduced the vane shear strength for
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all organic fractions and the same pressure. A
correlation between vane shear strength and
pH was observed with the largest shear
strength noted at a pH equal to 7·0.
(e) Anaerobic decomposition of the organic (fibre)
fraction produced a large decrease in vane
shear strength. This drop in strength would
result from fibre breakdown and formation of
decomposition products. Changes in pulp fibre
due to microbial activity were photographed
using a scanning electron microscope.
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a b s t r a c t
Cellulose fibre (CF) is a low-cost, environmentally friendly thermal insulation material that is widely
used in the construction industry to insulate walls in both residential and commercial structures.
Biogas digesters, too, have walls that should be insulated to reduce temperature changes in the
digester, which are unfavou-rable for methane generation. As a result, the goal of this research was
to see how effective CF is as a the-rmal insulating material for biogas digesters. To evaluate the %
heat loss reduction on a cylindrical biogas digester insulated with locally made cellulose fibre
material, design, development, and testing procedures were used. With external digester heating
from a solar thermal siphon-heat exchanger arrangement, pilot research results show that cellulose
fibre density of 44.4 kg/m3 on horizontal application and 62.7 kg/m3 on vertical application reduced
heat loss by over 82 percent. With an ideal insulating thickness of 9 cm, this was just 2% less than
the analytical frame of 84 percent. As a result, CF is a good bio-digester insulation material, but it
must be protected from hazards such as vermin and moisture penetration. Enclosing the insulation
with a strong protective envelop, which also supports its loose-fill installation, makes this possible.

18–25 ◦ C (Kariko-Buhwezi et al., 2011), which is far below optimum of 30–40 ◦ C (Kumar et al., 2013; Al Seadi et al., 2008),
with uncontrolled fluctuations which are inhibitory to biogas
production. According to (Al Seadi et al., 2008), methanogenic
microorganisms are very sensitive to temperature changes, and
can only tolerate temperature fluctuations of up to +/−3 ◦ C. It
should be noted that adoption and sustainability are not directly
related. For example, studies by Mulinda et al. (2013), Kabir et al.
(2013) and Mwirigi et al. (2009), indicate that the household’s
socioeconomic status influences adoption but it does not significantly influence the long term utilization of a biogas system. On
the other hand, (Puzzolo et al., 2016) revealed that other factors
including optimal operation of renewable energy technologies
directly influence their sustainability.
Although productive biogas systems have the ability to overcome several bottlenecks to adoption such as high installation &
operation costs, technical & socio-cultural impediments, and lack
of sustainable supply of digester feedstock (Kahubire et al., 2010;
Mittal et al., 2018; Walekhwa et al., 2009; Lwiza et al., 2017), as
indicated by Tumusiime et al. (2019), their operations have got to
be optimal. The ultimate goal of a productive biogas installation is
to produce biogas for economic gain Wehkamp (2013), and thus,
such a system must maximize energy outputs in order to realize
high economic returns. Digester temperature is one of the key

1. Introduction
The biogas industry is constantly innovating ways of improving energy recovery from a variety of biomass resources. While
there are several attempts in this direction, more focus has been
placed on bio-digester chemical reactions with little attention
to system sustainability for long-life performance. The factors
affecting uptake of biogas systems were investigated by Kahubire
et al. (2010), Mittal et al. (2018), Mulinda et al. (2013), Mwirigi et al. (2014), Walekhwa et al. (2009) and Roopnarain and
Adeleke (2017), who ruled out economic barriers to investment
as major inhibitor to adoption. But even with introduction of subsidies such as custom duty waivers on imported biogas systems
for the case of Uganda, although not highly favorable (Tumusiime et al., 2019), most biogas installations have not sustained
gas production (Tumusiime et al., 2019; Nabuuma and Okure,
2006; Kariko-Buhwezi et al., 2011). This has partly been due to
poor digester operating conditions such as low digester temperatures and poor quality of digester feed (Kariko-Buhwezi et al.,
2011; Mwakaje, 2008). Most biogas digesters operate between
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Table 1
Embodied energy and carbon coefficients of different insulation materials,
(Hammond and Jones, 2011).

influence parameters for optimal biogas recovery, and thus its optimization and stability are key requirements for every productive
biogas plant. Studies have described biogas production as a very
intricate process with methanogesis; the stage responsible for
methane generation, being the most affected by temperature fluctuations (Al Seadi et al., 2008; Athanasoulia et al., 2012; Nizami,
2012). According to (Al Seadi et al., 2008), large temperature
fluctuations lead to system imbalance with consequent low gas
yield, and in worst cases to complete process failure. Low gas
yield greatly derails expectations of biogas plant owners, and is
a precursor to dis-adoption. In order to circumvent this, digester
wall insulation is a necessary requirement. A study by Zhang et al.
(2016) indicated that application of insulation mortar and glass
fiber reinforced plastic (GRP) material on the outside walls of
the digester, improved and maintained a stable digester slurry
temperature with consequent increase in biogas production and
economic benefits. However, GRP has a higher embodied energy and hence costly. Small temperature fluctuations were also
achieved by Odekanle et al. (2020) using automated anaerobic
digesters (Edibon PDANC 0007/144) operating on batch mode.
However, continuous digesters are large and usually exposed to
ever changing environmental conditions, which have a direct
bearing on digester temperature fluctuations and consequently
on optimal biogas production. But whereas digester insulation
provides material benefits, it must be undertaken at least cost
in order to avoid accelerating the effects of economic barriers to
investment in biogas system. Utilization of cost-effective raw materials for this purpose such as cellulose fibers, provides tangible
benefits in this direction since they can easily be locally made,
thereby offsetting the importation and custom duty expenses.
Cellulose fiber insulation (CFI) is pulverized paper fibers, which
are sometimes treated with organic additives for protection from
fire and mold. Post-consumer newsprint and recycled paper form
the main source materials for CFI. While cellulosic fibers have
found application in the construction industry to provide wall
and attic insulation in residential and commercial buildings, its
widespread use is limited due to its inability to withstand high
temperatures. Other factors that limit widespread application of
CFI include its high hygroscopisity, and fungal growth (Hurtado
et al., 2016). Because of these impediments, cellulose and other
natural fibers only present a low percentage of total market
share (Papadopoulos, 2005). Nevertheless, CFI presents good thermal properties and other advantages such as low thermal conductivity (0.040 W/m-K), and low embodied energy (3.3 MJ/kg),
when compared to other traditional insulation materials such
as glass fiber (28 MJ/kg), and rock wool (16 MJ/kg). This makes
CFI equally competitive in low temperature applications such
as construction industry, and biogas industry although its potential has not been well explored in the latter case. According
to (Hammond and Jones, 2011), CFI has the lowest embodied
energy per kg of material as shown in Table 1, which makes it
cheap to manufacture. This inference is supported by a Life Cycle
Assessment (LCA) study on CFI by Boogman (2014), which indicated that newsprint production represents over 90% of overall
energy consumption in the LCA of CFI. More so, the use of CFI is
eco-friendly since the involved raw materials and manufacturing
processes are renewable with very low carbon emissions. This
is not the case for other insulators such as glass fiber which is
made by melting glass with other chemicals in fuel-fired furnaces,
which makes such an insulator costly and non-sustainable.
According to (Hurtado et al., 2016), thermal conductivity is
the main determinant of a material’s insulation effectiveness. The
lower the material’s thermal conductivity, the more effective it
is as an insulator, thus requiring a thinner layer to limit heat
flow. CFI is reported to have a very low thermal conductivity
of about 0.040 W/m-K compared to other known insulators, although (Kwon and Yarbrough, 2004) reported some variation in
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Insulation Material

Embodied energy
(MJ/kg)

Embodied carbon
(kgCO2 /kg)

General Insulation
Cellular Glass
Cellulose
Cork
Fiber glass (Glass wool)
Flax (Insulation)
Mineral wool
Paper wool
Rockwool
Wood wool (loose)
Wood wool (Board)
Wool (Recycled)

45.00
27.00
0.94 to 3.3
04.00
28.00
39.50
16.60
20.17
16.80
10.80
20.00
20.90

1.80
–
–
0.19
1.35
1.70
1.20
0.63
1.05
–
0.98
–

this value brought about by source of the raw material. Moisture
absorption ability and hygroscopic nature of CFI also affect its
thermal conductivity, but only when capillary moisture begins;
that is when relative humidity (RH) is greater than 90%; a case
that could only arise due to rain infiltration or leaking pipes (Hurtado et al., 2016). For the hygroscopic range (RH<90%), the change
in thermal conductivity of cellulose fiber is negligible (Talukdar
et al., 2007).
In view of the aforementioned thermal properties, and several advantages of CFI, this study aimed to exploit the potential of cellulose fiber beyond its current applications, to insulate
bio-digesters against temperature fluctuations. The methods and
findings are presented and discussed in the proceeding sections.
2. Materials and methods
2.1. Thermal insulation design
Design of thermal insulation thickness for a cylindrical biodigester preceded experimental investigations using relevant
guiding heat transfer equations as published by Kumar (2007),
whereby the optimal thickness of insulation formed the main
design criteria. An effective insulator should have a thickness
such that the radius of the shell being insulated is greater than
the critical radius rc ’ where rc is the ratio of insulation material
thermal conductivity ‘k’ to convective heat transfer coefficient
‘ho ’. Otherwise, addition of insulation would result into increase
in heat loss. This thus informed the design of the optimal thickness of insulation to limit digester temperature fluctuations. The
design commenced with material selection for the prototype
digester, and digester operating temperature and the surrounding
conditions. Mesophilic digestion (38 ◦ C) was considered for this
study since it provides a stable environment for the functioning
of anaerobic microorganisms (Wehkamp, 2013; Boogman, 2014).
Moreover, thermophilic reactors are more prone to temperature
fluctuations and since temperatures are far above ambient, maintaining a stable temperature in thermophilic reactors is a costly
endeavor compared to mesophilic digestion. 38 ◦ C was thus used
as design temperature for the digester while the surrounding
atmosphere was taken at 18 ◦ C to accommodate low ambient
temperatures at night and during rainy seasons.
Determination of correlation coefficients for free convection
over bio-digester and Raley’s number, together with computations for thermal resistance and combined bio-digester heat loss
were done. Table 2 presents relevant equations for heat loss,
correlation coefficients and other parameters of interest.
The resulting total heat loss was compared with that for uninsulated digester in the same working environment to determine
130

A. K. Beura et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017
Table 2
Correlation coefficients and other parameters for conduction and convection heat loss through bio-digester walls.
Coefficient or parameter
Heat loss
Digester wall thermal
resistance

Governing Equation
Q =

∆t

Rt1 =

Rt

(

1
2π K1 l
1

Rt2 =

2π K2 l

Convective thermal resistance

Rt3 =

2π r3 lh

Nusselt No.

Nu =

Grashof No.

Gr =

ln

r2

r3
r2

hl

µ2

(β g ∆t )

td + t a
2

∆t = temperature gradientRt = total thermal resistance = Rt1 + Rt2 + Rt3

(2)

K1 , r1 and r2 are respectively digester material thermal conductivity,
digester internal radius, and outer radius

(3)

K2 and r3 are respectively insulation thermal conductivity, and outer radius

(4)

h = convective heat transfer coefficient
l = characteristic length (vertical dimension of the digester, or 0.9
times the diameter of the cylinder when applied to the base and top of
the digester)

(5)

K = thermal conductivity of air evaluated at mean film temperature (MFT)

(6)

ρ = density of moving air, µ = dynamic viscosity of air evaluated at

)

1

K
l3 ρ 2

(1)

)

r1

(

Insulation thermal resistance

MFT

ln

Nomenclature/Remarks

µCp

MFT
g = acceleration due to gravity
β = coefficient of volumetric expansion of air or the reciprocal of MFT
(7)

td and ta are the digester and ambient temperatures respectively

(8)

Cp = heat capacity of air evaluated at MFT

Prandtl No.

Pr =

Rayleigh’s No.

Gr Pr

Sets the criterion of laminar or turbulent character of air flow over the
digester

104 < Gr Pr < 109

flow is laminar for large vertical cylindrical digesters, and
Nu = 0.59 (Gr Pr )0.25

(9)

2 × 105 < Gr Pr < 2 × 107

flow is laminar for horizontal plates heated up but cooled down, and
Nu = 0.54 (Gr Pr )0.25

(10)

3 × 105 < Gr Pr < 7 × 108

flow is laminar for horizontal plates heated down but cooled up, and
Nu = 0.27 (Gr Pr )0.25

(11)

K

the percentage heat loss reduction with a given insulation thickness. This design was optimized in Microsoft Excel environment
by adjusting bio-digester dimensions and thickness of insulation
in several runs to determine its optimum value for maximum heat
loss reduction.

The size of the digester was chosen arbitrary since it was to
be used for testing purposes only. For other purposes such as
generating biogas for a given application, the size of the digester
must be determined either from biogas demand side or from
daily availability of feedstock and its hydraulic retention time. The
dimensions of the insulation protective envelop were determined
from system requirements for optimum resistance to digester
heat loss (i.e. the optimum thickness of insulation). The amount of
CFI installed was calculated using Eq. (12) published by Hurtado
et al. (2016), which accounts for settling of CFI after installation
in horizontal applications.

2.2. Production of CFI
An electrically driven machine was designed and locally fabricated to provide means for producing CFI. The machine is comprised of a 3 HP/3-phase electric motor mounted on the machine
stand and connected to a hammer shaft through a V, A-type drive
belt. 12 mild steel hammers of size 6 mm by 25 mm cross-section
and 180 mm long each, and a cutter are mounted on a hammer
shaft via 3 steel rods parallel to the shaft and 2 couplings. A mild
steel drum encloses the hammers and acts as a crushing chamber,
firmly fastened on machine support structure that holds the other
machine components together. Fig. 1 shows the 3-D model and
assembly drawings for the machine. The cutter slices the material
(paper) into small pieces to prevent clogging around the hammer
area. During machine assembly, the hammer shaft, motor and the
drum were installed tilted at 30◦ from vertical to cause the wave
generated by rotating hammers be interrupted by the upper side
of the drum. This not only prevents the material being crushed
from flying out of the drum but also keeps it in contact with the
hammers. This arrangement also makes loading of the paper easy
as opposed to vertical alignment of the drum and shaft.

Dd = (100/(100 − S)) Di

where Dd is the design density of CFI, Di is the installed density,
and S is the average percent loss of thickness from settling of
CFI. Di was reported at 34.8 kg/m3 for loose CFI for horizontal
applications, while S was found to be 21.5%. This gave an average
design density of 44.4 kg/m3 , which was used in this study
to insulate the top and bottom of the digester. Bomberg and
Solvason (1980) recommended that in order to prevent settling
of CFI in vertical applications, the design density should be 10%
more than installed density, with a minimum density of 57 kg/m3 .
Thus in this study, 2.4 kg of CFI was used to insulate the top and
bottom of the digester where the volume was 0.054 m3 each.
For vertical installation of CFI, 9.9 kg were used for the 0.158
m3 between the digester and the insulation protective envelop,
which corresponds to 90 mm of insulation thickness. Water at
38 ◦ C was introduced in the heat transfer fluid (HTF) jacket and
the digester temperature changes monitored for 24 h through a
temperature data logger with thermocouples installed inside the
jacket.

2.3. CFI installation and testing
The installation of CFI around the digester followed the
schematic cross-section as indicated in Fig. 2. All dimensions
indicated are in millimeters.
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Fig. 1. 3-D representation of locally made CFI making machine.

Fig. 2. Cross-section of digester insulated with CFI.

2.4. Digester monitoring and control

A statistical analysis was then conducted to determine the
relationship between system variables and to evaluate the thermal insulation effectiveness of CFI. Fig. 4 shows system schematic
for digester temperature monitoring and control mechanism. The
SDCP receives a signal from the AMCT to pump and circulate the
HTF through the HX to maintain the set digester temperature.
When the required digester temperature is attained, the AMCT
again signals the SDCP to shut down until the digester temperature drops by 0.5 ◦ C when the pump turns on again. This system
integration enables the digester temperature to be kept within a
narrow range thereby preventing unnecessary large fluctuations
which are very detrimental to biogas generation process.
The HX is locally made up of copper pipes coiled in a cylindrical solar water tank surrounded with cellulose fiber insulation whose thickness was determined using heat transfer equations presented in Table 2. The HX unit thus mimics a shell

In order to monitor and control temperature fluctuations
within a narrow range for a stable bio-digestion process, a locally
developed Arduino Microcontroller (AMCT) was integrated with
the system to maintain temperature between 37.5 ◦ C and 38 ◦ C.
This temperature range can be altered by the digester operator
using a navigation interface displayed on a digital control panel
shown in Fig. 3. A 750 GPH, 12/24V, 2.5A submersible water
pump intermittently circulates the HTF through heat exchanger,
and is controlled by the AMCT, which was also configured to log
data at different signals. The recorded data included the time the
digester temperature took to drop by 0.5 ◦ C from 38 ◦ C, the time
the pump took to circulate HTF and increase temperature from
37.5 ◦ C to 38 ◦ C, and the ambient temperature every time the
pump switches on and off.
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Fig. 3. Integrated system setup.

Fig. 4. System configuration for real time digester temperature monitoring and control.

at 44.4 kg/m3 and 62.7 kg/m3 for horizontal and vertical applications respectively. These values were calculated based on data
published by Hurtado et al. (2016) and Bomberg and Solvason
(1980). The material was used without any additives since it was
enclosed by a rigid protective envelop with tight cover, which
protects it from moisture penetration, air infiltration, and fungal
growth.
Moreover, the entire system was installed under shade to
shield it from extreme moist conditions, which may cause an
increase in thermal conductivity of CFI (Kwon and Yarbrough,
2004; Talukdar et al., 2007). This makes the application of CFI
less costly. The rigid enclosure also protects the insulation from
vermin and fire attacks.

and tube counter flow heat exchanger although the shell fluid
does not move within the shell, but rather circulates through
SC by thermal-siphon mechanism. The SC thus keeps the upper
part (coiled section) of the HX unit hot, such that when the
HTF is pumped through the coils, heat is exchanged in the coils
thereby optimizing digester temperature. The HX temperature
varies with solar radiation hours, and is optimum during peak
sunny hours where 87.4 ◦ C was achieved. It is thus very important
that precaution is taken during assembly not to use PVC fasteners
inside the HX. In this study, PVC fasteners were found to be
unreliable as they expanded due to high temperatures registered
in the upper part of the HX, which caused water leakage into
the insulation. Stainless steel fasteners were later installed with
new insulation, and were found to be 100% effective. Brass experienced high rate of chemical fouling at high temperatures, which
was accelerated by the stagnant state of the water in the HX.
According to (Shen et al., 2014; Nebot et al., 2007), a decrease in
flow velocity increases fouling in shell-and-tube heat exchangers.
Cast iron and galvanized steel fasteners were also affected by
corrosion which increased with temperature in the upper parts of
the HX. This corrosion is as a result of oxidation on metal surfaces
at high temperatures, which is accelerated in presence of water
vapor (Young, 2008).

3.2. Optimum thickness of insulation
The optimum thickness of insulation (OTI) was found to be
9.0 cm for a bio-digester external diameter of 68.6 cm. But with
reference to the optimization interface in Fig. 6, OTI changes with
bio-digester dimensions. As would be expected that the addition
of insulation reduces heat loss, Fig. 7 shows that even with
addition of 1.0 cm of CFI around the digester theoretically reduces
heat loss by 39%. This is supported by the critical thickness of
insulation, which in this study, was found to be 1.23 cm (Fig. 6),
which was less than 34.3 cm; the outer radius of the digester.
As can be seen from Fig. 7, increase in insulation thickness
corresponded to a sharp decrease in digester heat loss, but only
to a certain limit after which addition of insulation did not result
in significant reduction in heat loss. This is because insulation
thickness increases the overall diameter of the digester, which

3. Results and discussion
3.1. Production of CFI
The CFI locally produced by pulverizing post-consumer
newsprint is as shown in Fig. 5. The insulation density was taken
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Fig. 5. Locally produced CFI.
Table 3
Dependence of PT and PTR on AT and HXT.

in turn increases the area exposed to convective heat losses.
Insulation thickness above 9.0 cm is seen not to significantly
cause reduction in heat loss, and was thus taken as optimum with
84% heat loss reduction; that is from 157 W to 25 W. During pilot
studies, the digester was thus insulated with 9.0 cm of CFI in the
real working environment, and compared to uninsulated digester
with same external conditions.

Parameter

Coefficient

p-value

AT(PT)
HXT(PT)
AT(PTR)
HXT(PTR)

0.2237
−0.7841*
0.5733*
0.5402*

0.1898
0.0000
0.0003
0.0007

Number of obs. = 36.
*Significance at the 0.01 level (p > 0.01).

3.3. CFI thermal performance
3.4. Interdependences between system variables

Digester temperature (DT) measurements on the insulated
digester showed a gradual decrease over time, but at a much
lower rate compared to uninsulated digester as shown in Fig. 8.
Temperature of the insulated digester reduced by 0.4 ◦ C in 3 h,
as opposed to 2.2 ◦ C for the uninsulated digester accounting
for 82% of heat loss reduction. This result was achieved with
cellulose fiber density of 44.4 kg/m3 on horizontal application,
and 62.7 kg/m3 on vertical application.
However, reduction in DT continued over time irrespective
of the insulation since no temperature monitoring and control
device was installed. In order to limit DT fluctuations within
a narrow range which is a necessary requirement for optimal
gas recovery (Al Seadi et al., 2008), a locally developed Arduino
microcontroller was later integrated with the system for this
purpose. The microcontroller kept DT variations by only 0.5 ◦ C
and data recorded over a period of 104 h is presented in Fig. 9.
The time taken by the pump to circulate HTF and improve DT to
38 ◦ C is presented as pumping time (PT), while the time taken
for DT to drop by 0.5 ◦ C is presented as time between pump runs
(PTR).
Data in Fig. 9 indicate that time of day influenced both the ambient temperature (AT) and DT fluctuations. While DT fluctuations
were more at night than in the day, AT was found to be maximum
during day time and minimum during night hours. DT took more
time to drop by 0.5 ◦ C during day, implying more PTR during
night than day. HXT must thus be kept way above optimum DT in
order to maintain the required digester thermal conditions at all
times. Using CFI installed around the HX, an average of 50 ◦ C was
achieved; 12 ◦ C above DT, which renders CFI effective in keeping
HXT for DT optimization.
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While AT was found to significantly influence PTR, it did not
significantly affect PT since the p-value of 0.1898 was much
higher than 0.01. The higher the AT, the less the PTR (the time
taken for DT to drop by 0.5 ◦ C). HXT was found to highly influence
PT than PTR. The negative coefficient of −0.7841 as shown in Table 3., suggests that the correlation between HXT and PT is strong
and that the higher the HXT, the less the time the pump takes to
optimize digester temperature, hence less system energy input.
This inference therefore suggests that any attempts to minimize
system energy requirements should focus on optimization of HXT
in order to reduce HTF pumping time, which can be realized by
optimizing both the solar radiation angle of incidence on the solar
collector (SC) and the length of HX coils to increase HTF resident
time in HX.
On average, PTR was found to be about 6 min with a standard
error of 0.29, while the average time taken by DT to drop by
0.5 ◦ C was found to be about 169 min. This implies that for every
169 min, the microcontroller switches on the pump to circulate
HTF for 6 min. This would be a different narrative without CFI
where PTR would be much more less than presented, rendering
the system more bulky and costly.
4. Conclusion and recommendations
Cellulose fiber has in this study demonstrated to be a technically viable alternative material for insulating bio-digesters
against temperature fluctuations. Its effectiveness in this direction however, is influenced by its safety which can be realized
by surrounding it with a rigid protective envelop against vermin
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Fig. 6. Optimization interface for CFI thickness.

Fig. 7. Effect of CFI thickness on digester heat loss reduction.

Fig. 8. Comparison of digester temperature variation with time between insulated and uninsulated digester in same working environment.

and humidity, and the availability of an integrated temperature

digester temperature fluctuations of up to 0.5 ◦ C which is within

monitoring and control unit. In the pilot study, a customized

the acceptable range for uninterrupted mesophilic methanogenic

Arduino Microcontroller was configured with the system to allow

phase. With digester heating from a solar-thermal siphon system,
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Fig. 9. Pump and CFI performance during optimization of digester temperature.

over 82% heat loss reduction was achieved, rendering cellulose
fiber highly effective for bio-digester insulation with external gas
storage. It is however important to note that this performance
was realized with bio-digester installed above ground level where
humidity can easily be controlled.
Nevertheless, in order to fully reveal the potential of CFI as an
insulator for bio-digesters, more research is needed to investigate
its application on digesters installed underground, where humidity may require more sophisticated control strategies. Further
still, CFI has been reported to be affected by mold, which together
with eubacteria cause cellulose fiber degradation (Polman et al.,
2021). Thus, in addition to surrounding CFI with a rigid protective
envelop against moisture penetration, CFI may be treated with
mold growth inhibitors such as boron to ensure its long-life
performance.
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Abstract

Fatality rates in Indian cities have increased manifolds in the recent years as cities continue to expand. The actual crash
risk observed on different infrastructures is different and it depends upon the crash rate and the exposure on these
infrastructures. This analysis uses crash data from police reported fatal crashes in the urban limits of the city to decide
actual risk. The fatal crashes are accurately reported in police records, while minor and major crashes are under
reported in India. The study considered risk to road users from six commonly used modes of transportation; walking,
bicycling, riding motorized two- wheeler, auto-rickshaw, car, and bus. The perceived risk has derived for all these
modes on different infrastructures; mid- block, signalized intersection, un-signalized intersection, and rotary intersection
from household survey. This study examined the trend of fatal crashes and the relationship between actual and perceived
crash risk on different infrastructures.

1. Introduction
The perceived traffic crash risk may play role in how people choose their mode of transport from the available
modes to them. Therefore it is important for the transportation planner to know the perceived risk with respect to
different transport infrastructure like mid-block, signalized, un-signalized, and rotary intersection. On other hand,
the knowledge of actual traffic crash risk to different road users on the above infrastructures can help the
transportation planner to improve the road safety. Fatality rates in Indian cities have increased manifolds in the
recent years as cities continue to expand. The actual crash risk observed on different infrastructures is different
and it depends upon the crash rate and the exposure on these infrastructures. The analysis in this study uses crash
data from police reported fatal crashes in the urban limits of the Vadodara city to decide actual risk. The fatal
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crashes are accurately reported in police records, while minor and major crashes are under reported in India. The
study considered risk to road users from six commonly used modes of transportation; walking, bicycling, riding
motorized two-wheeler, auto-rickshaw, car, and bus. The perceived risk has derived for all these modes on
different infrastructures; mid-block, signalized intersection, un-signalized intersection, and rotary intersection
from household survey. This study examined the trend of fatal crashes and the relationship between actual and
perceived crash risk on different infrastructures. There are several studies conducted to identify such relations and
they are found correlated; their correlations were sometime positive and sometime negative.
2. Literature Review
Klobucar & Fricker (2007) assumed in his study that bicyclists make decisions on the basis of perceived safety
and travel distance. They presented two tools as most commonly used to quantify the perceived safety of a
bicycle facility are the bicycle compatibility index (BCI) and the bicycle level of service (BLOS). Each
evaluation tool was developed by using stated perceptions of the conditions faced by a bicyclist on various
facilities and by using the properties of the facility and its environment to fit a linear regression to predict these
perceptions. Based on this safe length have been calculated. It has been concluded that improvement in the total
network path safe length indicates an improvement in the perceived safety of the bicyclists.
Parkin, Wardman, & Page (2007) developed two models of perceived risk; based on non-linear least squares,
and a model of acceptability, based on the logit model, have been estimated for whole journeys based on
responses from a sample of 144 commuters (2002) to video clips of routes and junctions. The risk models
quantify the effect of motor traffic volumes, demonstrate that roundabouts add more to perceived risk than traffic
signal controlled junctions and show that right turn manoeuvres increase perceived risk. The acceptability model
confirms the effect of reduced perceived risk in traffic free conditions and the effects of signal controlled
junctions and right turns.
Cho, Rodriguez, & Khattak (2009) examined how perceived and actual crash risks are related with each other
and with respect to built environmental characteristics. Perceived risks for pedestrians and bicyclists were
measured with a questionnaire including perceived neighborhood safety developed by the Neighborhood Quality
of Life Study. Actual pedestrian and bicycle crash data were provided by the National Study Center for Trauma
and EMS at the University of Maryland reported by police between January 2000 and December 2002. The
secondary GIS data and primary data were collected through a street audit to characterize the built environment.
The analytical approach was first to conduct an exploratory factor analysis of built environment variables to
reduce them to a lower number of variables representing their underlying dimensions. Then, the predicted factor
scores were included in a non-recursive path analysis mode. The results showed that residents who live in low
density-single residential neighborhoods are more likely to perceive their neighborhood as dangerous relative to
residents of compact, mixed-use neighborhoods even though the latter exhibited higher actual crash rates. The
results of path analyses confirmed that a simultaneous but opposite relationship exists between perceived and
actual crash risks. The results indicate that higher actual crash risk increases perceived crash risk, while higher
perceived crash risk is negatively associated to actual crash rates. Consequently, low density and non-mixed land
uses increase individuals perception of crash risk, and increased perception of risk and unfriendly environment
for pedestrian and bikers reduces actual crash rates as a result of behavioral changes.
Noland (1995) examined behavioural responses to perceived risk in the mode choice for daily commute trips.
The probability of an accident is measured by eliciting the respondent’s perceived likelihood that an accident
will occur. He stated that the advantage of using risk perceptions is that it is the relevant behavioural
response variable to which people react. This allows the survey respondents to consider their own judgments
about risky situations. Various other information was elicited by perceived travel time, cost, comfort of
alternative modes and demographic information. The results of this research give evidence that increases in the
perceptions of the risk of using a given transportation mode may reduce the probability of commuting by that
mode.
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Elvik and Bjornskau (2005) probed the extent to which the public accurately perceived differences in transport
risks. Comparisons have been made between estimates of the fatality rate per billion kilometres of travel and four
different summary measures of perceived risk. All these comparisons show high correlations between statistically
estimated risk and perceived risk.
DeJoy (1992) presented results that provide some insight into the hypothesized relationship of optimism to the
excess involvement of young males in traffic crashes. A particularly volatile combination appears to exist, in that,
young males, relative to their female counterparts, possess an exaggerated sense of their own driving competency
and they perceive less risk in a variety of dangerous driving behaviors. While the males in this study tended to be
generally more optimistic than the females, the most pronounced differences occurred in the ratings of relative
driving skill.
Finn and Bragg (1986) mentioned in their study that young drivers are significantly overrepresented among all
drivers involved in traffic accidents and fatalities. Excessive risk taking by young drivers appears to be largely
responsible for this disproportionate involvement. This excessive risk taking could be due to (1) being more
willing to take risks than older drivers are, (2) failing to perceive hazardous situations as being as dangerous as
older drivers do or (3) both causes. It was also concluded that young male drivers are overrepresented in traffic
accidents at least in part because they fail to perceive specific driving situations as being as risky as older drivers
perceive them.
Hayakawa, Fischbeck, & Fischhoff, B (2000) have studied the differences in the traffic risk and their
perceptions in two countries. Research has found that traffic accidents are significantly more dreaded in Japan
than in the US. As seen in analysis, the majority of traffic-accident deaths in Japan are not among car users. It
was hypothesized that the more onemotorcyclists, bicyclists, and pedestrians) is more likely to cause these feelings of dread than in the US where
drivers kill themselves or equally-protected other drivers. Thus, it seems plausible that objective differences in
risk environments combine with cultural influences to produce cross-national differences in risk perceptions.
Massie, Campbell, & Williams (1995) noticed elevated crash rates were observed for drivers aged 16-19 and
75 and over. The oldest drivers had the highest fatal involvement rate, while the youngest drivers had the highest
rate of involvement in all police-reported crashes. Men had a higher risk than women of experiencing a fatal
crash, while women had higher rates of involvement in injury crashes and all police-reported crashes.General
guidelines for the preparation of your text
3. Data and MethodThe fatal crashes used in the analysis are crashes occurred on the urban roads other than
local streets. The exposure has been calculated using self-digitized map of all arterial roads and urban highways
lying within municipal limits of the Vadodara city. The fatal crash details have been derived from first
investigation reports (FIR) collected from all police stations of the city by personal visit. The proportion of fatal
crashes on arterial road, urban highway, and street is 56%, 37.2%, and 6.8% for total 643 crashes during study
period of 6 years (2005-2010).The risk on major roads; i.e. arterial roads and urban highways at various
infrastructures like mid-block, signalized, un-signalized, and rotary intersection is described by the following
charts.

Study of Relation Between Actual and Perceive Crash

139

S. Mohanty et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Figure 1. Impacting versus Victim type of crashes on major road signalized intersection
Only vulnerable road users are victim at signalized intersections. Bicyclists and motorized 2-wheeler
occupants were killed by trucks and no pedestrian by trucks.
17% motorized 2-wheeler occupants were killed in single-vehicle crash. 17% pedestrians were killed by
motorized 2-wheeler.
Car has killed 4% pedestrians and not any other type of road users.
In 26% cases motorized 2-wheeler was the impacting vehicle and in 61% cases they were victim also.

Figure 2. Impacting versus Victim type of crashes on major road un-signalized intersection
8% motorized 2-wheeler occupants, 3% truck occupant, 2% auto-rickshaw occupants and less than 1%
car and bus occupants were killed in single-vehicle crash.
40% victims were motorized 2-wheeler occupants, 8% from them were killed in single-vehicle crash,
while 15% were by trucks.
Car killed 12% vulnerable road users (5.5% M2W, 4% pedestrian, 2% bicyclists).
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Figure 3. Impacting versus Victim type of crashes on major road rotary intersection
20% out of 23% single-vehicle crash involved M2W, while 17% M2W occupants were killed by truck at
rotary.
17% M2W occupants were killed by truck.
Bus has killed 10% pedestrians, while 3% pedestrians were killed by M2W, auto-rickshaw, and truck
each.

Figure 4. Impacting versus Victim type of crashes on major road mid-block segment
In 75% cases M2W occupants (39%) and pedestrians (36%) were victim.
Truck killed 18% M2W occupants, 8% pedestrian and 5% bicyclists.
About 11% crashes observed with car as impacting vehicle to vulnerable road users.
8.2% out of total crashes on major roads were reported as single-vehicle crash of M2W. The fatalities in
such crash generally resulted because of head injury. It was also observed in the city that M2W
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occupants not use helmet. Strictly wearing of helmet should be enforced to improve safety of motorized
2-wheeler occupants.
Fatal crashes of vulnerable road users at signalized intersection show the jumping traffic signals by most
of the road users.
Majority of road users were killed by truck, which shows high presence of heavy vehicles in the city.
Restriction should be imposed in terms of time to reduce this number.
High number of crashes with M2W and pedestrian at rotary shows their risky maneuverings and
overtaking behavior.
Buses and cars have imposed high risk to vulnerable road users followed by truck.
3.1. Actual Risk Determination
The following section explains actual risk to all modes of transportation, followed by perceived risk to all
modes, and then comparison between these two risks at different road infrastructures like mid-block, signalized,
un-signalized, and rotary intersections. The actual risk to traffic crash has been worked out for six transportation
modes prevailing in the case study area, i.e. walk, bicycle, motorized two-wheeler, auto-rickshaw (also include
any other 3-wheeler motorized vehicles like tempo), car, and bus.
Exposure calculation of different infrastructure:
Exposure for mid-block is considered for per kilometre road segment length. To make actual risk comparable
between mid-blocks and intersections, various exposure levels and equivalent length factors have been
considered in the study. The signalized and un-signalized road intersections were considered equivalent to 400
and 300 m mid-block exposure (as most of the signalized intersections are 4-arm intersections and un-signalized
intersections are 3-arm intersections), while rotary intersections have treated separately. The exposure of rotary
intersections has calculated considering average radius of 10 metre in addition to 400 m length for intersection.
Thus, the effective exposure for rotary intersection becomes (400m + 63 m) 463 m. For the same traffic, the
exposure levels used for mid-block, signalized, un-signalized, and rotary intersections are 1, 4, 3, and 4
respectively.
Table1. Mode-wise road users killed in fatal crashes on different road infrastructures in six years (2005-2010)
Fatalities of road users
Infrastructure

Total
Pedestrian

Mid-block
Signalized intersection
Un-signalised
intersection
Rotary intersection
Total fatalities

Bicyclist

M2W

M3W

Car

Bus

103

29

118

10

14

2

276

7

2

15

0

0

0

24

99

47

125

12

13

2

298

10

5

17

0

0

0

32

219

83

275

22

27

4

630
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Table 2. Mode wise road users killed per year in fatal crashes on different road infrastructures
Fatalities of road users
Infrastructure
Pedestrian
Mid block
Signalized intersection
Un signalised
intersection
Rotary intersection
Total fatalities

Bicyclist

M2W

M3W

Car

Bus

Total

Exposure
(km)

17.17

4.83

19.67

1.67

2.33

0.33

46.00

250.454

1.17

0.33

2.50

0.00

0.00

0.00

4.00

16.50

7.83

20.83

2.00

2.17

0.33

49.67

32
1551.6

1.67

0.83

2.83

0.00

0.00

0.00

5.33

64.792

36.50

13.83

45.83

3.67

4.50

0.67

105.00

1898.846

In the absence of volume data for the various roads for the case study area, exposure has calculated based on
the road length in kilometre as given below:
The actual risk is determined as Relative Risk at different infrastructure by following formula:

(1)
where RR ij is actual relative fatality risk to road user type on road infrastructure type j with given exposure
(km) Thus, actual relative risk to pedestrian on mid block is given by

= 3.57 per kilometre per year
This means that pedestrians at mid block have 3.57 times higher risk than the risk to pedestrians on all other
infrastructures
Table 3. Risk matrix showing actual risk for different victim types

Infrastructure (j)
Mid block

Relative Risk per kilometre per year to road user type ( )
Pedestrian

Bicyclist

M2W

M3W

Car

Bus

3.57

2.65

3.25

3.45

3.93

3.79

1.90

1.43

3.24

0.00

0.00

0 00

Un signalised intersection

0.55

0.69

0.56

0.67

0.59

0.61

Rotary intersection

1.34

1.77

1.81

0.00

0.00

0.00

Study of Relation Between Actual and Perceive Crash

143

S. Mohanty et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

3.2. Perceived Risk
To identify perceived risk, 1171 respondents have been asked to rate the accidental risk assuming that they
were using each mode of transportation considering traffic in your neighbourhood as per the table given below:
Table 4. Perception of risk for different modes (rating) to be done by respondents
Sr No
1
2
3
4
5

Select one for all modes
Almost certain not to have an accident
Somewhat unlikely
50% chance of having an accident
Somewhat likely
Almost certain to have an accident

Walk

Cycle

Motorized two- wheeler

Car

Bus

Auto rickshaw

The respondent have been asked to rate the probability of accident for other infrastructures; signalized
intersection, un-signalized intersection and rotary intersection within one year period. These perceived risk have
been rescaled according to scale from 0.01 to 0.99 (Scale - 0.01, 0.25, 0.50, 0.75, 0.99) to represent the
probability of accident. The probability score may also not be adequate as a linear scale (Noland 1995).
The perceived risk for every mode for different road infrastructure is represented by the weighted mean values
of the perceived risk (rescaled values).
Table 5. Weighted mean values for perceived risk

Infrastructure
Pedestrian

Perceived risk of crash per year
AutoBicyclist
M2W
rickshaw

Car

Bus

mid-block

0.732

0.250

0.704

0.257

0.059

0.043

signalized intersection

0.259

0.081

0.592

0.049

0.048

0.069

un-signalised intersection

0.478

0.469

0.253

0.254

0.065

0.051

rotary intersection

0.706

0.497

0.481

0.259

0.065

0.049

The highest crash risk has perceived by the pedestrians at mid-block amongst all modes over all
infrastructures.
On mid-block, pedestrians have perceived highest risk (0.732) followed by motorized two-wheelers (0.704).
The least crash risk has perceived by the bus users (0.043) and car users (0.059) on mid-block. The bicyclists and
auto-rickshaw users have perceived same crash risk (0.250 and 0.257) on mid-block.
3.3. Relation between Actual and Perceived Risk
in SPSS
has been used. Both the risks have been arranged in order from lower to higher risk. The rank order has been
modified for equal risks as a requirement of correlation analysis in SPSS.
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Table 6. Ranking of actual and perceived risk to various modes at different infrastructure
Sr. No

Road user and infrastructure

Actual Risk Rank

Perceived Risk Rank

1

Pedestrian at mid-block

22

23

2

Bicycle at mid-block

18

17

3

M2W at mid-block

20

20

4

M3W at mid-block

21

2

5

Car at mid-block

24

9

6

Bus at mid-block

23

10

7

Pedestrian at signalised intersection

17

15.5

8

Bicycle at signalised intersection

14

7.5

9

M2W at signalised intersection

19

3.5

10

M3W at signalised intersection

3.5

24

11

Car at signalised intersection

3.5

11

12

Bus at signalised intersection

3.5

22

13

Pedestrian at un-signalised intersection

7

12

14

Bicycle at un-signalised intersection

12

18

15

M2W at un-signalised intersection

8

13

16

M3W at un-signalised intersection

11

21

17

Car at un-signalised intersection

9

3.5

18

Bus at un-signalised intersection

10

15.5

19

Pedestrian at rotary intersection

13

19

20

Bicycle at rotary intersection

15

5

21

M2W at rotary intersection

16

7.5

22

M3W at rotary intersection

3.5

14

23

Car at rotary intersection

3.5

6

24

Bus at rotary intersection

3.5

1

The spearman’s ranking correlation coefficient comes insignificant at 95% confidence interval. That is actual and
perceived crash risks are not correlated.
4.

Discussion

The proportion of road users killed observed as per their age in the study is 10%, 81%, 8%, and 1% for minor
(below 18 years), young and middle-age (18-60), an elder (above 60) age group, and unknown age group crashes
respectively. McGwin and Brown (1999) have presented an overview of the characteristics of traffic crashes
among young, middle-aged and older drivers. The results suggest that the youngest and the oldest drivers were
more likely to be considered at-fault. With respect to crash characteristics, older drivers were less likely to have
crashes involving driver fatigue, during the evening and early morning, on curved roads, during adverse weather,
involving a single vehicle, and while traveling at high speeds. Conversely, older drivers were over-represented in
crashes at intersections and: or involving failure to yield the right of way, unseen objects, and failure to heed stop
signs or signals. Crashes occurring while turning and changing lanes were also more common among older
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drivers. Alcohol was less likely to be a factor in traffic crashes involving older adults. Synthesizing these results
led to the conclusion that the primary problem with the young is risk-taking and lack of skill. The strength of
older drivers lies in their aversion to risk, but perceptual problems and difficulty judging and responding to traffic
flow often counterbalance this attribute. Similar other study by Massie, Campbell, & Williams (1995) also
presented similar results. The result of this study only differs for an elder age group. The involvement of an elder
age group is quite low compared to other studies. This may be because of their lower travel exposure of elder
people of medium sized Indian urban city compared to other countries. An Average fatalities per million persons
is 74 for the urban area of Vadodara city. More than 84% fatalities involved pedestrian, bicycle users and M2W.
Thus, vulnerable road users were at the highest risk in road crashes in the city.
The study by Elvik & Bjornskau (2005) observed in their study that the people of study area correctly
perceived which modes of transportation are the safest and the least safe. While the perceived and actual risks are
different and not correlated in this study.
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Abstract
In combustion engines, biodiesel is utilised as an alternative fuel. When compared to neat diesel, it
emits less carbon monoxide, unburned hydrocarbons, and particulates. The goal of this research is
to improve the properties of the gases released, as well as the performance and combustion of the
CI engine. A HATZ-1B30-2 Gunt, single cylinder, four stroke, direct injection, air cool CI engine is the
engine model. Experiments are conducted at a constant speed of 2000 rpm with varying loads and
fuel mixtures. With a dose of 50 ppm, three distinct metal oxide nanoparticles are utilised as an
addition in various gasoline blends. The fuels are subjected to visual solubility tests. To avoid phase
separation, the freshly generated fuel is burned immediately after prepar-ation. When compared to
diesel fuel, B30–50 MgO nanoparticles showed a 19% reduction in BSFC. CO emissions are reduced
by 28% when D100–50 Al2O3 is used, while NOx emissions are reduced by 7% when B30–MgO is
used. Break power (BP), heat rele-ase rate (HRR), and cylinder pressure all rise in mixes with
nanoparticle additions. In comparison to plain diesel fuel, there is also a reduction in break specific
fuel consumption (BSFC) and pollutants such as nitrogen oxides (NOx) and carbon monoxide (CO).
Keywords: Biodiesel; Diesel; Emission; Metal oxide; Nanoparticle; Performance

1. Introduction
Fossil fuel is the most important energy source used nowadays because it plays an outstanding role in the
advancement of transportation zone and the development of industry to fulfil human needs [1,2], but it is running
out so, It is very important to find a new unconventional source of energy to overcome the increasing of energy
demand of the world [3]. on the another side, the environmental disasters generated by burning of fossil fuel have
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made researchers work to find solutions to overcome the threat posed by fossil fuel such as climate change and
greenhouse effect [4]. Among different fuels, biofuel (in liquid phase e.g., biodiesel), has been considered under a
great attention to reduce the great demand of fossil fuel and its harmful effect [5–7].
The higher thermal efficiency, reliability, durability, and lower CO2 emissions of diesel engines make it more
favourable in comparison with gasoline engines [8–11]. Yet, engines using diesel fuel deal with main weakness as
increasing in NOx emissions [12]. The technology used in operating the engine must be upgraded to improve fuel
performance and emissions characteristics. This development resulted in the full substitution of existing petroleum
fuel usage, i.e., diesel and gasoline, with renewable fuels, i.e. biodiesel and bio-alcohol (bioethanol and biobutanol).
The amount of oxygen contained in biodiesel is considered the main difference in comparison with that of diesel
that makes combustion to be more complete which results in generating more energy (high cetane number) [13,14].
However, the overall energy obtained from the combustion of biodiesel is lesser than that obtained from diesel
fuel [15]. Previous research indicates that there is an unwanted rise in NOx emission due to biodiesel fuel blends
uses in comparison with the use of neat diesel [16,17]. Subsequently, a series of attempts were made to improve
biodiesel-fed motor performance whereas keeping up emissions as low as possible.
There are many ways to upgrade the performance of the engine using diesel and control its environmental
emission, one of this is to use an additive. The selection of added substances on the biodiesel fuel blend should
have economic feasibility, high solubility, non-toxicity, viscosity and flash point, solubility of water and dividing
up the additive by water [18]. In addition, the technical problems that arise from using the biodiesel fuel can be
solved by adding additives.
Additives can be metal based additives which are used to improve diesel fuel properties. Different forms of
metal-based additives are applied to biodiesel fuel to advance combustion and exhaust emissions as a result of a
catalytic impact on hydrocarbon combustion [19,20]. The use of additives can minimize exhaust emissions as it can
directly react with carbon atoms as a catalyst that can allow oxidation temperature or react with water vapour to
produce hydroxyl radicals [21,22] . Additives with a metal-based are usually added as a metal organic compound to
the diesel engine and preferred in nanoparticles [23]. Nano metal oxide added to the fuel has a great effect usually
in improving the engine performance and exhaust emission of diesel engine.
The current manuscript focuses on investigating the effect of three different nanoparticles (Al2 O3 , MgO, and
ZnO) on the performance and emissions characteristics of compression ignition (CI) engine. This is considered, to
the best of authors’ knowledge, the superior study that provides this comparative study between these nanoparticles.
2. Experimental set-up
2.1. Engine test rig
A diesel engine test rig, (Model GUNT-CT100.22) consists of CI engine with technical specification data shown
in Table 1 is used in this experimental study. TFCP 132SB-2 Model asynchronous motor is coupled to the engine
using diesel. The force sensor, Model FLINTEC ZLB-200Kg-C3, measures break torque. In the control unit, the
return power unit is utilized to consume the output power. The proximity sensor WACHENDORFF of type PNP-N.O,
Sn 4 mm, 10-30VDC, and 200 mA is utilized to detect the speed of the engine. Kistler piezoelectric pressure sensor
of Model 6052C coupled to a charge amplifier of Model GUNT CT100.13 for measuring the cylinder pressure. A
Huba control type680-out signal0-10 VDC, Accuracy ±0.25 percent FS flow metre sensor is used for measuring the
fuel flow rate. The intake air flow rate shall be determined by an orifice metre air box (20.6 mm diameter). Three
fixed thermocouples type (K) are used for measuring the temperature of ambient air, exhaust gas and fuel at the port
of intake, exhaust port and fuel line, respectively. USB-AD16f model of data acquisition system (DAQ) is used for
analysing the collected signals from fuel flow metre sensor, the force sensor, air flow metre sensor, thermocouples,
speed sensor, charge amplifier and the proximity sensor while a PC with LabVIEW software (GUNT software) is
used for analysing the data. The environmental combustion analyser, (Model BACHARACH-ECA-450) is utilized
to detect the exhaust emissions (CO, NOx , and O2 ) of the engine.
2.2. Used fuels
Diesel and B30 (30% biodiesel + 70% diesel by volume) are used as base fuels. Diesel is bought from Misr
Petroleum Gas Station. Biodiesel is supplied from Alexandria Company for Petroleum Additives (ACPA). The
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Table 1. Specifications of diesel engine [24].
Engine parameter

Specifications

Engine model
Engine type
Bore (mm)
Stroke (mm)
Crank length (mm)
Connecting rod length (mm)
Displacement volume (cm3 )
Compression ratio
Rated power (kW/rpm)
Idling speed (rpm)
Type of injection
Type of cooling
Oil capacity (L)
Start up

HATZ-1B30-2
Single cylinder direct injection CI
80
69
34.5
114.5
347
21.5:1
5.4/3600
1000
Direct injection
Air cooling
1.1
Electrical

Table 2. Properties of diesel and modified fuels.
Property

Density
@15 ◦ C

Kinematic
viscosity
@ 40 ◦ C

Calorific value
(Net)

Cetane index

Unit
Method
D100
B30
D100 + 50 Al2 O3
B30 + 50 Al2 O3
D100 + 50 ZnO
B30 + 50 ZnO
D100 + 50 MgO
B30 + 50 MgO

g/cm3
ASTM-D-1298
0.8464
0.8523
0.8466
0.8519
0.8465
0.8520
0.8465
0.8520

mm2 /s
ASTM-D-445
3.80
4.41
3.89
4.38
3.84
4.40
3.90
4.46

MJ/kg
ASTM-D-4868
43.990
43.993
43.992
43.992
43.992
43.993
43.992
43.993

–
ASTM-D-976
53.73
52.33
53.05
51.59
53.44
51.89
51.77
51.67

biodiesel is prepared from waste cooking oil by transesterification method and meets the European specifications
EN 14214:2003. Six fuel mixture samples with different additives of two types of fuel and indicated by X - Y
where X denotes type of fuel, and Y is type of nanoparticle metal oxide in fuel blend as shown in Table 2.
There are three different metal oxide additives used in this investigation. This includes Aluminium oxide (Al2 O3 ),
Magnesium oxide (MgO), and Zinc oxide (ZnO). They are all in nanoparticle size with a dose of 50 ppm in the
base fuel.
The sample quantity of nanoparticles needed for each dosing stage is calculated using a precision electronic
balance and a magnetic stirrer used for mixing it with the fuel blends, applying 20 min of constant agitation time
at a constant rotational speed of 1500 rpm to achieve a uniform suspension and better dispersion. The improved
fuel is used directly after preparation to prevent any settling or for sedimentation to occur.
3. Results and discussion
3.1. Combustion characteristics
The variation of peak pressure for the neat diesel with the crank angle and the modified fuel blends is shown in
Fig. 1. At full load, the highest peak pressure for the B30 blend is measured as 7.17 MPa at the crank angle of
372◦ , whereas the lowest peak pressure for the B30–50 MgO blend is measured as 6.64 MPa at the crank angle of
372◦ . For the neat diesel and modified fuel blends, the variation of heat release rate with the crank angle is shown
in Fig. 2. the heat release rate is a negative value for both biodiesel and neat diesel blends and prior to the start of
combustion because of the accumulated fuel vaporization during the ignition delay period. The ignition delay period
is identified as the time between starting the injection and the start of combustion. The fuel absorbed the heat from
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Fig. 1. The change of peak pressure with load.

Fig. 2. The change of HRR with crank angle (θ ).

the walls of the hot air and the combustion chamber to vaporize the fuel during it is being compressed. After the
ignition has start, the rate by which the heat is being released rises rapidly and exceeds the highest value. As the
ignition delay gets bigger, the volume of fuel stored in the combustion chamber rises which induces fast burning
in the process of premixed combustion. The additional of metal oxides nanoparticles decreases the ignition delay
and accelerates the combustion start which resulting in higher peak rate of heat release and lower heat release rate.
The higher rate by which the heat is found as 29.43 J/CA at 372◦ crank angle for the D100–50 Al2 O3 , whereas it
is 26.3 J/CA at 374◦ crank angle for the B30–50 MgO [25].
3.2. Engine performance
The BSFC variation with engine load is shown in Fig. 3. The specific fuel consumption is observed to decrease
with the increase in engine load. Using metal oxide nanoparticles reduces the specific fuel consumption relative to
neat diesel and improves the combustion. It is detected that the minimum value of specific fuel consumption is 176
g/kWh for B30–50 MgO blend, whereas for the neat diesel it is 218 g/kWh at the full load. The nanoparticles may
be the reason of that catalytic effect which enhances combustion process. The variations of BTE with engine load
is shown in Fig. 4. The thermal efficiency is observed to increase with engine load rising. In comparison with neat
diesel, the use of metal oxide nanoparticles increases the thermal efficiency. The thermal efficiency of neat diesel is
38%, whereas the highest thermal efficiency is identified as 47% for the fuel blend B30–50 MgO at the full load.
The metal oxides nanoparticles serve as a catalyst to provide oxygen for the combustion process to enable saving
fuel improvement and thermal brake efficiency increase [26].
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Fig. 3. The variation of BSFC with engine load.

Fig. 4. The variation of BTE with engine load.

3.3. Emission characteristics
The variation of nitrogen oxides related to the engine load for all modified blends is explained in Fig. 5. It is
detected that the lesser concentration of nitrogen oxide emission is 339 ppm for the D100–50 Al2 O3 blend and 385
ppm for the B30–50 ZnO blend at full load. It is observed that the increase in engine load lead to rise in nitrogen
oxide emission due to the elevated cylinder gas temperature.
For all modified blends, the variation of carbon monoxide emission related to the load of the engine is explained
in Fig. 6. Carbon monoxide emission concentration increases with rising the engine load. For the neat diesel (D100)
higher carbon monoxide is reported at full load as 340 ppm. However, the lower carbon monoxide is measured as
246 ppm for D100–50 Al2 O3 . when the oxygen is not enough to oxidize carbon into CO2 this leads to the production
of CO and unburned Carbon. This assures the catalytic effect of nanoparticles that promotes oxidation of CO to
CO2 [24,26].
4. Conclusion
The characteristics of gases emitted, performance and combustion of CI engine is studied in this experimental
analysis with all modified fuels, and the results are compared with the neat diesel fuel. At full load, the highest
peak pressure is found for the B30 blend as 7.17 MPa, 29.43 J/CA is found as the highest rate of heat release for
the D100–50 Al2 O3 blend, 176 g/kWh is identified as the lowest specific fuel consumption for the B30–50 MgO
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Fig. 5. The variation of NOx with load.

Fig. 6. The variation of CO with load.

blend, the highest thermal efficiency is identified as 47% for the B30–50 MgO blend, the lower concentrations of
NOx emission is measured as 339 ppm for the D100–50 Al2O3 blend and 246 ppm of CO emission for D100–50
Al2O3.
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This paper reviewed system dynamics applications in water resource management with respect to spatial factors,
research aims, modeling sub-systems and model calibration and methods. Decision- making context,
consideration of climate change, scenarios or management measures were also examined. Results showed that
the critical conceptual system dynamics model development phases are often neglected with only 40% of
reviewed articles developing causal loop diagrams, and only three studies identifying system archetypes. Most
reviewed publications applied scenario-based approaches (82%) to evaluate the effectiveness of management
measures, whilst a minority of studies (1.8%) considered water management optimization. Structure behavior and
behavior-pattern tests (52%) were mostly applied to evaluate the validity of the model structure and accuracy of
the behavior’s pattern, though model validation was not conducted in 12% of the studies. Finally, an integrated
system dynamics modeling framework was proposed, exploring opportunities for integration of system dynamics
with other modeling tools based on the strengths and limitations of system dynamics modeling; this framework
can be used to enhance the simulation and optimization for future water resource management and planning in
the context of climate change and socio-economic development.

1. Introduction

and dynamics of different sub-systems in isolation (Sterman, 2000;
Mirchi et al., 2012). Consequently, the root causes of the problems are
often not understood fully enough to formulate strategic water management policies (Davies and Simonovic, 2011; Gohari et al., 2017).
System dynamics (SD) modelling is a method that facilitates recognition of multiple interactions among the disparate but interconnected
sub-systems driving dynamic behaviour of the system as a whole (Sterman, 2000). Consideration of the combined effects of system dynamics
can improve management decisions and reduce the possibility of adverse
side effects and unintended consequences from policy decisions (Sterman, 2000; Simonovic, 2009). Identifying and capturing feedback loops
within water resource systems can provide insight into potential consequences of system perturbations, thereby serving as a suitable platform
for sustainable water resource planning and management at the strategic
level (Simonovic, 2009; Mirchi et al., 2012). Consequently, many authors
have contended that SD modelling provides a holistic view of the
magnitude of complex dynamics, feedback processes and interdependencies between hydrological, social, economic and environmental processes for decision-making in water resource management
systems (Ahmad and Simonovic, 2004; Gohari et al., 2013; Mirchi and
Watkins Jr, 2013; Gies et al., 2014; Bakhshianlamouki et al., 2020).
SD modelling has been widely applied as a decision support tool for

Water resources are an integral part of the socio-economicenvironmental system, and they have been increasingly affected by
challenges driven by the complexities of hydrological cycles, socioeconomic factors, diverse stakeholder perspectives and concerns associated with the use of water for various purposes (Tidwell et al., 2004;
Langsdale et al., 2007; Sušnik et al., 2013). Understanding dynamic interactions and feedback mechanisms amongst the related hydrological,
social, economic and environmental factors is crucial for strategic planning and management of water resources (Zhang et al., 2014; Han et al.,
2017; Sun and Yang, 2019). However, nonlinearity, multiple interactions
and dynamic feedback between these factors create a high level of
complexity and uncertainty, rendering it difﬁcult to understand the potential consequences of decisions (Stave, 2003; Zhang et al., 2008;
Simonovic, 2009; Kotir et al., 2016). Traditional linear causal thinking
and mechanistic models lack the mental and organisational framework
that cannot address such complexity because they treat the interactions
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water resource management and planning (Liu et al., 2009; Davies and
Simonovic, 2011; Gastelum et al., 2018; Karimlou et al., 2020). The SD
paradigm can incorporate and analyse hydrological, social, economic and
environmental components as well as management measures under climatic and non-climatic scenarios in one comprehensive model to understand the dynamic behaviour of complex systems and their responses
to interventions over time (Sahin et al., 2015; Phan et al., 2018). SD
models assist decision-makers in simulating and/or optimising potential
measures for water resource management under different scenarios by
answering ‘what if’ and/or ‘which is best’ questions (Davies and Simonovic, 2011) through trade-off analysis (Giuliani et al., 2014). In addition, SD modelling facilitates stakeholder involvement from the problemscoping to model validation processes, thereby increasing consensus for
simulation results that can be used to identify effective adaptation
options for the modelled system under future scenarios. Therefore, SD
can help water managers to identify problematic trends, comprehend
their root causes and assess appropriate management measures in a
holistic fashion for strategic decision-making (Simonovic, 2009; Mirchi et
al., 2012).
As such, the application of SD modelling has become increasingly
popular for handling the complexity of water resource systems driven by
multiple interactions from climate change and socio-economic stressors.
Several papers have reviewed its application in the broad context of
water resource management. For example, Chen and Wei (2013)
reviewed the application of SD in water security management and classiﬁed this into three categories: (i) ﬂood control and disaster mitigation,
(ii) water resources security and (iii) water environment security. Mirchi
et al. (2012) reviewed the qualitative modelling tools and applications of
SD to water resource management and divided them into three types of
modelling approaches, namely (i) predictive simulation models, (ii)
descriptive integrated models and (iii) participatory and shared vision
models. These three types of modelling approaches were further
reviewed by Zomorodian et al. (2018). Recently, Mashaly and Fernald
(2020) also reviewed these modelling approaches in hydrology and
water resources, especially in agricultural water management. These
review articles are useful guides to the application of SD to water
resource management. However, a substantial gap remains in the literature, with no reviews comprehensively evaluating the applications of SD
in water resource management, especially in terms of geographic distribution, model sub-systems, model calibration and validation methods,
policy evaluation and optimisation of different decision-making approaches for water-related issues under multiple changes.
This paper aims to conduct a systematic quantitative review of the
applications of SD modelling in water resource management. More speciﬁcally, research aims, geographical distribution, temporal and spatial
scales, modelling sub-systems, model calibration and validation methods
were synthesised to identify gaps in the application of the SD modelling
approach in water resource management. Decision-making context,
consideration of climate change, scenarios and management measures
were also examined. Finally, an appropriate modelling tool to address the
dynamic, complex, uncertain and spatial water resource systems was
proposed based on an assessment of the integration of SD with other
modelling tools and analysis of the strengths and limitations of SD in the
management of complex and uncertain water resource systems.
The remainder of the paper is organized as follows. Section 2 provides
the methodology followed for the systematic quantitative literature review and the reviewing categories. Section 3 describes critical review
results evaluating the applications of SD models for water resource
management. The last section provides discussion and conclusions about
the gaps of system dynamics applications in water resource management.
It also proposes an SD modelling framework that was founded on a
critical analysis of the strengths and limitations of SD modelling to
enhance the simulation and optimisation for future water resource
management and planning under climate change and socio-economic
stressors.
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2. Methods
A systematic quantitative literature review (Pickering and Byrne,
2013) was performed to identify and categorise the relevant literature
and critically analyse current applications of SD models in water resource
management. Scholarly electronic databases (Scopus, Web of Sciences and
Google Scholar) were used to identify original research and academic
papers published in English-language journals until August 15, 2020.
Books, book chapters, review papers, conference papers and theoretical
articles lacking any real-world application of SD were not considered in
this review.
Relevant articles from these databases were searched using a combination of the following keywords: ‘System dynamics*‘, ‘System dynamics modelling approach’, ‘System dynamics model’, ‘System
dynamics simulation’, ‘SD model’, ‘SDM’ or ‘SD’; and the change-related
search terms ‘Water*‘, ‘Water resource’ or ‘Water resource management’.
The wildcard ‘*’ was used for ‘System dynamics’ and ‘Water’ to match all
words around these two keywords. The title, abstracts and keywords of
articles were included in these searches. Furthermore, papers were also
identiﬁed from the reference lists of research papers found through the
initial database search. The title and abstract of each article identiﬁed via
these searches were further screened to conﬁrm a focus on applications of
an SD modelling approach in water resource management.
The resulting database of primary research papers reporting on the
application of SD modelling to water resource management was then
attributed into the database according to the following ﬁelds: (1) citation
details (i.e. author[s], journal, year of publication), (2) geographic distribution (i.e. continent, country), (3) temporal scale of the study (e.g.
short-term (0–5 years), mid-term (6–10 years) and long-term (>10 years)
horizontal planning), (4) research aims (i.e. water quality, water supply,
water demand), (5) causal loop diagram (CLD) development, (6)
modelling sub-systems (e.g. hydrological, social, economic and environmental), (7) decision-making context (i.e. scenario-based or
optimisation-based methods or predictive only), (8) model calibration
and validation methods (e.g. structure tests or behaviour-pattern tests),
(9) participatory model development and validation, (10) consideration
of scenarios and measures, (11) consideration of climate change impacts
(i.e. sea level rise, rainfall variation), (12) software package used for
model development, and (13) coupling with other modelling approaches
to deal with complexity and uncertainty as well as identify and optimise
potential management measures for water resource systems.
The geographic distribution of research papers was grouped by
continent and country. The conventional division of seven continents was
used: Africa, Asia (including the Middle East), Australia, Europe, North
America and South America. The temporal scale of the research studies
was considered to have short-term planning if the simulations were
shorter than ﬁve years and long-term planning if the simulations were
greater than or equal to ﬁve years.
In accordance with the Intergovernmental Panel on Climate Change
(IPCC) report in 2014 (Noble et al., 2014), the types of scenarios or
measures considered in the reviewed SD papers were categorised as
follows:
● Institutional and social scenarios or measures (e.g. economic and
social instruments, laws, regulations and policies),
● Technological and engineered scenarios or measures (e.g. watersaving technology, desalination plants, wastewater treatment, reservoirs and rainwater tanks),
● Ecosystem-based scenarios or measures (e.g. green infrastructure,
forest cover, riparian planting and restoration)
A Venn diagram was drawn using the RStudio program (RStudio Inc.)
to consider all possible logical relations between these scenario or measure categories within different decision-making modelling approaches
(optimisation-based or scenario-based).
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Fig. 1. The number of reviewed articles published up to August 15, 2020.

3. Results

and Canada (9%) have the highest proportion of articles. Other countries
account for less than 30% of the studies considered.
In this review, most SD models (77%) were developed to understand a
long-term perspective of water-related issues for decision-making support. More precisely, 23% of these long-term applications investigated
the dynamic behaviour of complex water resource systems for at least 50
years into the future to reﬂect delays within the system. For example,
Dhungel and Fiedler (2016) applied SD models to understand the longterm implications of continued growth in water demand on
groundwater-dominant water resources over a 150-year time period in
the Palouse region of the USA, with the aim of developing a tool for
sustainable water management. Sverdrup et al. (2020) developed an SD
model to investigate antibiotics pollution from medical and agricultural
uses at various nodes along the Volga River, Russia, over a 150-year
simulation to design strategic solutions for preventing antibiotics from
contaminating drinking water, rivers and soils. These studies indicate
that a long-term simulation is necessary to assess the long-term dynamic
behaviour of such systems and the impacts of future scenarios. In
contrast, only 14% and 9% of the reviewed studies focused on short-term
and mid-term planning for water resource systems, respectively.
Depending on data availability, research aims and the nature of the
problem, SD models were developed at different temporal frequencies
(hourly, daily, weekly, monthly or annually). Models focussing on shortterm operations used daily or hourly simulation time steps to model
hydrologic and chemical processes, such as the operation of pumps (Park
et al., 2017), nitrobenzene concentration in Songhua River (Zhang et al.,
2011) and ﬂood management (Ahmad and Simonovic, 2004). Models

Overview of reviewed articles
A total of 1053 relevant articles were initially identiﬁed from Scopus,
Web of Science and Google Scholar after merging and eliminating duplications. However, after checking the titles and assessing the abstracts,
884 of these articles did not speciﬁcally discuss the application of SD to
water resource management. The remaining 169 articles were then
examined in detail to evaluate the application of SD in the management
of complex water resource systems. These articles were published in 72
different journals, reﬂecting the trans-disciplinary interest in the application of SD for complex water resource systems. The majority were
published in ﬁve journals, including Water Resources Management (9%),
Journal of Environmental Management (9%), Water (8%), Journal of Cleaner
Production (7%) and Science of the Total Environment (5%). All other
journals were represented by ﬁve or fewer articles.
System dynamics modelling has evolved in the 1960s; it was ﬁrst
applied to water resource management in the late 1970s (Picardi and
Saeed, 1979). Subsequently, the number of research articles applying SD
to water resource management has grown substantially, especially after
2013 (Fig. 1). This popularity demonstrates that the use of the SD
modelling approach in the management of complex water resource systems is of increasing interest to researchers around the world.
The application of SD models in water resource management has
attracted diverse scholarly interest and attention around the globe. Most
studies have been conducted in Asia (57%) and North America (28%). In
contrast, few studies have been conducted in South America (2%).
Within Asia and North America, research articles have been conducted in
33 countries, of which China (35%), the United States (18%), Iran (10%)

focussing on long-term planning—such as reservoir operation (Morrison
and Stone, 2015; Jiang et al., 2020), integrated water management (Leal
Neto et al., 2006; Sun and Yang, 2019; Liu et al., 2020), evaluation of

Fig. 2. Research aims of the reviewed applications.

Critical Review of System Dynamics Modeling...

156

R. B. Rao et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017
Table 1
List of reviewed applications of SD modelling approach in water management in
the academic literature, published through to August 15, 2020. H: Hydrological
modelling, HS: Hydrological-Social modelling, HE: Hydrological-Economic modelling,
HEn: Hydrological-Environmental modelling, HSE: Hydrological-Social-Economic
modelling,
HSEn:
Hydrological-Social-Environmental
modelling;
HSEEn:
Hydrological-Social-Economic-Environmental modelling, SB: Scenario-based ap-

Table 1 (continued )
Research aims

proaches, OP: Optimisation-based approaches, SB&OP: Scenario and optimisationbased approaches, PR: Predictive only.
Research aims

Modelling
sub-systems

Decision
making
approaches

Reviewed studies

Drought
management
Integrated water
resource
management

HS
HSE
HSE
HSEEn

SB
SB&OP
SB
SB

Lee et al. (2012)
Gies et al. (2014)
Feng et al. (2008)
Leal Neto et al. (2006); Zhang
et al. (2014); Han et al.
(2017); Sun and Yang
(2019); Yang et al. (2019);
Zare et al. (2019);
Bakhshianlamouki et al.
(2020); Liu et al. (2020);
Ahmad and Simonovic
(2004); Simonovic and Li
(2004)
Ahmad and Simonovic
(2000); Li and Simonovic
(2002)
Turner et al. (2016a)
Bates et al. (2019)
Balali and Viaggi (2015)
Barati et al. (2019)
Hosseinzadeh Ghazichaki
and Monem (2019)
Tehrani et al. (2013);
Pluchinotta et al. (2018)
K. El-Gafy (2014); Feng et al.
(2017a); Gunda et al. (2018)
Saysel et al. (2002); Fernald
et al. (2010)
Turner et al. (2016b); Feng
et al. (2017b)
Ahmad and Simonovic
(2000); Morrison and Stone
(2015); Keith et al. (2017);
Stojkovic and Simonovic
(2019)
Jiang et al. (2020)
Sun et al. (2002);
Hedden-Nicely and Fiedler
(2017)
Gastélum et al. (2010)
Ghashghaie et al. (2014)
Jeong and Adamowski
(2016); Prouty et al. (2020)
Prouty et al. (2018)
Ganjidoost et al. (2018)
Zhang et al. (2016)
Qi and Chang (2011); Wang
and Davies (2018)
Faust et al. (2017)
Aivazidou et al. (2018); Baki
et al. (2018); Gonzales and
Ajami (2017); Aivazidou
et al. (2018); Baki et al.
(2018); Park and Lee (2019);
Sahin et al. (2017a)
Gonzales and Ajami (2017)
Xiao-jun et al. (2015); Ma
et al. (2020)
Gonzales and Ajami (2017);
Wang et al. (2019)
Zhang et al. (2011); Hallas
et al. (2020); Wood and
Shelley (1999); Xuan et al.
(2010); Xuan et al. (2012);

Flood
management

H

SB

PR

Groundwater
management
Irrigation water
management

Reservoir
operation
management

Wastewater
management

Water demand
management

Water quality
management

HSE
H
HSE
HSEn
H

SB&OP
PR
SB
SB
SB

HS

SB

HSE

SB

HSEn

SB

HSEEn

PR

H

SB

HEn
HS

SB
SB

HSE
HSEn
HS

SB&OP
SB
SB

HSEn
HSE
HSEEn
HS

SB
SB
SB
SB

HE
HSE

OP
SB

HSEn

PR
SB

HSEEn

SB

H

SB

Water supply
management

Modelling
sub-systems

Decision
making
approaches

HS

SB

HE
HEn

SB
SB
PR

HSEn

SB

HSEEn
H

PR
SB
SB
PR

HEn
HS

SB
SB

HE

SB&OP

HSE

SB

SB&OP
HSEn
HSEEn

SB
SB

OP
SB&OP
Water supply and
demand
management

HS

SB

HE

SB&OP

HSE

SB

HSEn

SB&OP
SB

Reviewed studies

Wang et al. (2016); Sverdrup
et al. (2020)
Kuai et al. (2015);
Hassanzadeh et al. (2019);
Bradford et al. (2020)
Bier (2010)
Sverdrup et al. (2020)
Wood and Shelley (1999);
Xuan et al. (2010); Xuan et al.
(2012)
Kato (2005); Mirchi and
Watkins Jr (2013); Liu et al.
(2015); Zhu et al. (2015);
Bertone et al. (2019);
Nazari-Sharabian et al.
(2019)
Kato (2005)
Berry et al. (2017)
Dawadi and Ahmad (2012)
Sehlke and Jacobson (2005);
Rusuli et al. (2016)
Chu et al. (2010)
Picardi and Saeed (1979);
Hoekema and Sridhar (2013);
Ravar et al. (2020)
Crookes (2018); Xu et al.
(2020)
Rehan et al. (2015); Park
et al. (2017); De Stercke et al.
(2018); Babamiri et al.
(2020); Fernandes et al.
(2020); Rubio-Martin et al.
(2020)
Sahin et al. (2017c);
Gastelum et al. (2018)
Li et al. (2019a)
Chung et al. (2008); Gohari
et al. (2013); Gohari et al.
(2017)
Dutta Roy et al. (2011)
Nasiri et al. (2013); Niazi
et al. (2014)
Stave (2003); Liu et al.
(2009); Qaiser et al. (2011);
Sušnik et al. (2012); Dawadi
and Ahmad (2013); Wu et al.
(2013); Li et al. (2015); Xi
and Poh (2015); Dhungel and
Fiedler (2016); Kotir et al.
(2016); Zarghami et al.
(2016); Alifujiang et al.
(2017); Dai et al. (2017);
Sahin et al. (2017b); Phan
et al. (2018); Qin et al.
(2018); Huang et al. (2019);
Li et al. (2019b); Silva and
TeiXeira (2019); Joshi et al.
(2020); Nguyen et al. (2020)
Gao and Liu (1997); Tsai
et al. (2019)
Yang et al. (2008); Zarghami
and Akbariyeh (2012);
Sušnik et al. (2013); Wang
et al. (2014b); Yang et al.
(2015b); Yue et al. (2015);
Sahin et al. (2016);
Duran-Encalada et al. (2017);
Mokhtar and Aram (2017);
de Araujo et al. (2019); Dou
et al. (2019); Chen and Chen
(2020); Karimlou et al.
(2020); Li et al. (2020)
Scarborough et al. (2015)
(continued on next page)
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(Simonovic, 2009; Mirchi et al., 2012). Importantly, these models
assist decision-makers in better understanding the hydrological, environmental, social and economic feedback structure as well as long-term
behaviour patterns and interactions (Zare et al., 2019). In addition,
these integrated feedback models are necessary for sustainable water
resource management and planning because they facilitate testing and
the selection of potential plans and policies under climate change and
socio-economic stressors (Gohari et al., 2017; Sahin et al., 2017a). As a
result, the integration between three or more sub-systems is increasingly
widely applied among scholars for water-related management, appearing
in 62% of reviewed applications (Fig. 3). However, SD was also applied
to only one sub-system, such as the hydrological (13%), or two

Table 1 (continued )
Research aims

Modelling
sub-systems

HSEEn

Decision
making
approaches

SB&OP
SB

OP
SB&OP

Reviewed studies

Langsdale et al. (2007);
Nikolic et al. (2013); Zhuang
and Zhang (2015); Zeng et al.
(2016); Chen et al. (2017);
Huang and Yin (2017); Wang
et al. (2018b); Ahmadi and
Zarghami (2019); Dong et al.
(2019); Li et al. (2019c); Liao
et al. (2020)
Li et al. (2018a)
Guo et al. (2001); Simonovic
and Rajasekaram (2004);
Tidwell et al. (2004); Zhang
et al. (2008); Wang et al.
(2011); Wei et al. (2012);
Wang et al. (2014a); Wang
et al. (2014c); Xie et al.
(2014); Chang et al. (2015);
Yang et al. (2015a); Pienaar
et al. (2017); Sun et al.
(2017); Wang et al. (2017);
Jiang et al. (2018); Wang
et al. (2018a); Cui et al.
(2019); Su et al. (2019); Dai
et al. (2020); Tian et al.
(2020); Yin et al. (2020)
Li et al. (2018b)
Wei et al. (2020)

sub-systems, such as the
hydrological-economic (4%).

hydrological-social

(21%)

and

Hydrological models
Hydrological modelling mainly focussed on hydrological processes
and performance for a catchment but without linking to economic,
environmental or social sub-systems. This type of SD model is developed
to understand the future behaviour of the hydrological system, which can
be used as a basis for tactical decisions (Mirchi et al., 2012). Hydrological
modelling has been applied to a range of different water-related problems, including reservoir operation (Ahmad and Simonovic, 2000; Keith
et al., 2017), ﬂood management (Li and Simonovic, 2002; Ahmad and
Simonovic, 2015), water supply management (Sehlke and Jacobson,
2005; Rusuli et al., 2016), groundwater management (Bates et al., 2019)
and water quality management (Hallas et al., 2020).
Hydrological-environmental models
Hydrological-environmental SD modelling was developed to understand the interactions between ecosystems and hydrological cycles at
different spatio-temporal scales. Most environmental hydrology studies
reviewed focussed on the relationships between environmental ﬂows and
water quality management in the water resource system, such as nitrogen
removal (Xuan et al., 2010), metal pollution in constructed wetlands
(Wood and Shelley, 1999) and antibiotics pollution in the Volga River
(Sverdrup et al., 2020). Environmental hydrological modelling also investigates the interactions between hydrological cycles and other organisms and water environment preservation. For example, Jiang et al.
(2020) developed an SD model to understand the impacts of reservoir
operation on ﬁsh habitats, sediment ﬂushing and landslide stability. In
addition, Chu et al. (2010) adopted an SD modelling approach to analyse
the relationship between water supply, ﬂood detention and healthy
water environment in artiﬁcial lakes in Taiwan.

infrastructure development (Sahin et al., 2016; Pienaar et al., 2017) and
the impacts of climate change and socio-economic stressors on water
resources (Wang et al., 2014c; Wang and Davies, 2018; Nazari-Sharabian
et al., 2019)—used monthly or annual time steps.
Research aims
The reviewed applications encompassed a wide range of water
management or research aims (Fig. 2), with 11 water research domains
identiﬁed across the 169 reviewed publications (Table 1). Water supply
and demand management was the major concern studies addressed
(43%), followed by water supply management (14%), water quality
(11%), water demand management (7%), irrigation water management
(6%), reservoir operation management (5%) and integrated water management (5%). The remaining research aims account for 9% of the
reviewed studies.

Social-hydrological models
Social-hydrological modelling was developed to understand the relationships between hydrological processes and human impacts on water
resources. Hydrological and social sub-systems are strongly related; thus,
decisions that impact the hydrological cycle also impact people and vice

Modelling sub-systems
The SD modelling approaches can integrate different sub-systems to
pave the way for a more holistic approach to strategic decision-making

Fig. 3. Modelling sub-systems for water resource management.
H: Hydrological modelling, S: Social modelling, E: Economic modelling, En: Environmental modelling.
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Fig. 4. SD models for different types of decision support in water resource management. OB: Optimisation-based approaches, SB: Scenario-based approaches, OP&SB:
Optimisation- and scenario-based approaches, PR: Predictive only.

versa (Blair and Buytaert, 2016). These interactions between hydrological and social processes are nonlinear and occur on different temporal
and spatial scales. For example, people build water infrastructures such

results of scenarios, often contrasting current conditions with one or
more changes to conditions. These changes may be physical, such as
changes in temperature, precipitation and sea level resulting from
climate change projections (Sušnik et al., 2013; K. El-Gafy, 2014), the
building of a water storage dam or other infrastructure (Scarborough
et al., 2015) or water saving technology (Baki et al., 2018). These
changes may also be institutional, such as the development of markets to
trade water from one place to another (Gastélum et al., 2010; de Araujo
et al., 2019) or water price mechanisms to adjust water demand (Park
and Lee, 2019; Babamiri et al., 2020)
A wide range of economic factors were considered, including water
price (Bier, 2010; Sahin et al., 2017a; Wang et al., 2018a), water trade (K.
El-Gafy, 2014), costs and revenue in agricultural production (Gunda
et al., 2018; Bakhshianlamouki et al., 2020) and wastewater treatment
costs (Pienaar et al., 2017). In addition, researchers have used SD models
to incorporate economic tools to optimise potential options in terms of
costs and effectiveness, as in Crookes (2018) study on desalination plants
and dam construction in Cape Town, South Africa, and Faust et al. (2017)
research into water infrastructure in the United States.

as reservoirs, water treatment plants and water transfer projects that—whilst improving water supply for a community with related social
beneﬁts—could signiﬁcantly change the hydrological processes of a
catchment. As a result, these hydrological changes will affect the water
supply for human (Sivapalan, 2015).
Traditional models have mainly focussed on hydrological systems for
decision-making support without considering social interactions within
water resource systems, and they are not capable of simulating the nonlinear dynamics and feedback between these interactions (Zomorodian
et al., 2018). However, an SD-based socio-hydrological model presents a
useful methodology for decision-makers to understand the process and
general trends of socio-hydrological systems and identify the root causes
of problems, thereby contributing to the implementation of integrated
water resource management (Jeong and Adamowski, 2016). For this
reason, this modelling type has been increasingly widely applied to
capture the dynamic behaviour of coupled human-water systems for a
range of water research aims in recent decades. However, water supply
and demand management were mostly applied by this SD modelling type
(Dai et al., 2017; Sahin et al., 2017b; Phan et al., 2018) to capture the
dynamics emerging from the interactions and feedback between water
resources and social processes. More speciﬁcally, SD models have
considered the impact of population growth (Dawadi and Ahmad, 2013;
Dhungel and Fiedler, 2016) and changes in agricultural and industrial
production (Nazari-Sharabian et al., 2019; Chen and Chen, 2020) on
water quantity and quality.

Fully integrated models
Water resources decision-making should be based on a holistic view
of existing problems because of the multitude of complex, interlinked
socio-economic and bio-physical sub-systems within watershed systems
(Gohari et al., 2013). The recognition of various feedback mechanisms
within a water resource system driven by distinct sub-systems is important for appropriate quantitative and/or qualitative projection of longrun behaviour, providing a basis for quantitative simulation to examine
different policies. This integration has been well-recognised and is being
increasingly applied in various water-related domains (Fig. 3).
In this review, 25% of the reviewed articles incorporated four
different components into one framework to understand their interactions and feedback for integrated water management and planning,
such as evaluation of water-carrying capacity in different planning and
development schemes (Zhang et al., 2014; Liu et al., 2020), environmenteconomy-society relationships for sustainable development (Han et al.,
2017), and water environment and environmental degrada- tion (Leal
Neto et al., 2006). In addition, 37% of reviewed applications considered
three sub-systems for water-related issues. Hydrological, so- cial and
economic sub-systems were largely considered for integrated water
management, such as optimisation of urban water security regu- lation
schemes driven by different industrial development patterns (Dou et al.,
2019) and evaluation of benchmarking performance indicators (e.g.
infrastructure, social and ﬁnancial) on sustainable long-term management of water distribution and wastewater collection networks
(Ganjidoost et al., 2018). In addition, two sub-systems—such as
hydrological-social sub-systems (21%), hydrological-environmental subsystems (4%) and hydrological-economic sub-systems (4%)—were
considered in SD models to understand water demand for both humans
and the environment or ecology; these models addressed issues such as
alleviation of water shortages for ecological and domestic water demands

Hydro-economic models
Hydro-economic modelling was developed to understand the dynamic interactions between hydrological and economic sub-systems and
to evaluate potential economical options and their outcomes in terms of
providing policy insights and revealing opportunities for better management of water-related issues (Harou et al., 2009). These hydroeconomic models vary in their modelling approaches to include
hydrology models with strong economic analysis incorporating costeffectiveness or beneﬁt analysis (Scarborough et al., 2015; Crookes, 2018;
Xu et al., 2020) and weak economic analysis with economic tools such as
water price (Yue et al., 2015; De Stercke et al., 2018; Park and Lee, 2019).
However, most of these studies (80%) focussed mainly on hydrological
models with weak economic analysis; they accomplished this by
incorporating economic tools into the SD models or coupling external
economic valuations to simulate and/or optimise management measures
of water-related issues.
These models tend to emphasise water allocation and infrastructure
development (Turner et al., 2016a; Sahin et al., 2017b), agricultural
production (Feng et al., 2017a; Gunda et al., 2018), economic development (Feng et al., 2008), wastewater treatment (Yang et al., 2008; Zarghami and Akbariyeh, 2012) and markets and proﬁts (Bier, 2010).
Potential solutions were generally identiﬁed by comparing simulated
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Fig. 5. Validation and veriﬁcation methods for water resource system dynamics models. DST: Direct structure tests, SBT: structure-behaviour tests, BT: Behaviour-pattern
tests, ND: Not discussed.

as well as agricultural and industrial production due to climate change
and population growth (Huang and Yin, 2017). These integrated models
help decision-makers to understand the impacts of a range of factors on
water resource systems, from climate change to population growth,
economic growth, management costs and beneﬁts, and changes in agricultural and industrial production.

behaviour-pattern tests (51%) as well as behaviour-pattern tests only
(26%) was most often applied by researchers and modellers to validate
and verify their SD models. Some studies (15%) also combined three
different methods. However, in 12% of the reviewed papers, the SD
model validation was not discussed at all. This omission may reﬂect the
fact that many reviewed cases presented models that were purely conceptual rather than operational, which may be due to a lack of required
historical data.
Thirty-nine reviewed papers applied direct structure tests to ensure
model structure complying with natural laws and a truthful description of
the investigated water system (Barlas, 1996). These tests were conducted
by comparing the causal and mathematical relationships between variables with available knowledge on the real system, such as checking both
the model structure and dimensional consistency (e.g. Crookes, 2018) or
mathematical equations and variable values (e.g. Wang et al., 2019).
Building CLDs is considered an important phase for improving understanding of complex water resource systems (Mirchi et al., 2012). However, in this review, only 76 articles (45%) developed CLDs, and only
three studies (Ghashghaie et al., 2014; Gohari et al., 2017; Zare et al.,
2019) identiﬁed systems archetypes to understand the generic systems
structure of water resource systems.
Two common methods for structure-behaviour tests applied by researchers in this review were sensitivity analysis and extreme condition
tests. Most authors conducted sensitivity analysis by changing values
(e.g. 5%, 10%) for several variables to test the structure behaviour of the
models (e.g. Phan et al., 2018; Cui et al., 2019; Huang et al., 2019; Yang
et al., 2019). The Monte Carlo sensitivity analysis was also conducted by
estimating the 50%, 75% and 95% conﬁdence intervals to understand the
dynamic behaviour of the studied systems (e.g. Zhang et al., 2014; Baki
et al., 2018; Ma et al., 2020). EXtreme condition tests were conducted by
assigning extreme values of selected variables and comparing simulated
behaviour to anticipated behaviour for the water resource systems (e.g.
Gohari et al., 2013; Prouty et al., 2018).
The majority of the studies reviewed applied behaviour-pattern tests
(82%) to validate SD models for water resource systems. Several statistical methods, including the root mean square error (e.g. Dawadi and
Ahmad, 2012; Hallas et al., 2020), mean of the relative error (e.g. Dai
et al., 2017; Cui et al., 2019) and the correlation coefﬁcient (e.g. Li and
Simonovic, 2002; Faust et al., 2017) were commonly used to compare the
behaviour patterns between observed data and simulated data.
In addition to these validation methods, the validity of the SD models
was also veriﬁed by stakeholders. Stakeholders participating in model
validation can enhance understanding and build trust in the results of
models, thereby strengthening decision-making support (Mirchi et al.,
2012); despite this, there were only nine studies (5%) which involved
stakeholders in validating the applications of SD models in water
resource management (e.g. Sušnik et al., 2012; Sahin et al., 2016; Phan
et al., 2018; Bertone et al., 2019).

Decision-support modelling approaches
SD models were developed to assist decision-makers to simulate and/
or optimise potential measures for water related problems under
different plausible scenarios through answering ‘what if’ and/or ‘which is
best’ questions. In this review, scenario-based approaches were most
commonly used to simulate the dynamic behaviour of water resource
systems under different scenarios or measures, accounting for 82% of the
reviewed studies (Fig. 4). Optimisation-based methods were also applied
to optimise potential measures (2%). About 7% of the reviewed articles
were developed for predictive modelling only (Fig. 4).
Only seven (e.g. Sahin et al., 2017c; Crookes, 2018; Wei et al., 2020)
of these optimisation-based studies incorporated economic tools into the
SD models to optimise potential management options. Other studies
coupled SD models with external economic valuations to optimise the
selection of water management measures, including fuzzy optimisation
for optimal interventions (Gao and Liu, 1997), an inexact fuzzyparameter two-stage programming model for water use structure (Li et
al., 2018a) and the non-dominated sorting genetic algorithm for optimal
reservoir operation (Tsai et al., 2019).
Model validation and veriﬁcation
In the reviewed articles, direct structure tests, structure-behaviour
tests, behaviour-pattern tests, and combinations of these were applied
to validate SD models (Fig. 5). Structure tests and behaviour-pattern tests
are two main classes of tests, usually applied to assess the validity and
usefulness of SD models (Barlas, 1996; Sterman, 2000). Structure tests
include direct structure tests (e.g. structure and parameter conﬁrmation
and dimensional consistency) and structure-behaviour tests (e.g. behaviour sensitivity and extreme conditions), which are used to determine
how well the structure of the model matches the structure of reality and
to uncover potential structural ﬂaws (Barlas, 1996). Behaviour-pattern
tests determine how consistently and accurately model outputs match
real-world behaviour; this type of test can either be based on available
time-series data or the correlation of mental models with established
reference modes (Sterman, 2000). In addition to these tests, validation
and veriﬁcation of SD models can be undertaken by consultation with a
range of experts and stakeholders throughout model development
processes.
Of the reviewed articles, a combination of structure-behaviour and
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water supply sources for the Shiraz plain in Iran (Ahmadi and Zarghami,
2019). Streamﬂow was also predicted to decrease by 3% until 2035,
signiﬁcantly affecting water supply in the Colorado River basin in the
USA (Dawadi and Ahmad, 2012).
System dynamics software
A wide range of SD software packages was found to be used for
constructing CLDs and stock and ﬂow diagrams and to capture the
feedback for water resource systems, with 11 software packages used
across the reviewed papers. Vensim was the most commonly used
package, appearing in 57% of the reviewed studies, followed by STELLA
(24%). These two software packages were commonly used because they
have friendly graphical user interfaces and data management systems to
input, manage and display graphics and tables through animation and
controls. Other software packages such as Powersim, Dynamo, iThink,
Anylogic, Goldsim, NetLogo and Simile were also used. Matlab (Sun and
Yang, 2019) and Microsoft EXcel (Bates et al., 2019) were also used to
understand dynamic behaviour. However, 25 reviewed studies did not
indicate which software was used for their research.
Integration of system dynamics models with other modelling tools
In this review, 20 of the 169 reviewed articles integrated SD models
with other modelling tools to assess and manage water-related issues.
Optimisation models (Gao and Liu, 1997; Li et al., 2018b) were coupled
with SD models to optimise the potential management options for the
water resource system under multiple stressors. Hydrological models
(Simonovic and Li, 2004; Liu et al., 2009; Gies et al., 2014) were developed
to understand the river ﬂows that were used to calibrate the SD models.
Agent-based models (Faust et al., 2017; Han et al., 2017) were combined
with SD models to understand the multiple interactions from different
entities (e.g. environment, economy and society) related to water resource
management. General circulation models (Zarghami et al., 2016) were
used to investigate the possible impacts of climate change on runoff.
Bayesian networks (Wang et al., 2016; Bertone et al., 2019) were also
coupled with SD models to simulate and diagnose water quality.
Integration with Geographic Information System (GIS) tools is one of
the most promising approaches to analysing spatial temporal characteristics of a water resource system. The SD model is especially useful for
temporal modelling with a limited capacity for spatial representation, but
GIS is useful for spatial modelling with a limited capacity for temporal
representation (Ahmad and Simonovic, 2015). However, in this review
only three of the reviewed studies explored links between SD models and
spatial data to understand spatial and temporal changes in water resource
systems. For example, Ahmad and Simonovic (2015) combined the SD
model with GIS to model the spatial and temporal dynamics of ﬂood risk
in Red River, Canada. Similarly, Zhang et al. (2011) constructed a conceptual GIS-SD framework to simulate the temporal-spatial changes of
pollutant concentration in Songhua River, China.
A simulation game theory in SD models is also a useful policy tool to
model economic, political, biological and social situations in water
resource management. For example, Bier (2010) developed a simulation
game in SD modelling to help relevant stakeholders understand the
structure, dynamics, beneﬁts and drawbacks of thermal water quality
trading markets. The integration also allows exploring potential market
dynamics under different scenarios and policy designs, thereby
enhancing understanding of potential uncertainties and their consequences in water quality trading.

Fig. 6. Scenarios and measures considered in the scenario-based approaches in
the reviewed studies. IS: Institutional and social scenarios or measures, TE: Technological and engineered scenarios or measures, EB: Ecosystem-based scenarios
or measures.

Policy evaluation and climate change considerations
A total of 153 reviewed studies (90%) incorporated scenarios or
measures into their SD models to understand the dynamic behaviour of
complex water resource systems (Fig. 6). About 64% of these 153 studies
considered institutional and social scenarios or measures, while 52%
considered technological and engineered scenarios or measures and 15%
evaluated ecosystem-based scenarios or measures for complex water
resource systems (Fig. 6). About 29% of these 153 reviewed applications
considered more than two scenario or measure categories. For example,
two studies (1%) evaluated all three categories of scenarios or measures,
and 40 studies (28%) in total considered two categories of scenarios or
measures for water resource management (Fig. 6).
Although water resource management faces considerable challenges
associated with climate change, only 59 studies (35%) were explicitly
designed to explore the potential impacts of climate change on the water
resource systems. The research aims of these studies addressed water
supply and demand management (e.g. Sahin et al., 2017b; Yin et al.,
2020), irrigation water management (e.g. K. El-Gafy, 2014; Alifujiang
et al., 2017; Gunda et al., 2018), reservoir operation (e.g. Keith et al.,
2017; Stojkovic and Simonovic, 2019) and water quality management
(e.g. Prouty et al., 2020). In addition, climate change impacts, such as the
impacts of sea level rise on coastal freshwater systems through salinity
intrusion (e.g. Nguyen et al., 2020), of declined precipitation and
increased temperature on river discharge and evaporation (e.g. Hoekema
and Sridhar, 2013; Gunda et al., 2018), and of severe drought events on
water supply systems (e.g. Li et al., 2015; Rubio-Martin et al., 2020) were
considered in reviewed studies,. These studies highlighted that climate
change (e.g. sea level rise, altered precipitation) has increased the frequency of extreme events and changed temporal and spatial availability
of water resources in different regions. For example, the combined effects
of sea level rise and upstream ﬂow decline have caused high levels of
salinity intrusion along estuaries in the Da Do basin in Vietnam (Phan
et al., 2018). In addition, both precipitation and groundwater level have
faced signiﬁcant decreases over the last two decades, greatly affecting the
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4. Discussion and conclusions
Findings and gaps in SD applications to water resource management
A comprehensive literature review on the application of SD modelling
on water resource management was performed to identify the
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application's trend, gap and modelling capacity. This review found that
SD modelling has been widely and increasingly applied in the management of water resource systems with many aims. These include understanding the dynamic behaviour of the systems, predicting the current
and future changes of systems under different scenarios, evaluating the
performance of management measures, conducting trade-off analysis for
selecting an optimal management measure, and informing and supporting decision-making.
A broad range of water research aims and interlinked sub-systems
indicates that SD has the capacity to be applied to an incredibly wide
variety of water-related problems. However, water supply and/or demand management, water quality management and irrigation management are the domains upon which the majority of SD models currently
focus. In contrast, groundwater management is less frequently considered by scholars. Groundwater is one of the most important and vital
resources for agriculture, urban areas, industry, and ecosystems, but this
resource is increasingly threatened by increasing water demand, pollution and climate change (Bates et al., 2019). Nonetheless, only three
studies mainly focussed on groundwater management. Modelling and
simulating groundwater is challenging because it is difﬁcult to map,
quantify and evaluate or to predict its future availability given changes in
precipitation (Balali and Viaggi, 2015; Barati et al., 2019).
A wide range of scenarios or management measures—encompassing
engineering and technological measures, institutional and social measures and ecosystem-based measures—can be incorporated into the SD
models to help decision-makers understand dynamic behaviour and
evaluate the effectiveness of these measures for water resource management. Institutional and social scenarios or measures (40%) were
found to be the most frequently assessed category of management measure; this could be due to the fact that this category includes a range of
scenarios or measures, such as water pricing (e.g. Ahmad and Simonovic,
2015; Park and Lee, 2019), socio-economic development (e.g. Nasiri
et al., 2013; Balali and Viaggi, 2015; Baki et al., 2018), operating rules of
reservoirs (e.g. Chu et al., 2010) and climate change scenarios (e.g. Keith
et al., 2017; Phan et al., 2018; Prouty et al., 2020). It was also observed
that the performance of institutional and social measures was more often
evaluated by scenario-based models rather than by optimisation-based
models. However, the performance of technological and engineering
scenarios or measures was mainly evaluated by optimisation models.
This may be because it could be much more straightforward to estimate
implementation costs for engineered and technical measures, such as the
construction of desalination plants (e.g. Turner et al., 2016a; Crookes,
2018) and rainwater tanks (e.g. Gies et al., 2014; Wei et al., 2020), than
to estimate societal costs arising from institutional and social measures,
such as water right transfers (Gastélum et al., 2010).
This review also found that different sub-systems (e.g. hydrological,
social, economic and environmental) were incorporated into the SD applications to understand their interactions in water resource systems.
However, mainly three different sub-systems (37%) were combined,
followed by two different components (28%) and four different components (25%). The different sub-systems incorporated into one modelling
framework are necessary for sustainable water resource management and
planning because they both 1) capture various elements and 2) better
understand the feedback structure and long-term behaviour patterns
driven by these sub-systems, thereby assisting decision-makers to test
and select appropriate plans and policies under climate change and socioeconomic stressors. That said, the different sub-systems incorporated into
SD application add more complexity and uncertainty to the modelling
systems. As a result, 12% of reviewed articles involved SD models
coupled with other modelling tools with respect to the management of
complex and uncertain water systems (Ahmad and Simonovic, 2004;
Faust et al., 2017; Li et al., 2018a; Nazari-Sharabian et al., 2019),
improving the capacity of dealing with space and time in complex systems and describing complex interactions among system understanding
(Kelly et al., 2013).
SD modelling has proven an effective tool for promoting shared vision
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planning, participatory modelling and common learning opportunities
for diverse groups of relevant stakeholders and decision-makers (Langsdale et al., 2007). However, it is surprising that only 14% of the reviewed
studies co-developed SD models with relevant stakeholders for waterrelated issues, and most of these studies were integrated water modelling
approaches with three or more sub-systems (e.g. Turner et al., 2016b;
Sahin et al., 2017c; Karimlou et al., 2020). Integrated and dy- namic water
modelling can strengthen the impact of its work by improving
collaboration with a range of local experts and practitioners (Harou et al.,
2009; Mirchi and Watkins Jr, 2013; Kotir et al., 2016). The participatory
modelling approach can increase understanding of the scope and
complexity of the problem as well as deepen consensus on and trust of
model results and proposed policies (Stave, 2003; Tidwell et al., 2004).
A major ﬁnding in this review is that researchers have not utilised the
full capacity of qualitative tools and thinking phases in SD modelling.
Similar to any modelling technique, SD modelling should start with the
essential steps of two modelling phases: qualitative and quantitative
(Sterman, 2000; Zare et al., 2019). The end goal of the ﬁrst phase is to
develop conceptual models (e.g. CLDs and system archetypes) that
visualise dynamic interactions of variables in the system and gains
further insights into system behaviours. The end goal of the second phase
is to formulate a model that simulates the dynamic interactions among
key variables identiﬁed in the ﬁrst phase for the system. The conceptual
model development in the ﬁrst phase are critically important tools for
improving understanding of multiple interactions in complex water
resource systems and enhancing the accuracy of the simulation models
(Mirchi et al., 2012). Particularly, Zare et al. (2019) applied a series of
conceptual modelling techniques to support integrated water assessment
in the Gorganroud-Gharesu Basin, arguing that conceptual model
development provided insight into the problem boundaries and model
structure, thereby furnishing basic knowledge to develop quantitative
models. In addition, Sušnik et al. (2012) applied both phases of SD applications for the Kairouan region, stating that the development of
qualitative conceptual models have assisted in understanding the causal
processes in a system, leading to a basic model structure and reﬂecting
the desired level of detail and complexity of the system, thereby supporting the decision-making process. Coyle (1999) also indicated that
conceptual model development is an important step in the model structure optimisation process, which is modiﬁed and improved iteratively
through changing variables and assessing causal relationships in the
studied system. However, only 40% of reviewed articles developed CLDs,
and only three studies (Ghashghaie et al., 2014; Gohari et al., 2017; Zare
et al., 2019) identiﬁed system archetypes to fully understand the interactions between variables in the studied systems.
Another important ﬁnding from this review is that SD models were
mostly applied for scenario-based approaches (82%) to help decisionmakers or modellers understand the dynamic behaviour of water
resource systems and answer the question ‘what if?’ by evaluating the
effectiveness of management measures in different scenarios.
Optimisation-based approaches (2%) were also applied but less
frequently. The outcome of optimisation models was designed to help
decision-makers understand water-related systems and answer the
question ‘what is best?’ by conducting trade-off analysis to identify the
optimal management options with/without exploring different scenarios.
The less frequent application of optimisation models may be driven by
implementation constraints and complexity in quantifying the costs and
economic effects of management options, particularly institutional and
social measures.
Calibrating and validating integrated water systems with high levels
of complexity and uncertainty is challenging because of discrepancies
between the scales of sub-systems and limited data for all variables; this is
an issue particularly when social, economic and political sub-systems are
included as they are far more difﬁcult to predict than physically based
sub-systems (Blair and Buytaert, 2016). Therefore, more than one testing
method (62%) was applied to evaluate the validity of the model structure
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and accuracy of a behaviour's pattern. However, model validation was
not conducted in about 12% of the reviewed studies, and 52% of these
non-validated models featured integrated modelling approaches with
three or more sub-systems in the SD models (e.g. Dutta Roy et al., 2011;
Balali and Viaggi, 2015; Babamiri et al., 2020). In addition, almost all
reviewed articles validated only one or two key variables in the SD
models of complex water resource systems to ensure that the models
reﬂected the real conditions and processes in the studied systems (e.g.
Chang et al., 2015; Berry et al., 2017). This implies that modellers faced
difﬁculties in the data collection for all variables of the complex water
systems driven by multiple interactions from climatic and non-climatic
changes.
The optimisation approaches for both calibrating the model structure
and policy design are rarely applied in the current applications of SD
models in water resource management. Simulation and optimisation in
SD applications are complementary approaches to enhance the performance of the model as well as identify the robust policies for the system
(Coyle, 1999; Duggan, 2008). Especially, the optimisation process helps
identify the best combination of parameter values, based on a speciﬁc
objective function through repeated simulation, where sets of parameters
are passed through the optimizer, and then the payoff function value will
be achieved, thereby evolving simultaneously both the system structure
and its parameter values (Duggan, 2008; Chen et al., 2011). Several
optimisation algorithms (e.g. Wolfe-Powell method, The Steepest descent
method) have been used to optimise the model structure and policy in SD
modelling approaches. These methods aim to determine a set of optimal
parameter values and optimise the objective function (Chen et al., 2011).
Although the existing optimisation approaches have ability to adjust to
include several nonlinear systems in parallel or series with different
constraints, they have inability to deal with the stochastic patterns of
system parameters (Zomorodian et al., 2018) or difﬁculty to search
optimal solutions and deﬁne objective functions (Coyle, 1999). Recently,
several evolutionary algorithms (e.g. genetic machine-learning approaches) have been applied to enable decision makers to vary policy
equation structures in beer games by agent-oriented SD models (Duggan,
2008), and to optimise both the system structure and its parameter values
in World Dynamics model by neural networks-based SD models (Chen
et al., 2011). These evolutionary algorithms would be a useful direction
for examining both simulation and optimisation processes in SD applications – a current issue for SD modellers in the management of complex
water systems.

dealing with uncertainties and spatial dynamics in water resource systems, especially under the drivers of climate change impacts, because SD
is not well suited to incorporating the qualitative perspectives which
these uncertainties often derive from (Kelly et al., 2013). To deal with
uncertainty in climate change impacts, several modellers have developed
plausible scenarios in a different range of values, as well as conducting
sensitivity analysis to produce a broader range of reasonable modelling
results and to reveal parameters or model components with the greatest
effects on the outcomes. For example, Gohari et al. (2017) developed
three different climate change scenarios based on 25%, 50% and 75%
probability percentiles under A2 and B1 emission scenarios, comparing
the effectiveness and ﬂexibility of different policies and indicating that
these three scenario ranges help to deal with uncertainty in climate
change assessment. In addition, Kotir et al. (2016) conducted a sensitivity
analysis by individually offsetting 10% of key variables to evaluate
how changes in uncertain parameters affected model behaviour and to
systematically minimise the potential inﬂuence of uncertainties in the
model output.
Development of a SD modelling framework for complex water resource
systems
All of these limitations point to the fact that developing fully integrated water resource models remains a challenging task that requires
multi-disciplinary skills and knowledge, data and participatory approaches that can deal with all factors and feedback in complicated water
resource systems. Although the SD method has proven to have the capacity to model multidisciplinary problems, this alone would be unable
to capture the high level of uncertainty and dynamic complexities in
water resource systems (Zomorodian et al., 2018; Zare et al., 2019). In
addition, a single modeller would not have comprehensive knowledge for
developing an integrated SD model that covers all factors and feedback in
complex and uncertain water resource systems. Thus, an integrated
modelling framework, such as the integration of SD with GIS or Bayesian
networks, is required to compensate for these deﬁciencies; capture dynamic feedback processes in time and space (Ahmad and Simonovic,
2015). It is also necessary to intensively engage relevant stakeholders,
including hydrologists, social scientists, and economics and environmental experts as well as other relevant experts to integrate multidisciplinary perspectives for developing conceptual models, and
understanding and reducing uncertainties in water resource systems
under climatic and non-climatic changes. Particularly, the multidisciplinary knowledge assists in assessing causal and feedback
relationships from different components in the system, and validating the
models for the complex water systems.
The integration of SD with the other modelling tools found in this
review has some advantages in dealing with complex and uncertain
water systems. For example, Ahmad and Simonovic (2015) indicated that
coupling SD with hydrodynamic models provides powerful tools for
understanding the dynamic characteristics of ﬂood risks and their spatial
variability, thereby enhancing the modelling capabilities of river ﬂood
risk management. Xi and Poh (2015) also suggested that a combined SD
and analytic hierarchy process method helped decision-makers to
quantify the priorities of various development plans for integrated water
resource system in Singapore. Xu et al. (2020) proposed an integrated
model combining a bi-objective mathematical model with the SD method
to balance a trade-off between the risk of an increasing future supplydemand imbalance and current water adequacy, thereby identi- fying a
sustainable planning period. Li et al. (2018b) also argued that a hybrid SD
and optimisation approach provides a strong reference for decisionmakers to optimise water allocation by weighing the cost of the water
system, the water distribution target and system risk. In addition,
Bertone et al. (2019) indicated that coupling SD modelling with Bayesian
networks can help deal with uncertainties, missing data and non-linear
behaviours for sustainable long-term water resources management
under uncertain conditions.

Challenges and limitations of system dynamics applications for water
resource systems
Although SD models have proven an effective modelling tool for a
range of sub-systems, expansion of system boundaries to include hydrological, social, economic and environmental sub-systems introduces
more complexity than when each system is considered separately. This
complexity is typically driven by different time and spatial scales and
multiple interactions among the factors of various sub-systems. Therefore, modellers faced difﬁculties in the development of conceptual
models, calibration and validation of a complex water resource system - a
result of discrepancies between scales and complexity. As a result, this
review found that most of reviewed studies that included CLDs were
rarely considered for four sub-systems, especially for the systems that
include cultural or political sub-systems because cultural or political
variables cannot easily be conceptualised in both qualitative and quantitative aspects.
A high level of uncertainty and dynamic complexities due to nonlinearities, feedback and delays are inherent in water resource management systems, which create challenges for decision-makers. In addition,
water resource systems have spatial and temporal characteristics, and
thus patterns in time and space need to be examined together to understand the dynamic behaviour of the system as a whole (Ahmad and
Simonovic, 2004). However, SD models have inherent limitations in
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Fig. 7. A SD modelling framework proposed for the management of complex and uncertain water resource systems. Solid arrows are suggested information ﬂows.

A traditional SD modelling framework consists of four phases: problem scoping and structuring, model conceptualisation, model implementation and testing and scenarios analysis (Sterman, 2000). However,
to manage complex and uncertain water resource systems, an integrated
SD modelling framework with nine phases is proposed to model complex,
uncertain and spatial water resource systems, as illustrated in Fig. 7 and
further explained below.

as well as to reveal parameters or model components with the
greatest effects on outcomes.
(8) Assess potential scenarios and policies for a range of values to
manage uncertainties in scenarios and policy assessment so that
decision-makers can better understand dynamic behaviours and
management options for challenging water resource problems.
(9) Monitor performance of the implemented management measures
and adapt models and management measures to reﬂect changing
conditions and management priorities.

(1) Deﬁne challenges confronting the management of water resource
systems by collecting and analysing information and data to understand problems in the systems and identify stakeholders to
involve in the modelling process.
(2) Identify the type of the model (e.g. optimisation models to optimise the management measure or scenario models to evaluate the
effectiveness of management measures under different scenarios).
(3) Identify interrelated components by conceptualising and quantifying relationships among factors in the system and considering
the integration of SD with other modelling tools to compensate for
the deﬁciencies of SD application (e.g. uncertain and spatial
characteristics) in water resource systems.
(4) Identify potential policy and scenarios with relevant stakeholders
for the studied water resource systems.
(5) Develop CLDs and identify system archetypes by identifying
important variables that improve understanding of complex water
resource systems (e.g. problem boundaries and model structure)
and enhance the accuracy of simulation models.
(6) Develop stock and ﬂow diagrams by incorporating essential variables from the CLDs and ﬁndings from historical data analysis to
understand the dynamic behaviour of the system over time.
(7) Calibrate and validate the models and conduct a sensitivity analysis to increase the credibility and validity of the SD applications
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Future research directions
Furthermore, two future research priorities are also suggested to
enhance the application of SD in water resource management. (i) Optimisation models of potential management options should be prioritised
to study water transfer, re-operations, wastewater treatment and water
use efﬁciency rather than seeking new supply water sources or infrastructure development because of climate change and socio-economic
stressors. (ii) Climate change impacts and adaptation strategies are
another priority to enhance understanding of their impacts and to help
develop better adaptation policies for challenging water resource systems. Importantly, these impacts and strategies should be assessed based
on a holistic view of dynamic processes and interactions within water
resource systems, accounting for the system's socio-economic and environmental dimensions along with hydrological attributes.
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a b s t r a c t
Near-wellbore diverting fracturing (NWDF) can successfully develop new diverting fractures and
greatly improve vertical well stimulation effects. For candidate well selection and stimulation impact
evaluation, fracture geometry and injection pressure response must be investigated. The horizontal
stress contrast, Young's modulus, rock tensile strength, rock permeability, pore pressure, and
injection rate are all used in this study to create a comprehensive fluid–solid coupling model to
replicate the NWDF process. The model is validated by comparing it to the published experimental
data. In addition, the following essential methodologies were used in this research. The arbitrary
fracture propagation path is simulated using the extended finite element method (XFEM), which is a
mesh-free simulation method; the cohesive zone model is used to characterise the initiation and
propagation of the fracture tip elements; a truss model is used to simulate the proppant propping
effects; and a plug model is proposed to simulate the tight plug plugging effects. The simulation
results demonstrate that selecting a candidate well with low horizontal stress contrast, low Young's
modulus, low rock permeability, and high rock tensile strength improves the stimulation effects of
NWDF. The stimulating effects of NWDF, however, are unaffected by pore pressure. The stimulating
eff-ects can be improved by increasing the fluid injection rate, however the injection rate should be
optimised for each well. A considerable disparity between the peak and steady values of the diverting
fracture injection pressure during field operation of NWDF indicates a big curvature of the diverting
fracture and a poor stim-ulation effect. A straight diverting fracture and a flawless stimulation outcome
are indicated by no visible peak value of the diverting fracture injection pressure.

1. Introduction

diverters to plug over-treated hydro-fractures and divert the subsequent fracturing fluids to the untreated regions, thus diverting
fracturing (DF) is proposed (Allison et al., 2011; Senters et al.,
2018). According to Wang et al. (2020a), DF can be applied for
near-wellbore diversion and far-field diversion. For near-wellbore
diversion, DF aims to create 3 types of new hydro-fractures: (1)
hydro-fractures perpendicular to the old hydro-fractures within
the same layer surrounding vertical wells; (2) hydro-fractures
within a new layer along with vertical wells; (3) hydro-fractures
from other perforation clusters along with the horizontal wells.
For far-field diversion, DF aims to activate natural fractures and
create fracture networks by plugging the hydro-fracture tips (Liu
and Forouzanfar, 2018). This work focuses on creating new diverting hydro-fracture (DHF) within the same layer in vertical wells
through near-wellbore diverting fracturing (NWDF).
The success of NWDF lies in efficiently plugging the old hydrofractures and successfully creating new hydro-fractures. The plugging mechanisms of self-degradable diverters have been systematically investigated through fracture plugging tests. Potapenko
et al. (2009) and Gomaa et al. (2016) systematically investigated

With the development of the new energy resources (Zhang
et al., 2021), oil and gas are still the principal energies and this
status will last until 2050 (Liang et al., 2020). Hydraulic fracturing is an indispensable way to develop petroleum resources by
enhancing the contact area between the target reservoir and the
wellbore (Tan et al., 2020). During hydraulic fracturing, fracturing
fluids are injected to create hydro-fractures within the reservoir and the oil/gas will flow out into the wellbore through the
high conductivity hydro-fractures (Ren et al., 2019). Due to the
stress states and the severe heterogeneity underground, fracturing fluids tend to initiate and propagate hydro-fracture along the
path of least resistance, and the target reservoir cannot be fully
stimulated naturally. An efficient way is applying self-degradable
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2. Mechanism of NWDF

the effects of fracture aperture, diverter concentration, proppant
concentration, injection rate, and fluid viscosity on the formation
of the tight plug through slot plugging tests. Ray et al. (2017)
and Yang et al. (2019) investigated the dynamic transportation
and bridging process by visual plugging tests. They pointed out
that the combination of different shape and size diverters can
efficiently accelerate the bridging process. Wang et al. (2015) and
Zhang et al. (2019) (Abass et al., 1994; Allison et al., 2011; Benzeggagh and Kenane, 1996; Biot, 2004) investigated the pressure
bearing capacity of the tight plug formed by the combination
of fiber-shaped and particulate-shaped diverters through high
pressure reproduced fracture plugging tests. They pointed out
that the bearing pressure can reach up to 30 MPa by adjusting
the diverter recipes. Wang et al. (2015), Zhang et al. (2019), and
Wang et al. (2020a) carried out a series of large-scale true triaxil temporary plugging hydraulic fracturing tests and verified
new hydro-fractures can be created by plugging the old hydrofractures. Based on these tests, the IHF can be efficiently plugged
by selecting the optimal diverter recipes. However, after plugging the IHF, the DHF geometry, and the DHF injection pressure
response under the influences of the plugged and propped IHF,
has not be investigated systematically.
Due to the scale limitation and high cost of laboratory experiments (Tan et al., 2019), numerical simulation is the principal
method to model the process of hydraulic fracturing (Wang et al.,
2019a). The common numerical methods include the boundary
element method (BEM), the finite element method (FEM), the
discrete element method (DEM), and the extended finite element method (XFEM). When using BEM, only the fracture paths
are needed to be discretized and the fracture element number determines the dimension of the solution equations. The
drawback of DDM is that it can only deal with a homogeneous
reservoir (Wu and Olson, 2016). FEM simulates hydro-fracture
propagation through setting cohesive elements or re-meshing,
thus hydro-fracture propagation path is pre-defined or the computational cost is huge (Li et al., 2017; Sun et al., 2020). For
DEM, the formation is an assembly of bonded particles or deformable blocks which is interfaced by several sets of joints,
and hydro-fracture growths are not allowed beyond the joint
trajectories (Nagel et al., 2013; Chen et al., 2018). XFEM can
simulate hydro-fracture propagation along arbitrary path free
from the mesh, even in the model with localized features and
various discontinuities (Dahi-Taleghani and Olson, 2014; Wang
et al., 2018a,b, 2019b). According to Chen et al. (2017), the cohesive one model (CZM) can effectively avoid the calculation of
the fracture tip singularities by use of the cohesive law. The
combination of XFEM and CZM, XFEM-based CZM, has been applied to simulate hydro-fracture propagation in various conditions, including the characteristics of the multiple hydro-fracture
interference and coalescence influenced by fracture spacing and
sequencing (Wang, 2016), the evaluation of the stress shadow
effects between spaced hydro-fractures (Wang et al., 2019b), the
fracture network propagation in naturally fractured reservoirs
(Wang et al., 2018c), and the simulation of the 3D multiplecluster hydro-fracture propagation in quasi-brittle shale formations (Haddad and Sepehrnoori, 2016). However, these investigations cannot take the influences of the plugged and propped
previous hydro-fractures into consideration.
In this work, a fully fluid–solid coupling NWDF model is established based on the XFEM and the CZM. The model is verified
against the reported experimental results. This work focuses on
the geometry and the injection pressure response of the DHF
during NWDF. A truss model and a plug model are proposed
to consider the propped IHF and the plugged IHF, respectively.
Moreover, the influencing factors include the horizontal stress
contrast, Young’s modulus, rock tensile strength, rock permeability, pore pressure, and injection rate. This work provides a solid
foundation for candidate well selection and stimulation effect
evaluation of NWDF.

Study of the Injection Pressure...

Fig. 1 shows the mechanism of NWDF and the total process
includes 5 steps. Step1, as shown in Fig. 1a, the cased wellbore
is perforated with the phase angle of 90◦ by the oriented perforating technique. The oriented perforations are aligned with the
maximum horizontal stress (OP-1) or the minimum horizontal
stress (OP-2) (Deng et al., 2017). Step 2, as shown in Fig. 1b,
fracturing fluids are injected and the initial hydro-fracture (IHF)
initiates and propagates along the path of the lower propagation
resistance (i.e. aligned with OP-1). Step 3, as shown in Figs. 1c
and 1d, self-degradable diverters consisting of fiber-shaped and
particulate-shaped material, are injected and flow into OP-1 with
fracturing fluids, and then form a tight plug inside OP-1 or at
the fracture mouth. Step 4, as shown in Fig. 1e, the subsequent
fracturing fluids enhance the wellbore fluid pressure is enhanced
as the fracturing fluids are continually injected, and the diverting
hydro-fracture (DHF) initiates and propagates along the path of
OP-2. Step 5, as shown in Fig. 1f, the tight plug degrades and
dissolves within the fracturing fluids influenced by the reservoir
temperature and hydrocarbons, and flows out to the ground
without damaging the reservoir. Hydro-fractures are propped by
the proppants to maintain their conductivity (Wang et al., 2020b).
The degradation time and speed of the tight plug are highly
influenced by the formation temperature and the fluid properties.
The components of the diverters are designed based on the given
reservoir temperature. If the degradation speed is too slow, then
some hydrochloric acid will be squeezed into the wellbore to
short the degradation time.
During Step 4, the DHF tends to divert to the direction of the
maximum horizontal stress (σH ) because this direction demonstrates the lower propagation resistance. However, the larger
curvature of the DHF represents the smaller stimulation volume
of NWDF. Moreover, the DHF injection pressure denotes the difficulty in initiating and propagating the DHF. The degree of the DHF
curvature and the injection pressure is determined by the local
stress states, which can be evaluated by considering three components: the original in-situ stresses, the pore pressure-induced
stresses, and the rock deformation-induced stresses (Nagel et al.,
2013).
3. Governing equation
The key parts of the NWDF simulation can be divided as
follows: fluid flow within hydro-fractures, rock deformation, fluid
flow within the porous rock, fracture arbitrary propagation path
description, fracture initiation/propagation, fracture propping effect simulation, and diverter plugging effect simulation.
3.1. Fluid flow within hydro-fractures
The characteristics of the fluid tangential flow and normal flow
can be expressed by Eqs. (1) and (2).
qf = −

w3
∇ pf
12µ

(1)

where w denotes the fracture aperture, µ denotes the viscosity
of the incompressible and Newtonian type fluid, pf denotes the
fluid pressure within hydro-fractures.
The normal flow rate ql within hydro-fractures can be expressed by
ql = cl (pf − pw )

(2)

where cl denotes the leak-off coefficient of hydro-fractures, pw
denotes the pore pressure in the regions surrounding hydrofractures.
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Fig. 1. Illustration of the NWDF process.

The fluid mass conservation law within hydro-fractures can be
expressed by

∇ qf −

∂w
+ ql = 0
∂t

Zhang et al. (2010) derived the continuity equation of fluid
within the porous rock

(3)
1 ∂

3.2. Fluid flow within the porous rock

J ∂t

Fluid diffusion in porous rock can be described by the Darcy’s
Law
k
qm = − ∇ pm
(4)

∂
· (ρw nw vw ) = 0
∂x

(5)

where J denotes the volume change ratio of porous rock, ρw

µ

denotes fluid density, nw denotes the porosity ratio, vw denotes

where qm denotes the fluid flux velocity vector within the porous
rock, k denotes the rock permeability vector.
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(J ρw nw ) +

the seepage velocity of the fluid, x denotes space vector.
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3.3. Rock deformation

traction reaching rock tensile strength. In this work, rock tensile strength equals critical traction. The interfacial traction decreases with the interfacial separation after the interfacial traction reaching rock tensile strength. When the interfacial traction
equals zero, a new fracture element is generated, and the fracture
propagates forward. The real interfacial traction vector t can be
calculated by

As for NWDF simulation, rock deformation can be controlled
by

⎧
∇σ + f = 0
⎨
ε = (∇ u + (∇ u)T )/2
⎩
σ = Dε

(6)

{

where σ denotes the tensor of stress, D denotes the Hooke tensor,
f denotes the vector of body force. ε denotes the tensor of strain,
u denotes the tensor of displacement.
According to Biot (2004), the total stresses are shared by the
rock skeleton and the reservoir fluid. The effective stress applied
to the rock skeleton can be expressed by

σ̄ = σ − α pw

t =

D=

(7)

(σ̄ + pw I )δεdV =
V

∫

t · δvdS +
S

∫

f · δvdV

f =

V

I =1

NI (x) uI + H(x)aI +

4
∑

}
(12)

GIIC + GIIIC
GIC + GIIC + GIIIC

)

(13)

where Gequiv C , GIC , GIIC , and GIIIC , are respectively the computed
equivalent, the Model I, the Model II, and the Model III fracture
energy release rate.
3.6. Truss model
During NWDF, proppants are injected with fracture fluids to
prop the IHF/DHF and maintain their conductivity. The propped
IHF will induce extra stresses and impact the curvature and the
injection pressure of DHF. In this work, a truss model is applied to
simulate the propping effects of the proppants. The truss model
consists of numerous linear elastic truss elements distributed
on the IHF surfaces. These truss elements can prevent the IHF
surfaces from closing by bearing normal stress, while they cannot
bear tensile stress and have no effects on the enlargement of
the IHF aperture. One truss element consists of two nodes and
one rod. The modulus of the rod is optimized to prop various
apertures of the IHF. The truss model is not activated until the
DHF begins to initiate and propagate.

(9)

α=1

where u denotes the displacement vector, NI (x) denotes the FEM
nodal shape function; uI denotes the FEM nodal displacement
vector, aI denotes the nodal enriched degree of freedom vector,
H(x) denotes the discontinuous jump function across the fracture
surfaces, bIα denotes the nodal enriched degree of freedom vector,
Fα (x) denotes the elastic asymptotic crack-tip function.
Eq. (9) presents the basic theory of the extended finite element method (XFEM). In this work, the fracture tip element
will propagate across a whole element at each time step without
generating a fracture tip inside an element. In this way, the
third term in Eq. (9) need not be calculated. Based on CZM, the
interfacial traction can be calculated after obtaining the interfacial
separation.

3.7. Plug model
During NWDF, self-degradable diverters are injected and form
a tight plug within the perforations or at the fracture mouth.
Thus, the subsequent fracturing fluids will be reoriented to flow
into the DHF. The flow characteristics of the fracturing fluids
conform to Reynold’s equation without a tight plug in the hydrofracture, while the flow characteristics conform to Darcy’s equation with a tight plug in the hydro-fracture. This work defines

3.5. Fracture initiation and propagation
In this part, the cohesive zone model (CZM) is applied to
control the initiation and propagation of the fracture elements.
Based on CZM, the interfacial traction between fracture surfaces
increases with the interfacial separation before the interfacial
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⟨σmax ⟩
o
σmax

Gequiv C = GIC + (GIIC − GIC )(

]
Fα (x)bαI

(11)

δmmax (δmf − δm0 )

where f denotes the ratio of the principal stress, σmax denotes the
0
current maximum interfacial traction. σmax
denotes rock tensile
strength. The symbol ⟨⟩ denotes initial damage will not occur at
the state of purely compressive stress, while the initial damage
occurs when f reaches one.
Considering the mixed-model damage evolution, the fracture
propagation role is selected as the BK criterion (Benzeggagh and
Kenane, 1996).

The finite element method simulates hydro-fracture propagation through setting cohesive elements or re-meshing, thus
hydro-fracture propagation path is pre-defined or the computational cost is huge. XFEM can simulate hydro-fracture propagation along an arbitrary path free from the mesh. Hydro-fracture
is described by the asymptotic functions and the discontinuous
functions. The former ones are applied to calculate the singularity around the fracture tips and the later ones are applied to
express the discontinuity between the two fracture surfaces. The
displacement of the XFEM elements can be expressed by (Fries
and Baydoun, 2012):
N
∑

δmf (δmmax − δm0 )

{

(8)

3.4. XFEM approximation

u=

(10)

0
where δm
denotes the interfacial separation at the initiation point,
f
δm denotes the interfacial separation at the fully damaged point,
δmmax denotes the current interfacial separation.
Fracture initiation role can be expressed by

where t denotes the vector of surface traction, f denotes the
vector of body force, I denotes the unit matrix, δε denotes the
virtual strain rate matrix. δ v denotes the virtual velocity matrix.

[

damage initiated
no damage occurs

where t̄ is the stress vector predicted by the linear traction–
separation role, D is the damage factor (0-1), which can be calculated by

where σ̄ denotes the effective stress vector, σ denotes the total
stress vector, α denotes the Boit coefficient.
Based on the virtue work principle, Zhang et al. (2010) derived
the equilibrium equation

∫

(1 − D)t̄
t̄
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Fig. 2. Model construction: (a) geometry model; (b) XFEM model.

the diffusive term form Darcy’s equation equals the conductivity
term in Reynold’s equation
kA
w3
=
12µf
µfiltrate

Step 6: propagate the DHF under the influence of the propped
IDF.
This work considers a vertical well with a depth of 1000 m in a
homogeneous and isotropic reservoir. The input parameters are
set as follows: The injection rate Q equals 1×10−6 m2 /s; The
Young’s modulus equals E equals 20 GPa; The Poisson’s ratio v
equals 0.2; the minimum and the maximum principal horizontal
stresses (σh and σH ) equal 12 and 15 MPa, respectively; The initial
pore pressure po equals 10 MPa; The rock permeability k equals
2 mD; The void ratio Φ equals 0.3; The fluid viscosity equals
100 cp; The rock tensile strength σomax equals 2 MPa; The leak-off
coefficient equals m (kPa·s)−1 . The critical energy release rates
(GCI , and GCII ) equal 60 kN/m; The critical energy GCI equals the
area under the traction–separation curve, which can be calculated
by (Kanninen and Popelar, 1985):

(14)

where A denotes the cross-sectional area of a tight plug; µf
denotes the hypothesized viscosity of fluids within the hydrofracture; µfiltrate denotes the viscosity of fluids within the tight
plug; k denotes the permeability of the tight plug. The permeability of the tight plug is specified based on the fracture plugging
tests. A core sample is split and propped by a steel piece with a
given thickness. Diverters are squeezed to plug the propped core
sample. The permeability can be calculated based on the injection
pressure and the injection rate. Eq. (14) can be deformed to

µf =

w3 µfiltrate
12kA

(15)

GCI =

The plugging effect of the tight plug can be simulated by enhancing the value of µf . In this work, is selected a high value of 105
cp to completely plug the IHF.

KIC2
E

(1 − v 2 )

(16)

Where KIC denotes the rock fracture toughness; E denotes Young’s
modulus; v denotes the Poisson’s ratio.

4. Model construction

5. Verification

Based on the above methods, a 2D fluid–solid fully coupled
XFEM model is established in Fig. 2. Fig. 2a gives the dimensions of the domain, the size of the wellbore, and the length
of the oriented perforations. In Fig. 2b, the whole domain is
discretized by the structural CPE4RP elements (4-node bilinear
displacement and pore pressure, reduced integration with hourglass control), including 32160 nodes and 32000 elements. The
oriented perforations are simulated by the initial fractures. Moreover, the boundary conditions are constant pore pressure and
zero displacements. The whole simulation includes 4 steps: geostatic equilibrium after applying the boundary conditions, the
IHF propagation, the activation of the tight plug and the truss
model, and the DHF propagation. All of the controlling equations
are fulled coupled and solved simultaneously through Abaqus (a
commercial software program). The truss elements are placed as
follows:
Step 1: propagate the IHF for 300 s and obtain the propagation
path;
Step 2: extract the first layer nodes along the IDF path;
Step 3: establish truss elements along the IDF using the extracted
nodes;
Step 4: repeat propagate the IDF as step 1 and the truss elements
are removed during this step;
Step 5: after the IDF propagates for 300 s, the truss elements are
activated, and the IDF is propped;

The true tri-axil large-scale hydraulic fracturing experiment is
an efficient way to simulate the complete process of hydraulic
fracturing. Rock samples are cut into a cubic shape of 0.3 m ×
0.3 m × 0.3 m. During the experiment, 3 pairs of stresses are
applied to the 6 square surfaces to simulate the stress condition
underground. Fracturing fluids are injected into the rock sample
through the injection pump, the pipeline, and the wellbore. When
the injection pressure reaches the breakdown pressure of the
hydro-fracture, hydro-fracture will initiate and propagate within
the sample. The fracture geometry can be directly observed on
the sample surfaces.
According to Abass et al. (1994), a single pair of oriented
perforations are preset on the wellbore and the angle between the
perforations and σH is 60◦ . The 3 principal stresses, σv ,σH ,σh , are
respectively 20.7 MPa, 17.2 MPa, and 9.6 MPa. The injection rate
is set as 30 ml/min. As shown in Figs. 3a and 3b, the propagation
paths of the HF are consistent between the experimental and the
simulation results.
Wang et al. (2015) simulates the process of NWDF through
the true tri-axil large-scale experiments. By oriented perforating
and fluid injection, the IHF initiates and propagates along the
direction of σH . Then they injected fiber-shaped diverters and
successfully plug the IHF. After this, they injected subsequent
fracturing fluids and the DHF initiates and propagates nearly
perpendicular to the IHF. The input parameters are consistent
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Fig. 3. Comparison with published experimental results: (a) simulation results from the oriented perforated fracturing model; (b) experimental results from the
oriented perforating fracturing tests (Abass et al., 1994); (c) simulation results from the NWDF model; (d) experimental results from the NWDF tests (Wang et al.,
2015).

with their experimental conditions. The horizontal stress contrast
is 2.5 MPa. As shown in Fig. 3c and 3d, the simulation results
from our model are in good agreement with the experimental
results. The small difference arises from that the cubic sample
is not absolute square and the stress condition is not uniformly
applied.

is higher during the DHF stage when propping the IHF. This is
because the higher induced stresses repel the DHF and the DHF
propagates with higher resistance. Moreover, there is an obvious
peak injection pressure and a steady injection pressure during the
DHF stage when considering propping effects.
6.2. Horizontal stress contrast

6. Simulation results and analysis

Based on the input parameters, σH remains a constant value
of 15 MPa, and σh is respectively selected as 14, 13, 12, and 11
MPa, thus the corresponding horizontal stress contrasts (△σ ) are
1 MPa, 2 MPa, 3 MPa, and 4 MPa, respectively. As shown in Fig. 5a,
the curvature of the DHF increases with the enlargement of △σ .
HFs prefer to propagate along σH , because this direction demonstrates low propagation resistance. Thus, high △σ promotes the
DHF to divert to the direction of σH and large DHF curvature is
obtained. As shown in Fig. 5b, high △σ represents low σh , thus
the injection pressure of the IHF and the DHF decreases with
the enlargement of △σ . The injection pressure of the DHF at
△σ = 1 MPa has a narrow gap with that at △σ = 2 MPa at the
beginning, while this gap becomes wide afterward. The reason is
△σ of 1 MPa no longer dominants the DHF propagation path and
the DHF almost propagates straightly.

Based on the model in Fig. 2 and the input parameters, the
following sections systematically investigate the effects of the
plugged and propped IHF on the initiation and propagation of the
DHF under various factors, including the propping effects of the
IHF, the horizontal stress contrast, Young’s modulus, rock tensile
strength, rock permeability, the pore pressure, and fluid injection
rate.
6.1. Comparison of effects induced by the propped and unpropped
IHF
After plugging the IHF, the fracturing fluids within the IHF leak
into the surrounding region, and the aperture of IHF decrease
gradually. When the aperture of the IHF reaches the thickness of
the proppant layer, the residual IHF aperture will be propped by
the proppant layer. In the simulation model, the propped effect
can be considered by incorporating the truss model. This work
assumes the propped aperture of the IHF equals one-third of the
initial IHF aperture. As shown in Fig. 4a, the curvature of the DHF
is smaller when propping the IHF. The reason is the propped IHF
induces larger extra stresses and reduces the horizontal stress
contrast to a higher degree. Fig. 4b shows the injection pressure
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6.3. Young’s modulus
Young’s modulus determines the ability to resist the rock
deformation, and relatively narrower hydro-fracture is generated
in the reservoir with higher Young’s modulus. In this part, Young’s
modulus is selected as 18, 20, 22, and 24 GPa, respectively. Fig. 6a
shows the curvature of the DFH increases as Young’s modulus
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Fig. 4. Simulation results with propped and unpropped IHF: (a) propagation paths; (b) injection pressure response. POR denotes the node pore pressure and its unit
is KPa.

Fig. 5. Simulation results with various horizontal stress contrasts: (a) propagation paths; (b) injection pressure response.

increases. The reason is high Young’s modulus generates a narrow
IHF and weak repelling stress on the DHF propagation. As shown
in Fig. 6b, Young’s modulus has no effects on the IHF injection pressure, while the DHF injection pressure has a relatively
higher peak value and a relatively lower steady value for a higher
Young’s modulus. This is induced by the difference between the
DHF propagation path and the DHF propagation resistance.
6.4. Rock tensile strength
Rock tensile strength impacts the difficulty in initiating and
propagating a hydro-fracture. In this part, the rock tensile
strengths are selected as 0.8 MPa, 1 MPa, 1.6 MPa, 3 MPa, 4 MPa,
and 5 MPa, respectively. As shown in Fig. 7a, the curvature of the
DHF decreases as the rock tensile strength increases. Typically,
a straight DHF can be obtained when the rock tensile strength
reaches 4 MPa. As shown in Fig. 7b, the IHF/DHF injection pressures increase as the rock tensile strength increases. While the
gap between the peak value and the steady value of the DHF
injection pressure decreases as the rock tensile strength increase.
The simulation results can be explained as follows: higher rock
tensile strength generates larger HF propagation resistance and
higher fluid pressure within HFs. And high fluid pressure has the
ability to overcome the influences of △σ and promotes the DHF
to propagate straightly.
6.5. Rock permeability

Fig. 6. Simulation results with various Young’s modulus: (a) propagation paths;
(b) injection pressure response.

Rock permeability highly impacts the fluid leak-off rate and
the fluid flow state within the porous rock (Davarpanah et al.,
2018). In this part, rock permeabilities are selected as 0.5, 1, 1.5,
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Fig. 8. Simulation results with various rock permeabilities: (a) propagation
paths; (b) injection pressure response.

Fig. 7. Simulation results with various rock tensile strengths: (a) propagation
paths; (b) injection pressure response.

them nearly remains constant. In this way, △σ still controls the
propagation path of the DHF.

and 2 mD, respectively. As shown in Fig. 8a, the curvature of the
DHF increases with the enlargement of rock permeability, and
a straight DHF is obtained when the rock permeability equals
0.5 mD. As shown in Fig. 8b, the IHF/DHF injection pressures
decrease with the enlargement of rock permeability, while the
gap between the peak value and the steady value of the DHF
injection pressure, increases with the enlargement of rock permeability. The simulation results can be explained as follows: low
rock permeability means low fluid leak-off rate and large fluid
volume retained within the hydro-fracture; the fluid pressure is
high enough to promote the DHF to propagate straightly after
overcoming the influences of △σ .

6.7. Fluid injection rate
Given the injection rate of the IHF stage as 0.5×10−6 m2 /s, the
injection rates of the DHF stages are respectively selected as 0.5,
2, 3, 4, and 5 (×10−6 ) m2 /s, while the total fluid injection volumes
are equal by adjusting the injection time. As shown in Fig. 10a,
the curvature of the DHF decreases with the enlargement of the
injection rate. As shown in Fig. 10b, the injection pressure of the
DHF has a negligible difference except for the case of the injection
rate as 0.5×10−6 m2 /s. The simulation results can be explained as
follows: high injection rate generates high fluid pressure within
the DHF for a certain leak off time, thus the influences of △σ can
be weakened and the curvature of the DHF is reduced.

6.6. Pore pressure
According to Biot (2004), pore pressure impacts effective insitu stresses. Pore pressure can be enhanced during hydraulic
fracturing and be lowered down during production. In this part,
the effective in-situ stresses remain constant as 5 MPa and 3 MPa,
respectively. The pore pressures are selected as 2 MPa, 4 MPa,
6 MPa, 8 MPa, and 12 MPa, respectively. As shown in Fig. 9a,
pore pressure has no effects on the curvature of the DHF. The
maximum pore pressure in the regions surrounding the hydrofractures increases with the enlargement of the initial pore pressure. As shown in Fig. 9b, the IHF/DHF injection pressure increases with the enlargement of the initial pore pressure, and
the difference of the injection pressure equals the difference of
the initial pore pressure. The simulation results can be explained
as follows. High initial pore pressure enhances the fluid pressure within the hydro-fractures, while the difference between
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7. Discussion
7.1. Roles of candidate well selection for NWDF
Candidate well selection is the first step for the design of
NWDF. During this process, the reservoir properties should be
completely analyzed to guarantee the success of NWDF (Li et al.,
2018; Li and Misra, 2018). As for NWDF, the small curvature of
the DHF denotes good stimulation effects. Figs. 1–6 show that
the curvature of the DHF increases with the enlargement of △σ ,
Young’s modulus, rock permeability, and with the reduction of
rock tensile strength and injection rate. Typically, a straight DHF
can be obtained at △σ of 1 MPa, rock tensile strength of beyond
3 MPa, rock permeability of less than 0.5 mD. Therefore, NWDF
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nearly remains constant when the injection rate exceeds a certain
value. Therefore, the injection rate should be optimized for NWDF
in consideration of the pumping costs.
7.2. Evaluation of NWDF effects through the injection pressure response
During the IHF stage, the IHF typically propagates straightly
and the propagation resistance remains stable, thus there is no
obvious decline of the injection pressure and there is no peak
injection pressure value. During the DHF, if the DHF propagates
straightly, there is similarly no obvious peak injection pressure
value due to the stable propagation resistance. However, if there
is a large curvature of the DHF, the high injection pressure is necessary for overcoming the large propagation resistance. After this,
the DHF propagation straightly and the propagation resistance
decline, and it corresponds to an obvious peak injection pressure.
During NWDF, the real-time evaluation of the NWDF effects
is critical for the adjustment of the following construction programs. Up to now, the proposed methods for evaluating the
hydraulic fracturing effects are fiber optic, microseismic measurement, radioactive tracers, and non-radioactive traced proppant.
However, these methods are of high cost, non-real-time, or intrusive (Trumble et al., 2019). As stated in Section 2, small curvature
of the DHF denotes the good stimulation results of the NWDF,
thus accurately predicting the curvature of the DHF can efficiently
evaluate the NWDF stimulation effect. The injection pressure data
is the cheapest, the most reliable, and the timeliest information
for the field engineers. Thus, applying the injection pressure data
to evaluate the NWDF effects is an efficient and economical
way (Kabannik et al., 2018). Figs. 1–6 show that there is no
obvious peak injection pressure value during the IHF stage and
the INF propagates straightly. During the DHF stage, there is
still no obvious peak injection value when the DHF propagates
straightly, i.e. △σ of 1 MPa, rock tensile strength of 4–5 MPa, rock
permeability of 0.5 mD. The difference between the peak injection
pressure and the steady injection pressure is beyond 3 MPa when
the DHF intensely diverts to the direction of σH and demonstrates
a large curvature (i.e., △σ of 3–4 MPa, Young’s modulus of 24
GPa, rock tensile strength of 0.8–1.6 MPa, rock permeability of
1.5–2 mD, pore pressure of 2–12 MPa, and injection rate of
0.5×10−6 m2 /s). When the DHF gradually diverts to the direction
of and demonstrates a smooth curvature, the difference between
the peak injection pressure and the steady injection pressure
remains a small value. Based on the simulation results, it can be
concluded that the difference between the peak DHF injection

Fig. 9. Simulation results with various pore pressure. (a) propagation paths; (b)
injection pressure response.

is more suitable for the reservoir of lower △σ , Young’s modulus,
rock permeability, and higher rock tensile strength. Pore pressure
is a negligible factor for candidate well selection. The injection
rate is a controllable parameter while the curvature of the DHF

Fig. 10. Simulation results with various injection rates. (a) propagation paths; (b) injection pressure response.
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pressure and the steady DHF injection pressure, can efficiently
represent the curvature of the DHF and the stimulation effects of
NWDF.
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7.3. Limitation of this work
In this work, natural fractures are not considered (Liu and
Reynolds, 2019), and diverters can completely plug the IHF. Moreover, this work neglected the process of diverter transportation
and bridging. Proppants are considered by selecting the fracturing
fluids of high viscosity at 100 cp. To cut down the simulation
time, the input parameters are optimized and remains a relatively
low value. The absolute value of the parameters in Sections 7.1
and 7.2 cannot be treated as the critical value for candidate well
selection and NWDF effect evaluation. However, the patterns of
the DHF geometry and the DFH injection response can provide
new insights into the construction of NWDF.
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Abstract
The paper presents test results for the high performance self-compacting concrete (HPSCC)
modified by High-Calcium Fly Ash (HCFA). HCFA was used as a replacement for a part of cement
in the mixture (2 types of HCFA. also activated by grinding) or as an additive to cement (also in
combination with other additives as F-class ash and ground granulated blast furnace). The
research has shown the negative influence of raw calcium fly ash (without grinding) added to
concrete mix on its rheological properties and workability. Activation of fly ash (by grinding)
improves its properties. and becomes positive as an additive to concrete mixes. The results
include studies on samples belonging to classes of slump flow SF. classes of viscosity T500.
rheological properties. compressive strength and flexural strength tests. The concrete mix was
tested with a varying amount of HCFA (10-20-30%). as equivalent of cement. The studies have
confirmed the possibility of using HCFA in new generation concretes while maintaining the
assumed technological parameters for concrete mixtures. especially their workability.
Keywords: calcareous fly ash. self-compacting concrete. high-performance SCC. rheology;

1. Introduction
The technology of high performance self – compacting concrete (HPSCC) is currently a matter of great research
interest. For the modifying of concrete mixture composition to assure the SCC properties the different mineral
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additions. low w/b ratio and superplasticizer are in common use. as in the case of normal concrete mixture to obtain
a compact microstructure of hardened concrete. The current state of information are not sufficient to effectively
govern the workability of HPSCC with the addition of calcareous fly ash. Further research is needed. particularly
embracing the influence of the physicochemical properties changes of calcareous fl y ash and of the type of cement.
It was established. that calcareous fly ash can be used as the partial replacement of cement in concrete. or as cement
constituent [1-2]. Totally new issue is also the problem of workability of steel fibre reinforced self-compacting
concrete with the addition of calcareous fly ash. Mineral additions is key part in the modern concrete technology and
their use allows to modify the properties of the concrete and give the significant economic benefits. as well as is in
accordance with the strategy for sustainable development. Mineral additions are selected in regard of the strength
and durability requirements of concrete. Their application. however. also significantly influences the rheological
properties of the mixture. As the mineral additions siliceous fly ashes. ground granulated blast furnace slag and
silica fume are commonly used. The main effects of these mineral additions application are thoroughly presented in
numerous papers [3-5]. The good workability of SCC mixture during the whole process of concrete placing is the
basic requirement for this concrete designing and producing. The high content of mineral additions is typical for
SCC which assures its chosen properties. Previous papers point out the problem of worsened workability of concrete
mixture with calcareous fly ash. In connection with the fact. that workability is the key part for the self- compacting
concrete production. the goal of the series of tests was to verify the possibility of the HPSCC making with the
addition of calcareous fly ash. The results of these studies. embracing the HPSCC. are presented in this paper.
2. Rheological properties of concrete mixtures
From numerous research of the concrete mixture workability it is well known. that under stress this mixture
behaves like Bingham body [6]. The stress yield value g and plastic viscosity h are the matter constants
characterizing the rheological properties of the mixture. Regarding the workability. the stress yield value is a
parameter of basic importance. The plastic viscosity is of lower importance for the concrete mixtures compacted by
vibrating. however. in the case of self – compacting concrete mixtures the workability is governed by both: stress
yield value and plastic viscosity. The concrete rheology was discussed in detail in the book of Szwabowski [6].
Among others in the papers of Banfill [7] and Gołaszewski [8] it was shown that due to the similar nature of
influence of basic constituents on fresh mortars and concrete mixtures rheology. the results for mortars could be
applied to predict the changes of rheological properties of concrete mixtures. It applies mainly to influence of
additions and admixtures.
3. Methods
The basic problem of self-compacting concrete. including those containing the calcareous fly ash. is its
workability. In this paper. the rheological parameters of concrete mixtures were tested with rheometer BT2 and
Viskomat XL and approximated with Bingham model. It is assumed that the stress yield value g is correspondent
with the maximal flow diameter SF. whereas plastic viscosity h is corresponding the flow time for 500 mm diameter
T500. while both of these parameters are measured by slump-flow test according to standard EN 12350-8:2009. In the
research the influence of the following factors were taken into account: batch of calcareous fly ash (CFA): A and B
(Table 1). fineness of HCFA (Table 2) and content of HCFA replacing cement (10-20-30% of mass). The
compositions of tested HPSCC mixtures are presented in Table 3.
Table 1. Chemical composition of HCFA
Constituent. %
HCFA batch A
HCFA batch B

SiO2
40.17
40.88

Al2O3
24.02
19.00

Fe2O3
5.93
4.25

CaO
22.37
25.97

MgO
1.27
1.73

SO3
3.07
3.94

Na2O
0.15
0.13

K2O
0.20
0.14

CaOw
1.46*
1.07

* glycol method

The Rheological and Mechanical Properties of...

179

A. K. Beura et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Table 2. Physical properties of HCFA
HCFA

Density. g/cm3

Residue on sieve 45µm. %

Blaine specific surface. cm2/g

Bulk density. kg/m3

1900
4060

1060
-

Batch A
A0
A1

Unground
Ground 20 min

2.64
2.71

55.6
20.0

B0

Unground

2.60

46.3

2370

1030

B1

Ground 15 min

2.67

20.8

3520

-

Batch B

Table 3. Composition of HPSCC mix
Cement CEM I 42.5R
kg/m
490

3

Sand
(0-2mm)
kg/m3
756

Basalt aggregate
(2-8mm)
kg/m3
944

Silica fume
kg/m
49

3

HCFA
3

kg/m
49-98-147

Superplasticizer
kg/m
17

3

Stabilizer
kg/m
1.6

3

W/C
0.42

4. Research results and discussion
4.1. The effect of HCFA addition on HPSCC mixture workability
In Fig. 1. the influence of HCFA (batch A) and its fineness on flow diameter SF and flow time T500 of HPSCC
mixtures is shown. Together with the increase of HCFA content in the mix. a small decrease of flow diameter SF
was found. Additional grinding of HCFA did not cause a workability loss of HPSCC mixture. The increase of
HCFA content in the mixture had caused the increase of the flow time T500 of the SCC mixture. however. only on a
small degree. Moreover. the decrease in workability in time has been observed. but on a degree allowing to preserve
self-compacting properties of the mixture. Similar effect has been observed in the case of HCFA (batch B) addition
to HPSCC mixtures. which are presented in Fig. 2.
a
b

Fig. 1. Influence of HCFA content (batch A) and its degree of grinding on SF and T500 of HPSCC mixtures (a). (b).

a

b

Fig. 2. Influence of HCFA content (batch B) and its degree of grinding on SF and T500 of HPSCC mixtures (a). (b).
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4.2. The effect of HCFA addition on rheological properties of HPSCC mixtures
In Fig. 3. the influence of HCFA content and its fineness on the rheological parameters g and h of the HPSCC
mixtures. tested with BT2 rheometer is shown. It was found that the stress yield value g is rising with the increase of
HCFA content in A0 and A1 mixtures. In the case of additionally grinding of fly ash. the stress yield value g
decreased simultaneously with the increase of calcareous fly ash content. Plastic viscosity h has increased if the
addition of fly ash was rising. Similar relationships were found in the study of the
influence of the HCFA (batch B) content and its fineness on the stress yield value g and plastic viscosity h of the
HPSCC mixtures (Fig. 4).
a

b

Fig. 3. Influence of HCFA content (batch A0) on the yield value g and plastic viscosity h of HPSCC
mixtures (Rheometer BT2) (a). (b)

In Fig. 5 the influence of HCFA content on rheological parameters g and h of HPSCC mixtures. tested with XL
rheometer with two repetitions. and approximated with Bingham model is presented. In the case of the mixtures
HPSCC (B0) without fly ash the following value was found: g = 223.8 and 225.6 and h = 3.5 and 3.7 (Fig. 11).
However. the same mixtures with 10% addition of calcareous fly ash gave the following results:
g = 193 and 227.8 and h = 4.9 and 3.6. For the same mixture with the 20% addition of calcareous fl y ash the
following results were found: g = 190 and 249.4 and h = 5.4 and 4.4. Finally the same mixture. but with 30%
addition of HCFA gave the following results: g = 156.8 and 229.7 and h = 10.7 and 5.6.
In rheological tests with Viskomat XL the rise of yield value g with the increase of HCFA content in HPSCC
mixture. was not observed. However. the increase of plastic viscosity h simultaneously with the rise of the HCFA
content in HPSCC mixture. was found.
a

b

Fig. 4. Influence of HCFA content (batch B0) on the yield value g and plastic viscosity h of HPSCC
mixtures (Rheometer BT2)
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a

b

b

Fig. 5. Influence of HCFA content (batch B) and its degree of grinding on the yield value g and plastic viscosity h of HPSCC mixtures
(Viskomat XL) (a). (b)

The effect of variable amount of HCFA additive on mechanic parameters of HPSCC was show in Fig. 6. The
addition of HCFA reduces the compressive and flexural strength of concrete. especially if more ash was introduced.
The higher the amount of ash in self-compacting concrete is. the lower concrete strength is. Such effect is not
observed in concrete compacted in a traditional way. It is most likely the effect of lower mixtures self-compacting
(increasing the amount of the air in mixture) with higher addition of ash. which results in higher porosity and
strength of hardened concrete. Compressive strength (fcm.28d) obtained in tests on concrete is in the range of 60-85
MPa and fulfills the strength requirements for high performance concrete. Concrete strength with content of grind
HCFA does not much differ from 100% CEM I of concrete strength. and 30% of grind HCFA concrete strength is
about 10% smaller.
a

b

Fig. 6. Influence of HCFA content (batch A0) on compressive and flexural strength of HPSCC concrete.

5. Summary
The presented research confirmed the possibility of HCFA application in high-performance self –compacting
concrete. The possibility of preserving the assumed rheological parameters in tested concrete mixtures was proved.
The loss of workability with the increase of the calcareous fly ash content in HPSCC was observed. but to the
degree allowing to preserve the self – compacting properties of the mixtures.
In the research no significant influence of fly ash grinding on the workability of HPSCC mixtures improvement
was found. The additional grinding of fly ashes certainly has the advantageous influence on their properties.
however. there is no effect of this change of fly ash fineness on properties of HPSCC mixtures. The compressive
and flexural strength of concrete with addition of high-calcium fly ash type II. does not differ significantly from
strength of analogous concrete from cement CEM I. if the class of cements is similar. In the initial stage of aging.
the presence of high-calcium fly ash shows the development of compressive strength. The self – compacting
properties of concrete mixtures with the calcareous fly ash were satisfactory and fulfilled the standard requirements.
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Abstract:
Introduction:
The changes in land use associated with urban development cause an increase in urban flooding. Low Impact
Development (LID) systems help to mitigate this hazardous phenomenon.
Methods:
Among LIDs, Permeable Pavement (PP) proved to be a very effective technology in reducing surface runoff. In light of
this, the present research analyzes the Retention Capacities (RC) of three different PP samples, which differ in terms of
composition and percentage of bitumen and aggregates and have been realized according to Italian national regulations
and technical specifications. Hydraulic laboratory tests are conducted using a rainfall simulator to quantify the Retention
Capacity (RC) of the three samples in response to rainfall events with different intensities (5, 10, 20, 30 mm/h).
Results:
The values of RC range between 85% and 20%, depending on the rainfall and sample properties, confirming the high
potential of PPs in reducing surface stormwater production. The accuracy of HYDRUS-1D model in simulating the surface
runoff from the PP samples has been investigated. HYDRUS-1D has been calibrated using measured data of runoff from
the laboratory tests and adopting NSE as an optimization criterion.
Conclusion:
The parameters sets obtained by the calibration procedure give back Nash–Sutcliffe Efficiency (NSE) values close to 1 for
each PP configuration, which means a very high accuracy in model prediction. Finally, a sensitivity analysis has allowed to
identify, by means of a global sensitivity index S, the most and the less influential parameters within the model, which
respectively are the saturated hydraulic conductivity Ks (S=0.57) and the tortuosity coefficient L (S=0.015).
Keywords: Permeable pavements, Low impact development, HYDRUS -1D, Runoff coefficient, Calibration, Sensitivity
analysis, ANAS
1. INTRODUCTION

In recent decades, the population growth and the urban
settlments expansion caused a significant increase in the
percentage of impervious areas in the form of roads, car parks,
driveways, sidewalks, and building roofs which have replaced
forested land, crops, agricultural land, and other vegetated
areas. The reduction of pervious areas produces an increase in
stormwater production, peak rate, and overland flow velocity,
resulting in time distribution of the runoff different from the
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natural pattern [1 - 3]. The variation in the hydrological cycle
causes an increase in both the likelihood and severity of floods
in urban areas [4]. Floods have relevant social
consequences for communities and individuals, including
damage to buildings and other structures and, in the most
extreme cases, losses of human lives. In light of this, it is
crucial that action is taken to attenuate the effects of damaging
events in urban areas [5]. Over recent decades, Low Impact
Development (LID) practices have become one of the most
popular and effective methods used for managing stormwater
and mitigating urban floods. These practices are engineering
approaches that mimic natural processes like infiltration,
evapotranspiration, and groundwater recharge in order to
restore the watershed
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hydrology before urbanization [6]. LID employs a wide range
of devices such as green roofs, bio-retention cells, rain gardens,
permeable pavements [7 - 11]. The Permeable Pavements (PPs)
are porous surfaces made up of open-pore pavers which allow
the water to pass through the structure rather than running off.
They represent an alternative to traditional impervious
pavements compared to which they have proved to be more
effective, especially from the hydrological point of view;
indeed, studies in the scientific literature have demonstrated
that porous pavements allow to capture up to 75% of the water
falling on their surfaces [12] and retain nearly 100% of
rainwater from rainfall events lower than 6mm in depth,
without runoff occurrences [13].

Cortier et al. [34] presented a physically-based model built on
partial differential equations able to describe the hydrological
response of porous pavements. Mahmoud et al. [35] proposed
the Windows Source Loading and Management Model
(WinSLAMM) method to simulate the stormwater runoff
volume produced by a permeable pavement system. It follows
that the development and the use of models to reproduce the
hydrological behavior of PPs are still limited. The little
models’ exploration is a limiting factor in the adoption of these
practices [31, 34], so more research is needed in this direction.
In light of this, the aim of the present work is to study the
response of three kinds of permeable pavement to different
rainfall events, in terms of runoff retention, using HYDRUS1D.

Anyway, the retention capacity of the PP systems strongly
depends on their composition; indeed, different types of porous
media of cementitious materials exist, like cementitious
composites reinforced with natural plant fibers [14], reinforced
concrete with high porosity [15, 16], fiberglass-reinforced
asphalt concrete [17], mortars with recycling of Construction
and Demolition Waste (CDW) [18], pervious concrete with the
incorporation of a rheology-modifying admixture [19], and
pervious concrete with single-size crushed rock [20]. The water
retention ranges from maximum values higher than 95% for
matrices in açaí fiber-reinforced [14] to minimum values
between 15% and 18% for mortar mixed with CDW [18]. The
retention capacity also depends on structural factors like the
top layer thickness [21] and the layers setting, including the
number of sub-base layers [22]; indeed, the higher the depth of
the top layer, the larger the runoff retention. Generally, the
hydrological performance of a monolithic permeable pavement
is higher than the one provided by PP modular form [23].
Regardless of the type of the selected PPs, a successful choice,
in order to restore the hydrology of an urban catchment, could
be the replacement of the impervious pavements with these
systems, since the percent coverage of paved surfaces,
excluding roofs, in urban areas, exceeds the 50% [24, 25] and
this offers the opportunity of a wide application of LIDs in
residential zones with an effective storm flooding reduction. In
addition, PPs are very versatile, and they are suitable for
different conditions that include less-travelled areas, parking
lots, sidewalks, low-traffic areas, driveways, pedestrian areas,
low-medium speed areas, alleys, patios, low-water bridges, and
much more [26]. Due to the great potential of Permeable
Pavements in attenuating storm events, accurate modelling of
their hydrological behavior becomes necessary to plan actions
in a punctual and focused way for risky areas. Despite this
need, PPs, compared to other LID systems, mostly lack
extensively tested tools for modeling their hydraulic
performances; however, still few models have been proposed
in previous researchers for this purpose. Among these, Illgen et
al. and Turco et al. [27, 28] used HYDRUS-2D for the
numerical analysis of PPs. Palla and Gnecco and, Zhu et al.
[29, 30] simulated the runoff production from permeable
pavements using Storm Water Management Model (SWMM).
Carbone et al. and Brunetti et al. [ 31, 32] investigated the
accuracy of HYDRUS-1D in predicting the hydraulic
performance of permeable pavement. Huang et al. [ 33]
introduced a numerical model for simulating the behavior of
permeable pavements in stormwater runoff management.
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This model has been selected since it has proved to return
high fitting between numerical simulations and experimental
measurements relating to PP systems. It has been preferred to
other models since it requires less computational effort and
input data, so even the less experienced users can approach the
simulation tasks. In addition, it is readily available to the
scientific community since it can be downloaded for free
contrary to the same software but for two-dimensional
applications (HYDRUS-2D) indeed, the purchase price reflects
the complexity of the computational domain [28, 32, 36, 37]. In
the end, due to the small size of the samples, the water dynamic
is one-dimensional hence the use of HYDRUS-1D which
reproduces the one-dimensional flow appeared particularly
suitable in the reported study.
Although other works used HYDRUS-1D to reproduce the
PP hydrological behaviour, they differ from the present
research in the types of investigated PP systems. Indeed the
three samples here used have been realized according to the
suggestions of “ANAS” (National Autonomous Roads
Corporation) and “Autostrade per l’Italia” (leading Italian
Concessionaire for toll motorway, management and for related
transport services) which are the Italian national competent
authorities while the PP analyzed in similar studies have been
produced following the technical international specifications of
Interlocking Concrete Pavement Institute (ICPI). The latter
suggests a layer mainly composed of a mixture of sand, glass
sand and zeolite while the Italian standards require a
composition including binder and aggregates like sand, basalt,
porphyry and filler [31, 32]. In addition, while other works
discuss the long-term hydrological performances of the PP
under investigation, here, the event scale response has been
explored [32]. Furthermore, in contrast to similar event-scale
analysis, in the present study, the range of the investigated
rainfall intensities is different and wider [31].
In detail, the present research investigates the hydrological
response of three PP samples to ordinary, moderate, severe and
extremely severe rainfall events with intensities respectively of
5, 10, 20, 30 mm/h. The samples have been realized at
SOCOTEC (Society for the Control of Technology) laboratory,
in the section of Ferrara, according to the Italian National
standard and they differ for the percentage of bitumen and
aggregates used during the production phase. At first, for an
exhaustive description of the work samples, a mechanic
characterization has been performed through the determination
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of their indirect tensile strength and complex dynamic
modulus. As a continuation of the analysis, the hydrological
behavior of the three samples, when subjected to storm events
with different intensities, has been observed. The hydraulic
tests have been conducted in the Maritime and Environmental
Hydraulic Laboratory of the University of Salerno using a
rainfall simulator. Subsequently, the ability of the physicallybased model HYDRUS-1D in correctly reproducing the PPs
hydrological response has been investigated. The model has
been calibrated coupling the modelling results to measured data
collected from the three test pieces during the lab tests. The
Nash-Sutcliffe Efficiency (NSE) index has been used as the
objective function. Indeed, the calibration parameters set has
been iteratively changed until model simulations matched
measured calibration data with the highest NSE. In conclusion,
a sensitivity analysis has been performed to identify the most
significant parameters. The effect of the variance of the
parameters on results has been measured by a global sensitivity
index.

hydrological behavior.

Fig. (1). The three PP samples.

The three work samples have been produced and tested at
the Asphalt concrete laboratory of SOCOTEC Italia S.r.l., in
Ferrara. They have been realized according to the technical
specifications of “ANAS” (National Autonomous Roads
Corporation) and “Autostrade per l’Italia” (leading Italian
concessionaire for toll motorway, management and for related
transport services). The cylindrical samples with a thickness of
6 cm and a diameter of 10 cm, are made up of a mixture of
binder and aggregates including sand, basalt, porphyry and
filler. The three samples differ in the percentage of the used
constituents (Table 1).

2. MATERIALS AND METHODS
2.1. The Experimental Setup and Laboratory Tests
Three PP samples (A, B, C) (Fig. 1) have been used within
a test programme framwork with the goal of evaluating their
runoff response to different rainfall events and verifying the
suitability of HYDRUS-1D to accurately reproduce the

The particle size distribution of the used sediments, for
each sample, is shown in Fig. (2)

Table 1. Percentage of aggregates and bitumen for each sample. Please note that for each aggregate the indication of d/D is
given where d and D are respectively the minimum and maximum aggregate sizes (mm)
Samples

Filler

Sand 0/5

Basalt 4/8

Basalt 10/16

Porphyry 10/16

Bitumen

A

6,0%

5,0%

18,0%

12,0%

59,0%

5,4%

B

6,0%

0,0%

22,0%

22,0%

50,0%

5,4%

C

8,0%

21,0%

13,0%

30,0%

28,0%

5,1%

Sample A

100%

Sample B
100%
80%
% Passing

% Passing

80%
60%
40%
20%

60%
40%
20%
0%

0%
0.01

0.1
1
Particle size (mm)

10

0.01

100

0.1
1
Particle size(mm)

10

100

Sample C
% Passing

100%
80%
60%
40%
20%
0%
0.01

0.1

1

10

100

Particle size (mm)

Fig. (2). Particle size distribution.
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The binder consists of a 50/70 bitumen modified with 5%
of SBS (styrene-butadiene-styrene) polymers. It has been
subjected to basic characterization tests for the determination
of penetration at 25°C (according to standards UNI EN 1426),
softening point (UNI EN 1427), fraass breaking point (UNI EN
12593), elastic recovery at 25°C (UNI EN 13398) and dynamic
viscosity at 160°C (UNI EN 13702-2). Results are reported in
Table 2.

vertical resultant force applied by a mechanical head. The void
ratio is about 28% for the sample A, 25% for sample B and
12% for sample C. The laboratory tests simulating the
rainfall/runoff process, have been performed using a rainfall
simulator consisting of a raindrop pipette of 8 cm length and
1.5 cm diameter and a total capacity of 12 ml. The samples,
surrounded by PVC membranes, lie over wire grids to hold
them in place above a circular plate which acts as a runoffcollecting system. The plate was placed on a high-precision
digital calibrated scale which monitored the runoff from the PP
samples. For each test, the data collection continued until the
runoff stopped. After an event simulation and before repeating
the test, the sample was allowed to dry in an oven at a
temperature lower than 40° to avoid the melting of the bitumen
(Fig. 3).

Table 2. The characterization tests for the used bitumen.
Characteristics

Standards

Penetration at 25 °C

UNI EN 1426

60

dmm

Softening point

UNI EN 1427

71,5

°C

≥ 70

Fraass breaking point UNI EN 12593

-15

°C

≤ -12

89

%

≥ 80

0,38

Pa x s

≥ 15 - ≤
40

Elastic recovery at
25°C

UNI EN 13398

Dynamic viscosity at
160 °C

UNI EN
13702-2

Value

Unit of Range of
measure values
50-70

Four rainfall events have been simulated, they differ in the
rainfall intensity, which was set to 5, 10, 20 and 30 mm/h. The
rainfall events were replicated by running the rainfall simulator
for 10 min respectively at about 0.8 mm (Test 1), 1.8 mm (Test
2), 3.1 mm (Test 3) and 4.9 mm (Test 4). Each test (i) was
repeated three times (i’, i”, i”’ for each sample) to quantify
measurement uncertainty. The results of each laboratory test
have been reported in Table 3 below.

In addition to the mechanical characterization, the void
ratio of each sample has been investigated. The determination
of the air voids content has been performed by using a gyratory
compactor which combines a rotary shearing action and a

Fig. (3). Flowchart of the experimental procedure.
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Table 3. The laboratory tests.
Samples ID Test

Rainfall Intensity (mm/h)

Duration (min)

Rainfall Volume (mm)

Runoff Volume (mm)

1'
1”

0.1
5

0.8

0.1

1”'

0.1

2'
2”
A

0.8
10

0.8

1.8

2”'

0.8

3'
3”

2.2
20

3.1

1.7

3”'

1.9

4'
4”

3.4
30

3.2

4.9

4”'

3.2

1'
1”

0.1
5

0.8

0.1

1”'

0.1

2'
2”
B

0.8
10

2”'

0.8

10

3'
3”

0.8

1.8

2.2

20

1.7

3.1

3”'

1.8

4'
4”

3.4
30

4.9

3.2

4”'

3.2

1'
1”

0.2
5

0.3

0.8

1”'

0.1

2'
2”
C

1.0
10

1.0

1.8

2”'

0.8

3'
3”

2.4
20

2.0

3.1

3”'

2.2

4'
4”

3.7
30

3.8

4.9

4”'

3.8

model appears very easy and intuitive and immediately
intelligible to the users. HYDRUS-1D uses the onedimensional Richards equation, in the following form, to
describe the unsaturated water flow within the media:

2.2. HYDRUS-1D and Initial Setting
HYDRUS-1D [38] model has been used in the present
work to model the runoff from the considered permeable
pavement systems. HYDRUS-1D is a commercial soil physics
model for simulating water movement and solute/heat transport
in one-dimensional variably saturated media. Its application
has provided good results to several types of porous media
[32]. Indeed, it has been effectively used in recent studies for
the description of the hydraulic behaviour of some LID
systems such as green roofs and permeable pavements [31, 32,
39]. The program can be used to reproduce the flow and
transport occurring in the vertical, horizontal or sloped
direction. HYDRUS-1D is equipped with an interactive
graphics-based interface for data-preprocessing/generation and
a structured finite element grid system. In addition, the
simulation output can be displayed graphically. That is why the
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𝜕𝜃
𝜕𝑧

𝜕
= 𝜕𝑧 [(ℎ) (𝜕ℎ + 1)]

(1)

𝜕𝑧

Where θ is the volumetric water content [L3L-3], h is the
soil water pressure head [L], K(h) is the unsaturated hydraulic
conductivity [LT-1], t is time [T], and z is the soil depth [L].
The soil hydraulic properties are described by the van
Genuchten-Mualem relation [40]:
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𝜃𝑠−𝜃𝑟

𝜃={

(1+(𝛼|ℎ|)𝑛)𝑚

+ 𝜃𝑟

𝑖𝑓 ℎ ≤ 0

}
𝑖𝑓 ℎ > 0

𝜃𝑠

the measurements. The goal of the calibration is to obtain a
model that reproduces the hydrological behaviour of the
permeable pavement systems as accurately as possible. In
general, the adaptation is evaluated using statistical measures
called efficiency criteria used as the objective function to judge
the performance of the model. In the present study, the NashSutcliffe Efficiency (NSE) index has been used as efficiency
criteria while the cumulative runoff volume is the target of the
objective function.

(2)

1

𝐾 𝑆𝐿 [1 − (1 − 𝑆𝑚) ] 2 𝑖𝑓 ℎ ≤ 0
𝑒
𝐾={ 𝑠 𝑒
}
𝐾𝑠
𝑖𝑓 ℎ > 0

(3)

The soil hydraulic parameters are simultaneously
optimized with the purpose of maximizing the NSE criterion.
The NSE coefficient is expressed as:

Where θr [L3L-3] is the residual water content, θs [L3L-3] is
the saturated water content, n is a pore-size distribution index [], α is a parameter related to the inverse of the air-entry
pressure
[L-1], L indicates the tortuosity coefficient [-], Ks [L
T-1] is the saturated hydraulic conductivity, m [-] is given by:

𝑚 =1−1

𝑛

𝑁𝑆𝐸 (−) = 1 − ∑

(Robs.i−Rmod.i)
n (R
̅ obs.i )2
∑i=1
obs.i −R
i=1

𝑆𝑒 =

𝜃𝑠−𝜃𝑟

2

(6)

Where n represents the length of the sample which consists
of the four rainfall/runoff events simulated during the
laboratory tests, Rmod and Robs respectively represent the

(4)

The effective saturation Se [-] is expressed as:
𝜃−𝜃𝑟

n

cumulative modelled and the observed runoff volume,
is
the mean of the observed runoff volume. The soil hydraulic
parameters required for running the HYDRUS-1D have been
listed in Table 4. Field experiments or laboratory tests can be
performed in order to experimentally derive the above-said
parameters, but these procedures are quite expensive, timeconsuming and sophisticated. In order to overcome this
limitation, the input parameters are generally estimated using a
calibration process or reference values derived by previous
studies and suggested for the specific textural class. In the
present analysis, the residual water content θr, and the
tortuosity coefficient L have been set from scientific literature
and fixed respectively at 0.045 and 0.5 as suggested by [28]
while the calibration parameters include θs, α, n, Ks.

(5)

Concerning the initial setting of the model, the atmospheric
boundary condition with surface runoff has been applied at the
pavement surface while the free-drainage condition has been
maintained at the lower boundary of the domain (Fig. 4). The
first condition permits water to run off from the surface while
the second one is used to simulate a freely draining soil profile.
The initial conditions have been specified in terms of soil water
content (Vw). Vw has been set to 0.2 (dry condition) and
constant with depth. A relatively fine grid (~0.06 cm) has been
used for the schematization of the domain while the number of
model runs for each simulation has been fixed at 100.

Table 4. Calibration parameter set in HYDRUS-1D.
Parameter Unit of Measurements Initial Value
θr

mm3/mm3
3

3

Data Source

0.045

[28]

θs

mm /mm

calibrated

-

α

1/mm

calibrated

-

n

-

calibrated

-

L

-

0.5

[28]

Ks

mm/min

calibrated

-

The calibration procedure provides the best parameter sets
to be used as input parameters in HYDRUS-1D during the
model simulations.
2.4. Sensitivity Analysis
The sensitivity analysis is generally carried out to evaluate
the response of model outputs to variation in input parameters
and to quantify the importance of each of them. In this study,
one of the main goals is to understand the sensitivity of
HYDRUS-1D to the hydrological input parameters so as to
identify the most influential one which significantly affects the
modelled runoff. A one-at-a-time sensitivity analysis has been
performed. In this kind of analysis, each parameter can be
tested separately while maintaining all the other parameters
fixed to their optimal values obtained from the calibration

Fig. (4). Water boundary conditions used for HYDRUS-1D.

2.3. Model Calibration
Calibration is the process allowing to identify the values of
the model parameters which produce outputs that closely match
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procedure, so the effect of the single parameter variations can
be isolated and identified. The key characteristics of the
sensitivity analysis are the selected range of variation for each
parameter and the number nj of tested values that segment the
variation interval. The extremes of the range of change have
been identified according to two criteria. The lower boundary
corresponds to the value of the selected parameter which was
entered as input within the model, returns no runoff when
simulating the event with 5 mm/h intensity. The upper
boundary is the value of the considered parameter immediately
preceding the one which gives back a non-convergent model
solution for the event with the lowest intensity. The number of

3. RESULTS AND DISCUSSION
The tests conducted on the three samples allow defining
for each configuration and rainfall intensity, the capacity of the
PP systems in retaining stormwater. Retention capacity (RCTest)
is calculated for each test as:

𝑅𝐶𝑇𝑒𝑠𝑡 = (1 − 𝑅𝑇𝐸𝑆𝑇) · 100
𝑃

Where R TEST is the runoff (mm) produced during the test
and P is the total volume of the rainfall input (mm).

nj has been established according to the width of the variation
interval so that the effect of every value assumed by the tested
parameter could be explored (Table 5).

Each event simulation has been reproduced three times, so
three values of the retention capacity have been calculated but
due to their high degree of consistency, only the mean value
(RC) has been considered. The mean value is given as:

Table 5. Range of variation and the number of tested value
nj.
Samples
Parameter
ID

A, B

C

Minimum Input
Value

Maximum Input
nj
Value

𝑅𝐶 =

(10)

𝑛

0.5

6

Where n is the number of the tests set at 3 (Table 3).

1

20

1.5

10

18

0.1

1

10

Confidence boundaries at α= 5% have also been assessed.
The RC curves derived from the performed analysis for the
different combinations of events and PP surfaces are shown in
the figure below (Fig. 5). The results show that the capacity in
runoff retention decreases with increasing intensities of the
rainfall events. Rainfall events up to 2 mm/h have been totally
retained by all the samples (RC = 100%). Events with low
intensity (5 mm/h) reach values of RC up to 85%, while the
percentage of stored rainwater never falls below 20% even for
the storms with higher intensities. The curves can be described
by an exponential function where RC decreases very rapidly
for high intensities, then gradually approaches a plateau which
means no significant decrease in runoff retention for events
with rainfall intensities higher than 20 mm/h. Indeed, moving
from events with the intensity of 5 mm/h to 10 mm/h, RC
decreases drastically by about 30%. For higher intensities, it

0.0001

0.15

θs

0.25

α

0.05

n
L
Ks

0.001

0.8

11

θr

0.0001

0.15

6

θs

0.25

0.5

6

α

0.02

2

19

n

1.5

13

21

L

0.1

1

10

Ks

0.0001

0.6

11

The effects of the physical soil parameters on the model
outcomes have been evaluated by their impacts on the value of
the global sensitivity index suggested by Saraiva et al. [41] and
expressed by:
n
∑i=1
Si

n

has not been found large variability in the hydrological
performances, indeed, RC ranges between 40% and 20%.

(7)

These findings have been confirmed by Carbone et al. [31]
where it was found out that moving from a rainfall event with
an intensity of 12 mm/h to a rainfall event with an intensity of
36 mm/h, the volume reduction decreases from 68% to 60%.
The best performing porous pavement in terms of retention is
the type A while the less effective one is the type C. The
difference in their hydrological behaviour at most reaches 30%.
The samples A and B respond similarly to the rainfall inputs,
indeed, the corresponding performances, at most, differ of
about 4%.

Where n is the total number of the observed rainfall/runoff
events that, in this case, are the four events with rainfall
intensities of 5, 10, 20, 30 mm/h. Si is the local sensitivity
index of the model concerning the single event [42] calculated
as:

Si =

∑3𝑇𝑒𝑠𝑡=1 𝑅𝐶𝑇𝑒𝑠𝑡

6

θr

S=

(9)

Dmax−Dmin
Dmax

(8)

In the previous equation, i represents the index of the event
or test (Table 3), Dmax and Dmin are the maximum and minimum
values of the output runoff resulting from the change of the
considered parameter within the range of variation for the
specific event. The total sensitivity index has been selected to
estimate the total effect of the input factors because it gives a
clear interpretation and a quantitative measure of the relative
deviation of the model output distribution.
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These findings are closely correlated with the values of the
void ratio indeed, the samples A and B exhibit similar values of
this index, respectively of 28% and 25%, which results in quite
comparable RC. The sample C has a lower void ratio (about
12%) impacting its retention performances which are
inevitably worse. All seems to confirm the literature outcomes
[43, 44] according to which the change in the void ratio
influences the Soil Water Content (SWC) and, specifically, the
higher the void ratio, the higher the SWC.
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RC curves
Sample A

Sample B

a)

b)

Sample C
Confidence interval- Sample A

100

Lower

Upper

100
80
60
40
20
0

RC [%]

90
80

0
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20
30
Rainfall intensity [mm/h]

70

Confidence interval-Sample B
Lower

Upper

100
80
60
40
20
0
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RC [%]

60
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0
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20
30
Rainfall intensity [mm/h]

30
Confidence interval- Sample C
Lower
RC [%]

20
10
0
0

Upper

100
80
60
40
20
0
0

10
20
30
Rainfall intensity [mm/h]

20
Rainfall intensity [mm/h]

Fig. (5). Retention capacity for different rainfall intensities and PP systems (a) and prediction intervals at 5% confidence level for each sample (b).

The Hydrus calibration allowed to adjust the input
parameters value until reaching the highest possible NSE. In
this way, the best set of hydrological parameters for the
specific PP system has been obtained. The optimal calibration
parameters set has been reported in Table 6. The values found
during the procedure correspond to very high NSE which are
respectively of about 0.9 for samples A and B and about 1 for
samples C. This result suggests that the model is very accurate
in predicting the hydrological behaviour of the three samples
and especially of the sample C, therefore, it could be
effectively used in subsequent simulations. The type Apavement exhibits a response very similar to the type Bpavement, indeed, the values of the calibration parameters are
the same. The ability of this model in reproducing the
hydrological performance of a PP system has been proved by
other studies which tested different types of PP systems [32]
and reported NSE values higher than 80%.

calibration procedure, the observed cumulative runoff values
closely match the modelled ones, the fitting is higher for the
Samples A and B with a correlation coefficient of 0.9992 and
slightly lower for the sample C with R2=0.9989. Anyway, the
simulations results will benefit from a very good model
efficiency.
Table 6. Best parameters set and the corresponding NSE
values.

Parameter
[mm3/mm3]
θr
3

θs

The scatter plot in Fig. (6) confirms that, as a result of the
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Sample A
(NSE=0.874)

Sample B
(NSE=0.866)

0.045

Sample C
(NSE=0.980)
0.045

[mm /mm ]

0.3

0.3

α [1/mm]

0.2

0.07

n [-]

3

2.5

L [-]

0.5

0.5
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0.5
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R² = 0.9992

Modelled Runoff [mm]
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3

R² = 0.9989

Samples
A,B
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2

1

0
0

1

2

4

3

5

Observed Runoff [mm]

Fig. (6). Scatter plots of observed and modelled Runoff.

After the calibration process, the temporal patterns of the
selected rainfall events have been investigated in terms of
runoff flow rate (Fig. 7a) and cumulative runoff (Fig. 7b). The
hydrological response, in terms of flow rate (Fig. 7a),
corresponding to the different rainfall intensities, present
similar temporal patterns that substantially differ in magnitude,
indeed, higher intensities correspond to higher rates and
consequently higher peak flow. The runoff generation, for
events with high intensities, is faster and starts in less than 1
min after the precipitation onset while for low-intensity events,
the runoff begins about 4 min later. The runoff production
immediately stops at the end of the precipitation input (10 min)
regardless of the rainfall intensity of the event. The temporal
patterns here presented cannot be compared to experimental
measurements that are missing due to the very high sampling
rate required consequent to the sample dimension. For what
concerns the cumulative runoff volume (Fig. 7b), as the
empirical data suggest, the model simulations show that highintensity events return larger cumulative precipitation than the
low-intensity ones. In addition, the behaviour of the samples A
and B basically coincide while the sample C is featured by a
slightly higher runoff production and peak rate. This result
confirms the close link between void ratio and hydraulic
behaviour of the samples, indeed, the samples A and B with
similar void ratio, around 30%, are better performing than
sample C with a lower void ratio (about 12%) and return lower
runoff flow rate and cumulative runoff in response to the same
rainfall/runoff event.

parameters on the output variance and to discern the
unimportant factors which do not significantly affect the model
results. In Table 7, the parameters have been ranked starting
from the one with the lowest impact on model predictions
while the most influential factors are placed on the right side of
the table. The parameters with the lowest value of the global
sensitivity index are the residual water content θr, and the
tortuosity coefficient L. S-index assumes average values of
0.03 and 0.015 respectively for θr and L. This means that the
two parameters do not have a direct effect on the output of
HYDRUS-1D. This result seems to validate the procedure
adopted in the present research and proposed by previous
studies [28] which exclude the two above-mentioned
parameters from the calibration process by attributing them
fixed values from the literature. On the other side, the saturated
hydraulic conductivity KS, with a sensitivity index around 0.57,
results the most important parameter and uncertainty in its
initial value causes uncertainty in the model outcomes. The
parameters n, α and θs have a lower impact on the model
results than Ks. They return values of S ranging from 0.39 and
0.55. In conclusion, greater attention should be paid to the
choice of Ks (and progressively α, θs and n) for a proper
simulation process, than in the selection of θr and L. These
results are confirmed by other researches [32] which have
identified in the pore-size distribution index, the air-entry
pressure parameter and the saturated hydraulic conductivity,
the most influential parameters on the output’s variance of
HYDRUS-1D when the hydrological behaviour of a PP system
is investigated. In these cases, the values of the sensitivity
indices differ from the ones proposed in the present work,

The sensitivity analysis has allowed, using the global index
S, to identify the influence of the different hydrological
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indeed they reach maximum values of about 0.30 against 0.57
of this research, but the order of magnitude is comparable.

5 mm/h intensity than for more severe storms (i.e. 30 mm/h),
so, the selection of appropriate input values is of higher
importance in the reproduction of moderate events. Anyway,
also at the local scale, Ks is confirmed to be the most impactful
parameter while θr and L are the fewest ones.

Concerning the local sensitivity index Si, it appears to
strongly depend on the value of the rainfall intensity of the
selected events indeed, the lower the rainfall intensity, the
higher the parameter influence on the outcomes of HYDRUS
1D. This implies that the model results are more sensitive to
changes in the hydrological parameters for rainfall events with

a)

For illustrative purpose, the sensitivity graphs for the most
and less influent parameters for the sample A have been shown
in Fig. (8).

30
5 mm/h (Prot. A,B)

25

Flow [mm/h]

10 mm/h (Prot. A,B)
20

20 mm/h (Prot. A,B)
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0
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Fig. (7). Hydrological behavior of the three samples in terms of a) runoff flow rate b) runoff cumulative volume.

Table 7. Sensitivity indices of the hydrological parameters.
Samples A-B
i-test

Rainfall Intensity [mm/h]

Si,θr

Si,l

Si,n

Si,θs

Si,□

Si,Ks

1

5

0.08

0.09

0.94

0.97

0.93

0.99

2

10

0.01

0.02

0.38

0.45

0.60

0.67

3

20

0.00

0.01

0.16

0.19

0.27

0.35

4

30

0.00

0.00

0.10

0.11

0.17

0.23

-

S

0.02

0.03

0.39

0.43

0.49

0.56

Sample C
Rainfall Intensity [mm/h]

Si,θr

Si,l

Si,n

Si,θs

Si,□

Si,Ks

1

5

0.03

0.08

0.98

0.99

0.98

0.99

2

10

0.01

0.02

0.48

0.54

0.67

0.69

3

20

0.01

0.01

0.21

0.25

0.33

0.37

4

30

0.00

0.00

0.13

0.15

0.21

0.24

-

S

0.01

0.03

0.45

0.48

0.55

0.57

i-test
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Fig. (8). Sensitivity graphs for the sample A related to a) the residual water content θr and to b) the saturated hydraulic conductivity Ks.

Fig. (8) highlights that for the different rainfall intensities,
the variation in the value of θr doesn’t affect the runoff
production which remains stable. On the other side, when
increasing Ks, the surface outflow consequently decreases. It
follows that Ks strongly impacts model results while θr is noninfluential within the simulation process.

the porous systems. In details, the hydrological behaviour of
the three PP samples to ordinary, moderate, severe and
extremely severe rainfall events has been explored. The three
samples (A, B, C) have been produced in the laboratory
according to the technical specifications used by industries to
ensure compliance with the legislative safety requirements and
they differ in terms of composition (percentage of bitumen and
aggregates) and, consequently, in the values of void ratio
which necessary affects the hydrological properties and
behaviours of the samples. After a mechanic characterization
of the samples, attention has been focused on their hydrological
response, in terms of runoff production, to rainfall events with
intensities of 5, 10, 20, 30 mm/h and duration of 10 min,
reproduced in a laboratory using a rainfall simulator.
Subsequently, the physically-based model HYDRYS-1D has
been calibrated using the experimental data collected during
the laboratory tests. The optimal calibration parameter set has
been found by iteratively optimizing the differences between
observed and modelled data until getting the highest NSE. A

CONCLUSION
The novelty of the present work lies in the quantitative
assessment of the hydrological behaviour of three PP systems
with reference to the rainfall characteristics defining how the
response varies depending on the specific mechanical features
and composition of the samples. The samples used in the
present study which differ in terms of the used percentage of
aggregates and bitumen, have been selected because
recommended by the Italian national competent authorities, and
they have never been tested to this aim indeed, previous studies
investigated the behaviour of PPs realized according to
international standards which require different composition of
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sensitivity analysis of HYDRUS-1D has been performed in
order to investigate the model response to variation in the
values of input variables. A One-factor at a time sensitivity
analysis, so called as each factor is perturbed in turn, has
allowed to identify the most influential parameters.
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Abstract:
The durability of asphaltic mixtures, in addition to traffic loading, is greatly influenced by the extremes environmental parameters.
For instance, at higher temperatures, bitumen becomes soft, thereby reducing the stiffness of asphalt mixtures and making them
vulnerable to rutting. On the other hand, at lower temperatures, the stiffness of bitumen is increased, reducing the flexibility of
asphaltic concrete and rendering it prone to fatigue failure. Therefore, this evaluation is an extensive research study on the durability
of binder and asphalt mixture with their phenomena. Besides that, this paper intends to delve into the various testing methods and
measures adopted to evaluate aging and slowing it down. It also presents a critical review of these methods and proposes a future
course of action to better address aging issues. According to the evaluation, the behavior of bitumen on the basis of its source varies;
when it is mixed with bitumen modifiers, aggregates, and other filler materials, its behavior becomes even more complex. Hence the
understanding of the phenomenon of aging is important and the significance cannot be overemphasized. Extensive research work
has been done over the last seven decades to evolve the understanding of short- and long-term aging and to improve the durability of
asphaltic mixtures. Generally, the aging of bitumen under the influence of both environment and traffic is irreversible as well as
inevitable. Apart from entailing hefty maintenance budgets, it remains a challenge to the researchers to slow down aging.
Keywords: Bitumen aging, Micro-CT of bitumen, Asphalt mixture aging, Modified bitumen, Steric hardening, Durability of
asphaltic mixtures.

1. INTRODUCTION
The durability of a road surface material is inevitably
affected by environmental factors, such as precipitation,
temperature, air, and ultraviolet rays [1]. Rises in temperatures
decrease the stiffness of bitumen and consequently make
pavement more vulnerable to rutting. On the contrary, lower
temperatures can increase the stiffness of bitumen and paves
the way to inducing fatigue failure in pavements. The resulting
cracks in the pavement surface may adversely affect the longterm performance of the asphalt mixture. Studies have been
carried out to better understand the factors responsible for
short- and long-term aging [2]. In fact, age hardening is
predominantly associated with the loss of volatile constituents
in bitumen during 1) mixing and construction stages, and 2)
life span of pavement through progressive oxidation of the
bitumen. The former is designated as short-term aging, while
the latter as long-term aging. Both the short and long-term
*
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aging tend to cause a surge in viscosity of bitumen and
consequent stiffening of the mixture. Subsequently, the
pavement mixture tends to become brittle and susceptible to
crumbling and cracking. The aging process of bituminous
mixtures is potentially irreversible, which consequently
reduces the durability of pavements [3]. This paper intends to
review the available literature on the broad topic of bitumen
aging and assembles the current understanding of bitumen
aging and measures to slow down the consequences of bitumen
aging in pavement mixtures.
2. RHEOLOGICAL PROPERTIES OF BITUMEN
The main constituents of pavement mixture include coarse
and fine aggregates, mineral fillers, and a relatively small
proportion of bitumen. However, this small amount of bitumen
has a profound impact on the overall performance of pavement
[4]. Bitumen is a viscoelastic material generally derived from
crude oil or obtained from its natural deposits, like the Pitch
Lake, which is considered as the largest natural deposit of
asphalt in the world, situated at La Brea in southwest Trinidad.
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The chemical composition of bitumen is complex, often
depends on its sources, consisting mainly of carbon (80-88%)
and hydrogen (8-12%). Other elements, such as sulphur (09%), oxygen (0-2%), and nitrogen (0-2%), as well as some
trace minerals like vanadium, nickel, and manganese, may also
be present [4]. The level of performance of road throughout the
service life has a close correlation with the properties of
bitumen used in the asphaltic mixtures. The rheological
weaknesses of the conventional bitumen have generated an
interest of researchers to evaluate the factors that contribute
towards short- and long-term aging [5]. The properties of
bitumen are usually affected by the presence of oxygen,
ultraviolet radiation, and temperature and pressure extremes.
These external factors cause it to harden or soften and
eventually affect its durability [6]. Empirical properties testing
such as penetration, ductility, ring and ball methods are
inadequate in evaluating the changes in property due to aging
[7]. In fact, over the last two decades, bitumen aging has been
described by the rheological parameters, namely, complex
modulus (G*) and phase angle (δ), as a function of loading
frequency and prevailing temperature. It’s a unique behavior of
bitumen that its mechanical response is dependent on loading
time and temperature. In the 1950s, a viscoelastic description
of the behavior of bitumen was given, and the term stiffness
was adopted to describe the mechanical behavior of pure
bitumen as a function of temperature and loading time [8]. The
Strategic Highway Research Program (SHRP) originally
conceived the notion of characterizing bitumen through
rheological properties in response to a perception from the
highway industry that the quality of paving-grade bitumen had,
in many cases, declined to an unacceptable level. Because of
this perception, the primary objective of the SHRP was to
develop performance-based specifications [9]. It can, hence, be
concluded that, in particular, complex modulus (G*) is a major
indicator of the mechanical behavior and performance of
bitumen. The dynamic (oscillatory) shear rheometer (DSR) is
considered to be a useful technique to explain the uniqueness
of the behavior of bitumen. In the shear mode under dynamic
testing, G* and δ were measured, in which G* represents the
total resistance to deformation when sheared repeatedly, while
the phase angle (δ) represents the magnitude of deformation
[2]. Naturally, the higher value of G* represents better
resistance to deformation and a lower value of δ reflects better
elasticity of bitumen. The study of these parameters is useful
because they have the potential to predict pavement
performance, such as rutting resistance (G*sinδ) and fatigue
(G*sinδ). The general relationship of elastic modulus E and
shear modulus (G*) is as shown in Eq. (1):
𝐸 = 2(1 + µ)∗

needed. The SHRP developed techniques to characterize
binders according to their stiffness, relaxation ability, and
failure properties. The SHRP techniques have been widely
reported in the literature for the last two decades and are
specified in AASHTO T315-02 [10]. A type of test to measure
the shear modulus of bitumen uses a fixed lower plate and
oscillating upper plate in which shear force is applied to the
specimen, as shown in Fig. (1) [1].
The SHRP researchers conducted strain sweeps to
determine the maximum strain values that could be used in the
frequency sweep tests to generate data in the linear region [7].
The methodology required monitoring the absolute value of the
complex modulus (G*) as the strain increased; if (G*) did not
drop more than 0.95% of its initial value, linearity conditions
were considered to be valid. This condition is also a part of the
AASHTO specification on Dynamic Shear Rheometer (DSR),
and the same approach is adopted by AASHTO T315-02 [10].
The DSR specifications are now being implemented as a part
of the Superpave specification in various countries. Using
oscillatory shear measurements, both the base and modified
bitumen have been investigated under stress- and straincontrolled conditions. The changes in properties have been
measured using DSR [11]. There are several major distress
modes of road pavement related to the properties of bitumen
[12]. Frequent problems of road pavement include rutting,
fatigue cracking, and thermal cracking [4], among many others.
The performance of bituminous mixtures in service is
significantly affected by the rheological properties and
chemical composition of bitumen. Numerous researchers have
studied the relationship between the rheological characteristics
of bitumen and its field performance [13 - 16]. The rheological
characteristics of bitumen, its field performance, and the
importance of understanding the rheological behavior of
bitumen have also been emphasized [4]. Most of the earlier
research was unfortunately limited to studying the aging
process and not on how to improve aging resistance. However,
some researchers tried antioxidant compounds to improve the
aging resistance of bitumen [17 - 20]. Next, the relative
advantages of the wet versus the dry methods are still being
researched, although modified bitumen produced through
either the wet or the dry process has demonstrated improved
performance as compared to unmodified bitumen. Superpave
standards are relatively novel and may need further
improvement in some areas [21]. Another point of particular
concern is the testing of long-term aging, which is carried out
at pressures and temperatures well in excess of the usual roadaging conditions. These elevated temperature and pressure
conditions affect the mechanics of oxidative hardening of the
binder, which leads to physical properties that may be unlikely
to obtain at road aging conditions [22]. AASHTO R30-02
requires bitumen mixtures to be conditioned at 135°C for 4
hours prior to compaction, for short-term aging, and for longterm aging, at 85°C for 120 hours in an oven [10]. The
conditioning procedure has been designed to simulate the aging
that the asphalt mixture suffers during 5-10 years of its design
life [6]. Studies have been focused to determine chemical,
rheological, elastic, and thermal properties as well as
sensitivity to heat, UV, and oxidation of bitumen with and
without additives [23].

(1)

Where,
E = Elastic stiffness modulus for asphalt mixture,
μ = Poisons ratio,
G* = Complex modulus
The value of Poisons ratio (μ) is driven by the
compressibility of the material. It may be assumed to be 0.5 for
pure bitumen, while less than 0.5 for bituminous mixtures.
Consequently, new tests based on fundamental properties were
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Fig. 1. Schematic Representation of Dynamic Shear Rheometer (DSR) test.

mechanical work since it only entails structural reorganization
of the molecule as a result of variation in temperature [25].
Volatilization and oxidation processes are, however,
irreversible as they are prompted by chemical changes [26].
The above facts have only emerged from the research
outcomes within the last four decades; however, to simulate
aging, laboratory methods have been focusing only on
volatilization and oxidation as the two dominant factors of
aging [6].

3. BITUMEN AGING MECHANISMS
The primary bitumen aging mechanism takes place in the
pug mill or drum mixer where heated aggregate is mixed with
hot bitumen [6]. At this stage, substantial rheological changes
take place during this short mixing period. The factor that
contributes to the age-hardening of bituminous mixtures during
mixing is the volatilization of light asphalt components [24].
This phenomenon occurs when the temperature increases
during the production, storage, transport and placing of
bitumen, in which loss in weight of bitumen occurs on account
of evaporation. Bitumen reacts with atmospheric oxygen, and
Ultraviolet (UV) radiation and the rate of this reaction depends
on the amount of reactive hydrocarbons present, which varies
depending upon the type and the source of bitumen [25].
Oxidative age-hardening of bitumen significantly contributes to
pavement embrittlement, which in the case of bitumen
mixtures, evidently leads to excessive pavement cracking [25].
Steric-hardening is the isothermal, reversible, and timedependent hardening phenomenon always observed in bitumen
that has been heated to become a free-flowing liquid and then
allowed to cool down at room temperature. Steric-hardening
occurs when molecules in a randomly oriented complex
mixture reorganize themselves upon cooling over time and
form an organized mixture of molecules [6]. The effects of
steric-hardening, otherwise termed as physical hardening,
include increased viscosity and a slight contraction in volume
[24]. Steric-hardening can be reversed through heat or

The reaction process is governed by the reactive
hydrocarbons present in bitumen, and that is dependent on the
type and source of bitumen [27]. One can explain the overall
oxidative aging with three different types of phenomena: (i)
fragmentation, (ii) oxygen addition, and (iii) condensation or
carbonization, as shown in Fig. (2). In fragmentation, the
molecules are broken down into smaller fragments, while
methane, acetic acid, carbon dioxide, and water are evolved as
by-products. In fact, these by-products are volatile in nature,
and they evaporate over time. The oxygen addition
phenomenon causes the formation of carbonyl (C=O) and
sulfonyl (S=O) groups in the matrix. In the condensation or
carbonization process, the molecules havinghigh molecular
weight and aromatic molecules (benzylic carbon group) are
produced. The presence of these heavy molecules coupled with
the loss of volatile molecules, on account of fragmentation,
reduces the mobility and increases the bitumen’s viscosity [28].
Moreover, the fine filler particles in the asphalt mixture may
potentially expedite the overall aging process.

Fig. (2). Possible mechanism of oxidative aging.
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progresses [33]. The oxidation product and the oxygen
diffusivity of bitumen are, thus, inter-dependent, as shown in
Fig. (3). It depicts that the diffusion coefficient continuously
varies, and this variation continues until all the reactive
hydrocarbons in the bitumen are exhausted, or the supply of
oxygen is ended. In this process, the viscosity of bitumen
increases with the increasing oxidation product concentration
within the bitumen matrix.

Bitumen behaves as a Newtonian fluid when mixed with
mineral aggregates at high temperatures. The linear viscoelastic
region depicts its resistance to traffic loads [29]. It has been
reported that pavement defects, like rutting at elevated
temperatures, crack development, and propagation in the lowtemperature region may not only be attributed to traffic loading
but also due to the thermal vulnerability of bitumen [30]. The
high-temperature specification parameter for evaluating rutting
resistance in asphalt pavements developed during the SHRP is
a ratio of the complex modulus and the phase angle (G*sinδ). It
was studied whether the (G*sinδ) ranks the binders in the same
way as did laboratory mixture test for rutting [31]. Three
different machines were used to test rutting, namely, French
Pavement Tester, Hamburg Wheel Tester and Georgia Loaded
Wheel Tester (GLWT). The study concluded that the GLWT
device provided a good relationship with (G*sinδ) of the
bitumen as compared to the other two devices, which showed a
slightly higher rutting value. The selection of specification
criteria to ensure satisfactory resistance to fatigue cracking is
perhaps the most difficult challenge presented by the new
binder specification. It is stated that the current definition of
fatigue failure is not adequate and that the existing measuring
system for binder properties is based on assumptions and
simplifications that result in misinterpretation of pavement
conditions and other factors like traffic speed, traffic volume,
pavement structure, and heating-cooling cycles [11]. The
dissipated energy approach was applied to fatigue, and the
parameter G*sinδ) was identified as an indicator of fatigue
resistance [19]. Traditionally, the aging potentials of bitumen
mixtures have been investigated by the aging of bitumen under
suitable means and evaluating the change in its physical
properties. This approach does not account for the effect of
aggregate packing, air-voids, and mixture morphology and may
yield inappropriate results. A more pragmatic approach is to
subject asphalt-aggregate mixtures to aging conditions and
measure the physical properties of the aged mixtures, not
bitumen alone. It was claimed that bitumen oxidation was
represented accurately by the growth in the infrared carbonyl
peak, although this growth represents only a small portion of
the spectral change during oxidation [32].

Fig. (3). Schematic of diffusion-controlled oxidation process [33].

5. INVESTIGATION ON BINDER STUDIES
Binders that are resistant to aging or changes in physical
properties during long-term service may be described as
durable. It is desirable to understand the thermo-mechanical
behavior of bitumen before using it as a binder for pavement
construction. In field applications, pavement layers are exposed
to atmospheric extremes, and the binder comes in contact with
oxygen. The reaction of the bitumen with oxygen changes its
composition and renders it to be susceptible to wear and
moisture damage. The effect of compositional change in the
binder is reflected in the increased hardening of the binder,
which in turn increases stiffness and viscosity. Various
methods have been proposed to imitate the effect of aging and
predict the in-situ behavior of bitumen. The commonly used
bitumen aging tests to simulate short-term aging are the ThinFilm Oven (TFO) and the Rolling Thin-Film Oven (RTFO)
tests. The SHRP binder specification includes 1% RTFOT
mass loss limit, which was set to avoid performance problems
and not intended as an environmental exposure limit. A review
was done dealing specifically with laboratory binder aging and
summarizes the methods used together with the test used to
evaluate the extent of aging [34] is as shown in Table 1.

4. CONTROLLED OXIDATIVE AGING BY DIFFUSION
PROCESS
The concentration of oxygen in the bitumen matrix is
dependent on the diffusivity value of bitumen and the
diffusivity of bitumen keeps changing as oxidative aging

Table 1. Laboratory Accelerated Aging and Evaluation Methods [34].
Aging Method

Evaluation Method

References

Change in weight, penetration of residue
Recovered asphalt - change in penetration

[38]

Ottawa Sand mixture, oven aging, outdoor exposure

Change in mix properties, abrasion, strength

[39]

Mixture oven aging 30 min 163οC

Recovered asphalt - penetration, ductility, softening point

[40]

Ultraviolet and infrared
Weathering

Penetration, Softening point Ductility

ο

ο

For 18, 24 hrs, 325 F (163 C)
Mixture aged for 30 min, 149οC
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100°C in a pressure aging vessel. In the study, dynamic shear
and extensional properties were investigated. The polymer
modification resulted in improved value of complex modulus at
high temperatures, decreased value of complex modulus at low
temperatures, and improved ductility. Oxidative aging
decreased asphalt temperature sensitivity, damaged the
polymer network in the binders and lowered the effectiveness
of polymer additives in improving ductility.

In a study to evaluate procedures to retard oxidative
hardening of asphaltic surfacing in South Africa, an approach
similar to that first adopted by [35] was incorporated [36]. A
two-stage procedure with extended RTFOT aging was utilized
initially, for 8 hours followed by pressure oxidation at 300 psi
and 65°C for 96 hours. The evaluation of the extent of asphalt
aging was done by sliding plate micro viscometer at a shear
rate of 0.05 sec-1 and 45°C. The film thickness was reduced to
100 microns and the exposure time was increased to 24 hrs
[36]. It is also reported that the viscosity of a typical asphalt
volatile fraction is 11 centistokes at 60°C [37 - 41].

A different sustainable technology implementation was the
use of crumbed rubber (waste tyre) as a binder for bitumen
modification. Many field studies have been conducted using
crumbed rubber to improve bitumen performance [46 - 49].
The application of rubberized bitumen realized many
advantages ranging from improving bitumen resistance to
rutting due to high viscosity, better resilience due to higher
softening point, lower fatigue/reflection cracking, and
improved temperature insensitivity [50]. An investigation was
done on rubberized bitumen binder in which samples were
prepared by mixing bitumen 80/100 penetration grade with
CRM (8% and 16% by binder weight) passing 30 mesh sieve in
a propeller mixer at 180°C for one hour at a velocity of 200rpm
[51]. The results were encouraging as they showed that the use
of rubberized bitumen binder reduced the aging effect on
physical and rheological properties of the bitumen binder as
established through the lower aging index of viscosity, lower
aging index G*sinδ at 76°C, and increase in tanδ with
increased crumb rubber modifier content. In addition, the
results showed that the softening point increment (ΔS) and
Penetration Aging Ratio (PRA) of the rubberized bitumen
binder declined significantly due to crumb rubber modification.
This crumbed rubber modifier also increased the stiffness of
the bitumen binder and lowered G*sinδ at 31°C after PAV
aging indicated fatigue resistance.

Calculations, which used this viscosity value with a
standard viscosity blending algorithm suggested that 1%
volatilization increased asphalt viscosity by about 20%. A test
method termed as German Rotating Flask Test (GRFT) has
also been developed in Germany as an alternative to the TFOT
and RTFOT tests [42]. In the GRFT method, 100 g of bitumen
is placed in a 500 ml round-bottomed flask. The flask is
connected to a rotating evaporation apparatus, which is
operated at 20 rpm with the flask immersed in an oil bath at
165°C for 2.5hrs and a 500 ml/min airflow over the asphalt. In
an interesting study, bitumen aging results from a controlled
environment room have been compared with the two popular
methods of aging, namely, a short-term RTFOT and a longterm aging PAV test. The controlled environment room is
maintained at 60°C, 1 atmospheric pressure, and 50% relative
humidity in an attempt to closely simulate the actual roadaging conditions. For short-term and long-term aging, RTFOT
with a new air-blowing procedure and PAV test were
performed, respectively. All the samples, before placing in the
environmental room for aging, were RTFOT short-term aged to
compensate for hot-mix process aging. It was found that 38
days of aging of 1 mm thick films at 60°C and 1 atm of air is
approximately equivalent to 20 hr in the PAV in 3.2 mm thick
films at 100°C [22]. The exposure of both ultraviolet (UV) and
infrared (IR) lights for aging thin bitumen films in TFOT
containers has also been reported [34]. A parallel study was
also conducted using a weatherometer to age 100 micron thick
films of asphalt. A temperature of 65°C was used, a 102minute cycle of UV followed by 18 min of UV and water spray
(300 psi). Samples were aged for time periods of 32.5 hrs, 73.5
hrs, 7 days, and 14 days [36]. The results showed that the
oxidation levels and changes in high-molecular-weight
constituents were analogous with the other aging procedures. It
was also found that very little hardening occurs when void
content is below 5% [43]. However, at void contents greater
than 5%, penetration decreases, showing the oxidation of
bitumen. The results of the penetration test study on the
recovered asphalt with air void contents ranging from 3% to
12%. Pressure oxidation to age bitumen on Fraass test plaques
has also been done [44]. Samples were subjected to 100 psi
oxygen pressure at 60°C for 2 and 5 days. The advantage of
this aging approach was that the aged bitumen is in the
container used for the test method to evaluate the extent of
aging. The asphalt film on a Fraass plaque was 0.5 mm thick,
which is much thicker than that used in any of the thin film
tests described earlier. The effect of long-term aging on the
rheological properties of polymer modified and neat bitumen
has also been studied [45, 46]. Modifiers included di-block
poly (styrene-b butadiene) rubber, triblock poly (styrene-bbutadiene-b-styrene), and vehicle tire rubber. Bitumen aging
was done either at 60°C in a controlled environment room or at
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Another study was conducted for binder characterization of
Reactive and Activated Rubber (RAR) modified asphalt with
dosages 5, 10, 15, 20, 25%, and its rheological performance
was compared with two base virgin binders (VG-30, VG-40)
and one crumb rubber modified bitumen (C60 binder). A
significant contribution of this study was that the addition of
RAR to the base increased viscosity at higher temperatures and
reduced viscosity at lower temperatures. The addition of RAR
to both the virgin binders showed higher G*sinδ values at low
frequencies, demonstrating that the RAR has more rutting
resistance than both virgin binders and C60 binders. It also
raised the upper-performance grade (PG) temperature to a
higher grade (76-82°C) than the base binder making these
binders well suited to reduce their potential to rutting [52].
6. INVESTIGATION OF MIXTURE STUDIES
It has been identified that modelling the effects of shortand long-term aging of asphalt-aggregate mixtures is
important, and it should be performed under conditions that
closely simulate the actual in-situ conditions to obtain the field
behavior [53]. Researchers from as early as 1903 have been
performing a penetration test on the bitumen recovered before
and after extended heating of mixtures [34]. Several standard
procedures have been mentioned for extracting and recovering
asphalt from mixtures [34]. An extensive study was performed
in which 12,000 specimens of Ottawa sand and different type
of asphalt mixes were made and aging tests were done with
ultraviolet light, and some with extended exposure to heat and
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air [39, 40, 54]. In a study, the effect of hydrated lime on
oxidative hardening of bituminous mixtures is evaluated [25].
An oven aging procedure on 25 mm by 40 mm diameter
samples was used. It was established that the change in
resilient modulus (measured with a diametral test
configuration) of lime-treated mixtures was lesser than nontreated mixtures by the aging process. A different study was
performed to evaluate the aging of bitumen, and hydrated lime
was observed to slow down the aging process [55]. Another
study on bitumen aging in the vicinity of the ocean was
performed [56]. In this study, the tests were conducted for 4
and 7 days in a dry atmosphere and an atmosphere of 80%
relative humidity. Asphalt was recovered for viscosity
determination from 100 mm samples cored from laboratoryproduced slabs. Also, the samples were weighed before and
after aging, and the weight loss indicated a loss of volatile
portion. Finally, beam samples were cut from the slabs and the
shrinkage during the aging test was determined. An
investigation was carried out using forced-draft oven-aging to
simulate short-term hardening [57]. It compared the initial and
final penetration and viscosity ratios of each of the bitumen
samples for both field and laboratory aging programs. The
laboratory method involved oven heating of loose mixture
samples for time periods of 8, 16, 24 and 36 hours at a
temperature of 135°C. Long-term aging was also investigated
in which a forced-draft oven was used with the following
procedure [57].

graded mixtures, the loose asphalt mixtures, were aged at
135°C prior to compaction [53].
7. AGING OF BITUMEN MODIFIED WITH NANO
MATERIALS
Nanomaterials have been utilized in many ways to increase
the performance of asphalt binder materials. Carbon
Nanofibers (CNFs), carbon nanoparticles have been used, and
data collected from these studies show that fatigue life and
rutting resistance of CNF modified binders have been enhanced
[59]. Nano-SiO2 (silicon dioxide) and Styrene-ButadieneStyrene (SBS) have also been used to improve the performance
of asphalt pavement [60, 61]. Other nanomaterials have also
been successfully used for improving asphalt binder
performance. In a study, the effect of two nanomaterials: (1)
Non-modified Nanoclay (NMN) and (2) Polymer modified
Nanoclay (PMN) on the aging of bitumen was investigated
[62]. The experiment was performed using an asphalt graded
PG 58-34 from a project site in Gladstone, Michigan, as a
control asphalt. This control asphalt was pre-modified with
Acrylonitrile Butadiene Styrene (ABS) to improve the
compatibility between the asphalt and polymer and meet the
low temperature grade requirement. It was then mixed with
PMN or NMN with concentrations of 2% and 4% by weight of
controlled asphalt, respectively. This modified asphalt binder
was then mixed at temperature 130°C in a high shear mixing
component at 4000 rpm. All samples were mixed for 2 hours
before superpave binder tests of asphalt binder. It was found
that the addition of NMN into control asphalt binder resulted in
an increase in viscosity, while the addition of PMN to asphalt
binder resulted in a decrease in viscosity. The shear modulus of
NMN modified asphalt binder was found to have higher
complex modulus than control asphalt binder, while that of
PMN modified asphalt binder was found to be on a lower side
before or after the RTFO- and PAV-aging process. The PMN
was found to influence in other circumstances like improving
recovery ability of asphalt binder and also improves the hightemperature properties of unaged, RTFO-aged, and PAV-aged
asphalt binders. Bending Beam Rheometer (BBR) results
showed that the stiffness values of NMN and PMN modified
asphalt binders’ approach to that of control asphalt binder.

Six compacted specimens were placed in the oven at
60°C for 2 days, and then three specimens were
removed.
The temperature of the three samples was increased to
107°C from 60°C, and the remaining three specimens
were aged for 5 days.
Also, a pressure oxidation treatment was investigated, with
three compacted specimens conditioned for 5 to 10 days at
60°C and 100 psi. It was found that indirect tensile strength
values were higher for the oven-aged mixtures and failure
strains were lower than for pressure-oxidized mixtures
implying that the oven-aging was more severe. Initial and
recovered asphalt properties were also shown, indicating that
the oven aging was more severe for one mixture but less severe
for the other two. The effect of UV-radiation was investigated
on mixtures obtained from laboratory prepared slabs and
freshly constructed field projects and used 54 hours of UV
exposure [56]. In another study, dense mixes prepared with
asphalt binder film thickness ranging from about 4 to 13
microns, were subjected to accelerated aging using SHRP
procedures to simulate both short and long-term aging [58].
The aged compacted mix was tested for tensile strength, tensile
strain at failure, and resilient modulus. The aged bitumen was
recovered and tested for penetration, viscosity, complex
modulus and phase angle. Aging indices were obtained from
these tests, and the relationship between film thickness and the
aged bituminous mixtures properties were determined using
regression analysis. It was found that accelerated aging would
occur if the asphalt binder film thickness was less than 9-10
microns in asphalt paving mixture compacted to 8% air void
content. The effect of gradation of aggregates on bitumen aging
was investigated in a study in which continuous and gap-
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8. AGING OF BITUMEN MODIFIED WITH GRAPHITE
NANO PLATES
In a different study, considering the unique properties of
graphite materials, asphalt was modified using multilayer
graphite Nano plates to improve the high and low-temperature
performance of the asphalt modified binder. The modified
asphalt binder was tested on several parameters, such as
viscosity, complex shear modulus, thermal cracking
temperature, aging index, and electromagnetic radiation
absorption. The viscosity and complex shear modulus of
graphite-modified asphalt binders were tested at varying
temperatures. The result showed an increase in viscosity as
well as mixing and compaction temperatures of modified
asphalt binder, thus, indicating an improvement in hightemperature performance in modified asphalt binder. The
cracking temperature of the modified asphalt binder also
improved, and the stress relaxation of the modified asphalt
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binder was enhanced, and the resistance to low-temperature
thermal cracking also improved. Due to the increase in the ratio
of aging groups (C=O) in modified asphalt binder, moisture
susceptibility and high-temperature performance improved.
Control asphalt and modified asphalt binder were compared
using UV-V in a spectrometer with different wavelengths.
Results showed that modified asphalt binder develops an
ability to absorb more radiation than control asphalt, showing
the capacity of modified asphalt binder to work better under
low-temperature conditions [61].

Depending upon the viscosity at different temperatures, the
curve between logηT and 1T can be obtained. The slope of the
curve is the coefficient of 1T, which is equal to the value of
Eη/ 2.303 R, and then the viscous flow activation energy Eη is
calculated.
9.1. Effect of Aging on Viscous Flow Activation Energy of
Bitumen
Viscous flow activation energy (Eη) is the minimum
energy when a set of molecules or flow unit moves from its
original position towards the hole (See Section 10, for the
definition of the hole), overcoming an energy barrier during the
process of polymer material flow [66]. That is why Eη can
depict the susceptibility of viscosity to change with
temperature. Flow unit of polymer material is a chain segment
that is why Eη is mainly related to molecular chain structure.
There can be two types of polymer materials, the one which is
highly rigid and has strong polarity molecular chains. This
material has high viscous flow activation energy and requires
high temperature to flow. The other material can have a linear
flexible molecular chain, which has low Eη flowing at low
temperature. In this study, a significant influence of aging on
the viscous flow properties of asphalt has been reported.
Parameters like viscous flow energy (Eη) and G*sinδ increased
while tanδ decreased with the age and the difference in the
increased rate of Eη reflects the differences in anti-aging
properties of asphalt. However, there is no correlation between
these parameters. Both the viscosity and viscous flow energy
(Eη) also increased after aging [66].

9. VISCOUS-FLOW ACTIVATION ENERGY OF
BITUMEN
To identify viscous flow properties of an asphalt material,
viscosity is one of the most important indicators [63]. When
asphalt flows, the internal frictional resistance between asphalt
molecules comes into action, reflecting the role of viscosity in
asphalt. It is generally considered that the viscosity of asphalt
represents the degree of its molecular association. The
viscosity of any polymer material mirrors its chemical
composition vis-à-vis molecular weight. The higher the
molecular weight, the higher the viscosity. Since asphalt aging
comprises fracture, polymerization and restructuring of the
chemical bonds, which will inevitably lead to changes in
viscosity of the material. These changes in viscosity would
reflect the colloidal solubility of asphaltene in bitumen. Some
authors [64] have suggested that an increase in the content of
asphaltene is the main reason for the increase of asphalt
viscosity, while others [65] have considered that the viscosity
of asphalt reflects the content of hydroxy compound. All of
these factors show that the change in viscosity represents the
viscous flow properties. As the temperature increases, the
thermal motion in the molecules surges, causing the
intermolecular distance to increase in the material. This
increase in intermolecular distance creates a hole within the
material and as the energy increases, the hole gets bigger. This
hole creates a gap, which allows molecular chain segments to
move easily inside the material, thereby reducing
intermolecular interaction and also a reduction in viscosity.
The relationship between polymer melting viscosity and
temperature can be described using the Arrhenius equation,
which is as follows:
𝐸𝑦

𝜂(𝑇) = 𝐾𝑒𝑅𝑇

10. ATOMIC FORCE MICROSCOPIC (AFM) STUDY
OF BITUMEN
It is always worthwhile to study material at its micro- or
nano-scale level and predict the corresponding macro-scale
behavior. On similar lines, bitumen has also been studied at the
microscale level using Atomic Force Microscopic (AFM), as
shown in Fig. (4), to understand the underlying mechanics that
define the behavior of bitumen especially physicochemical
changes that occur due to aging. From the experiments
conducted on different types of bitumen, it was apparent that
the variation in micro-structures on the bitumen surfaces,
observed under the AFM due to an increase in temperature
correlated positively with the DSC test results. The appearance
and disappearance of the micro-structures corresponded with
the crystallization temperature range and melting temperature
range, respectively [67]. Furthermore, AFM and differential
scanning calorimetry (DSC) were utilized to determine the
effect of three different exposures; namely, UV and air, only
UV, and only air on the surface of bitumen. It was observed
that irrespective of the type of bitumen, the proportion of
microstructure on the surface reduced with the degree and time
of exposure. It was also concluded that out of all the exposures,
UV radiation brought about more aging than oxidation. Also,
depending on the type of bitumen and exposure, it was found
that a water-soluble thin film is formed over the surface of
bitumen due to exposure, which verifies a strong correlation
between aging and damage due to exposure to moisture [3].

(2)

Where,
η(T) is the viscosity at temperature T/Pa.s,
K is the material constant,
T is the thermodynamic temperature/K,
R is the universal gas constant = 8.314 J. mol-1.K-1, Eη is
the viscous flow activation energy/ J.mol-1
This equation is modified by taking logarithms on both
sides of the equations:
log 𝜂(𝑇) = log 𝑘 +
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𝐸𝑦
2.303𝑅𝑇

(3)
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Fig. (4). The AFM image of bitumen before (left) and after (right) aging condition.

Fig. 5. 3D Digital Sample of Dense-Graded Asphalt Concrete.

boundary conditions were taken in such a way that the top
surface is exposed to a continuous air supply with an oxygen
concentration of 0.81 mol/m3. The interconnectedness of the
air voids leads to easier exposure to oxygen, leading to faster
aging of bitumen. These samples, being three-phased,
contained aggregate, mastic, and air voids. The sample and its
disjointed phases or volume fractions of each phase are as
shown in Fig. (6). From this figure, it can be observed that air
voids are mainly located in center. If the air voids were located
within the top surface, which is exposed to the atmosphere,
oxidative aging would take place quickly. However, aging
cannot be accurately predicted based on only air voids. To
determine short-term and long-term viscosity a model,
considering factors like mixture morphology, temperature,
time, and depth have been proposed. This model discussed
elsewhere [68] predicts the long-term aging of bitumen fairly
accurately.

11. FINITE ELEMENT ANALYSIS OF OXIDATIVE
AGING
The influence of diffusion-controlled oxidative aging has
been investigated using the Finite Element Method (FEM)
through simulation of the diffusion-reaction process on
samples of different asphalt mixture morphologies. In this
study, two samples of asphalt concrete: one dense and one
open-graded, were taken. These samples were imaged using
MicroCT scanning and segmented. Next, surface generation
and discretization into finite elements were done using
Simpleware software. The 3D digital sample of bitumen is as
shown in Fig. (5).
The resolution was 59 microns, which was very fine and
would be computationally expensive, hence, by using
upscaling, it was increased to 400 microns. Finally, FE analysis
was done using COMSOL Multiphysics software. The

Fig. (6). Disjointed 3-Phases of Dense-Graded Asphalt Concrete Sample [3].
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A rudimentary approach involving micro-scale understanding
of both bitumen and its mixes is potentially the way to
understand the physicochemical behavior better and to predict
their individual long-term performance under different field
conditions. This approach can be followed by studying
microstructural dilatancy using micro-computed tomography
(Micro-CT) and Nano-CT scanning modalities.

12. DISCUSSION
Numerous physical properties of bitumen, like adhesion,
elasticity, viscosity, or stiffness are directly related to the
microstructural phase behavior [69]. Probably one of the most
interesting areas to explore further is to investigate bitumen at
micro-scale and meso-scale levels using its digital samples to
decipher the microstructural phase change behavior and its
nuances. The most versatile method to develop a digital sample
is using X-ray Micro Computed Tomography (Micro CT). It is
a powerful non-invasive scanning modality. In addition to
computational procedures, the same digital sample may be
further used for other morphological and morphometrical
studies on bitumen samples conveniently.
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Abstract
A Traffic Impact Assessment (TIA) gives data on the projected traffic anticipated from a
proposed improvement. A TIA likewise assesses the effect of proposed advancement on the streets in
the prompt nearness of the proposed improvement. The TIA ought to distinguish potential traffic
functional issues or concerns and prescribe proper activities to decrease impacts. Draft traffic sway
evaluation (TIA) rules for different land utilizes as a general rule, and for high traffic creating structures
specifically, were proposed in Iran in 2016. In detailing that report the Traffic Committee of the
Iranian Building Engineering Order explored worldwide experience, including that of Australia. Traffic
sway evaluation began in Australia during the 1960s when the traffic police practiced a lot of
expert in attempting to keep land use improvements from occurring adjoining principle streets. Ideas
got from lining hypothesis where the use of the mean help time to build up greatest traffic age rates
for a proposed improvement was presented. Appended to that hypothesis was the retention limit of a
need traffic stream. This last one discovered its direction into traffic designing practice to give a judicious
premise to evaluating advancement applications. As experience collected the rules became refined and a
second version of Austroads' traffic sway evaluation was delivered in 2016. This paper presents the
documentation which is normal from an engineer, traffic models accessible to the experts working for
the designer, and significance of engineer commitments need by the designer for changes to the
encompassing vehicle organization. To delineate the interaction, a straightforward contextual
investigation of a school development is given. The means taken to show the effect of an expansion
from 185 to 600 understudies in Sydney is outlined. The interaction remembers traffic information
assortment for the encompassing roads to determining future traffic utilizing suitable models and local
area studios. In the light of a viable case, the cycle then, at that point, closes with proposing choices
to alleviate unfriendly traffic effects of the advancement application. The general work outlines the
standards of TIA and to highlight the onus on all engineers to oversee head out requests to
accomplish additional practical results from metropolitan turn of events.

Keywords: Traffic impact assessment, development guidelines, TIA, traffic generating building,
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traffic impacts and the options for
accommodating the generated movement of
people and goods cannot be considered in
isolation from this planning context, because
these policies and strategies provide a
framework within which any traffic impact
assessment needs to be considered. However,
this wider context of TIA is beyond the scope
of this paper.

1. Introduction
Traffic impact assessment (TIA) – or, more
precisely, traffic and car-parking assessments
of developments - is the process of compiling,
analyzing information on, and documenting the
effect that a development is likely to have on
the operation of adjacent roads and transport
networks. TIA also identifies the quality and
ease of pedestrian circulation and promotion of
safety and separation of any movement friction
in the building itself. Many countries
throughout the world mandate that traffic
impact assessments are undertaken for
development proposals. For instance, Wisonsin
Department of Transport (WisDot) is
accountable for operating a safe and efficient
state highway system and in doing so,
proactive access management is vital in
maintaining the overall safety and efficiency of
this system (WisDot, 2017), or; City of San
Jose in Silicon Valley has developed
methodologies and requirement guidelines on
the subject to be coupled with an
environmental review of a proposed project to
satisfy California Environmental Quality Act
(CEQA) requirements. Because of the
involvement of the authors mainly in
Australian practice and research in the area of
TIA, this paper considers guidance advice
given to developers and their consultants in
Australia (NSW Roads and Maritime Services,
2002; Queensland Government, Department of
Main Roads, 2006; Tasmania, Department of
Infrastructure, Energy and Resources, Roads &
Traffic Division, 2007; Vicroads, 2015;
Western Australia, Department of Planning
and Western Australian Planning Commission,
2016).
A TIA is undertaken by professionally
qualified experts on behalf of the proponent of
the development application and
is
documented in a report. The report is typically
prepared for a planning body or road agency as
the development consent authority to consider.
Planning, in general, and transport planning, in
particular, sets the scene for TIA through landuse policy, parking policy and various
strategies and plans that determine the
accessibility within and through an area – and
the transport modes that will provide that
accessibility. For many developments, the
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On 5th October 2016, The Traffic Committee
of the Iranian Organization for Engineering
Order of Building (IOEOB), convened the
First Iranian National Conference on Traffic
Impact Assessment of Buildings, held at the
Iranian Building and Housing Research
Centre, Tehran, to launch draft guidelines. The
need for preparation of guidelines was
approved by the Preparation & Documentation
Advisory Council of the National Building
Regulation of Iran (NBRI) during their
meeting of July 2013. The draft proposed
guidelines have been reviewed by the council
and amended by the Traffic Committee
members and are now waiting final approval.
Many Iranian metropolitan areas are coping
with heavy road traffic congestion and high
levels of traffic-related urban air pollution so
the adoption of these guidelines would
contribute to more efficient vehicular traffic
flows.
The paper is structured as follows. The first
section describes the context in Australia
covering both periods of 1960’s and the
current practice. For instance, Blunden (1966)
made the first fundamental theoretical
contributions to traffic impact analysis. Section
One also presents the practices made by
NAASRA Guide to Traffic Engineering
Practice, and, most recently, in the 2nd Edition
of Part 12: Traffic Impacts of Developments as
part of Austroads Guide to
Traffic
Management that was released in 2016. The
second section draws on these guidelines to
outline the documentation required of a
developer when lodging a development
application (DA) to a consent authority. This
section also shed light on the documentation of
the existing road network and modal split
issues on the neighboring roads. Because most
development applications relate to land uses
being developed in the future, traffic modeling
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becomes a necessary tool applied by
consultants on behalf of the developer, hence
Section Three provides a brief introduction to
the analytical techniques (computer software
packages) currently available in Australia. If
demonstrated by modeling of the traffic
impacts of a proposed development that
additional road and transport works are
required the consent authority may impose
contributions from developers – this is shown
in section Four of this paper. To demonstrate
traffic impact assessment in practice a simple
case study of a school being expanded in a predominantly residential neighborhood is
described which forms section Five of this
work. Conclusions are drawn as the final
section of this paper followed by the references
which provide resource material employed in
preparation of this paper.

controlled by traffic signals. Vehicular traffic
entering from a minor side road into a traffic
stream on the main road had priority of right of
way over traffic on the main road. Police
frequently gave hand signals to direct
motorists as busy, uncontrolled intersections
and their accident investigations qualified
traffic police as the de facto traffic experts.
Some officers would have been familiar with
the work of Sir H. Alker Tripp (1942). In
1932, Tripp was appointed Assistant
Commissioner "B", in charge of traffic in
London and the Home Counties, and devoted
the next fifteen years to the study of London's
traffic problems becoming a
widelyrecognized international authority on the
control of traffic. Following these planning
guidelines, the Police in New South Wales
were intuitively against any commercial
developments being approved on land abutting
a main road.

2. Traffic Impact Assessment _
Australian Context

Against this background of conflict between
the government consent authority and the
development industry, and with development
pressure for drive-in/drive-out land uses on
main roads, such as petrol service stations,
fast-food outlets and small clusters of retail
commercial activities Blunden (1966) devised
an evidence-based methodology for the
analysis of the traffic effects of main road
frontage land-use developments. The approach
was later adopted (without bibliographic
reference) by the National Association of

Australian practice - the 1960s
The post-second World War economic
prosperity in Australia lead to high levels of
private vehicle ownership and use and a high
level of road trauma at a time when investment
in road infrastructure was lagging behind
rising demand and road congestion was a
national issue. The Federal Government’s
response with support from the Automobile
Association of Australia was to fund a Chair in
Traffic Engineering – the first of its kind
anywhere in the British Commonwealth – that
was eventually established in 1956 at the
University of New South Wales in Sydney.
Ten years later a research publication by the
late Professor Ross Blunden (Blunden, 1966)
lead to traffic impact assessments of
development applications incorporated into the
National Association of Australian State Road
Authorities guide to traffic engineering
practice first published in 1965.
The context for the fundamental analysis of the
traffic problem analyzed by Blunden was the
road rules of the time in the State of New
South Wales and the power of the traffic police
in matters of traffic control and veto over
proposals to develop land abutting onto main
roads that had then relatively few intersections
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Australian Road Authorities (NAASRA) in
Guide to Traffic Engineering Practice
[NAASRA, 1970].
Blunden made two fundamental contributions:
the estimation of the vehicular traffic
generation rate by the proposed development;
and an assessment as to whether or not the
adjacent road had enough traffic carrying
capacity to absorb more traffic entering the
priority traffic stream from that proposed
development. Against the background that
little empirical data had been collected in
Australia at the time on trip-generation rates,
and there were few precedents of successful
development applications of comparable land
uses and their traffic generation characteristics
to guide any proposal, Blunden drew on the
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service time concept of queuing theory to
make an estimation of the likely traffic
generation rate. Observations could be made of
the mean service time for such activities as
obtaining petrol at a service station or the time
parked to obtain take-away food. Observations
could be made in car parks to obtain the mean
parked time for drivers shopping or on
personal business. By knowing this mean
service time and the number of service
channels (petrol pumps or parking spaces
available) an estimate of the maximum amount
of traffic in and out of the development can be
readily obtained from Equation 1.
Qmax

=

(60/u)

Tc = The time headway in seconds between
passing vehicles in the priority traffic stream
into which it is safe for a stationary vehicle in
the reservoir to merge into (or cross);
Tf = The follow-up headway in seconds when
a priority traffic stream gap is long enough to
permit a group of vehicles in the reservoir to
merge into (or cross).
Table 1 gives some results of applying
Equation 2 to typical Australian driver
behavior in terms of field observations of gap
acceptances and follow-up gap acceptances.
This must be noted that similar tables can be
formed using other values of Tc and Tf for
different driving environments. The critical
gap is taken as 4 seconds and the follow-up
headway is assumed to be either 2 or 3
seconds. When the traffic flow on the priority
traffic stream to be entered is low (say 200
vehicles per hour) then the discharge from the
proposed development can be from 1000 to
1500 vehicles per hour. Obviously, as the
traffic on the frontage road builds up, there are
fewer opportunities to exit such that a priority
traffic flow of 1800 vehicles per hour allows
only 300 – 400 vehicles per hour to exit the
development.
When applying these two theories to the traffic
impact assessment of a proposed development,
the worst-case scenarios are assumed. The
traffic flow on the main road (Q) is the peak
hour flow, meaning Q = Qmax and therefore, a
maximum hourly traffic generation rate from
the land-use development, coincides with the
peak period flow. If the absorption rate (Qa) is
sufficient
the
development
will
be
operationally satisfactory for all other times of
the day. Various ranges of Qa for varying
values of Priority Traffic Flow and Critical
Gap of 4 seconds and Follow up Gaps of 2 & 3
seconds are listed in Table 1.

x M ............. (1)

Where,
Qmax = maximum traffic generation rate per
hour in vehicles;
u = mean service time in minutes;
M = number of service channels in the
proposed development.
As time went by, government authorities
assembled traffic generation rates for different
kinds of land use (NSW Roads and Traffic
Authority, 2002).
Blunden then drew on the classical traffic flow
theory paper by Adams (1936) – on the delay
to an isolated vehicle waiting to enter a priority
traffic stream, and modified by Tanner (1961)
when the demand rate for gaps exceeds about
200 vehicles per hour. Assuming that the
distribution of successive headways in the
priority traffic stream was random the
absorption rate of a priority traffic stream (Qa)
can be conceptualised by considering a
reservoir of stored vehicles (for example, in a
parking lot in the proposed land-use
development) that is discharging into a traffic
stream of flow level, Q. The rate per hour at
which vehicles can be absorbed is [Blunden
and Black, 1984].

3. Australian Practice - Current
Situation

Qa = [Q. e-QTc/3600]/1 – e-QTf/3600 ( 2 )

NAASRA is now called Austroads and the
latest guide to traffic impact assessment was
issued recently [Austroads, 2016]. The
guidelines help traffic and transport
practitioners identify and manage the impacts

Where,
Qa = Rate at which vehicles can be absorbed
into the priority traffic stream (veh/hr);
Q = Priority traffic stream flow level (veh/hr);
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Table 1. Absorption rate of a priority traffic stream based on the critical gap and follow-up headways

Priority Traffic Flow
Tc = 4 seconds
(veh/hr)
Tf = 2 seconds
200
1522
600
1086
1000
772
1400
546
1800
385
(Source: based on Blunden and Black, 1984, Table A.3, p. 237)
of the road system arising from land-use
developments. The impacts being considered
are those directly affecting road use and road
users of all classes, from large freight vehicles
and buses to cyclists and pedestrians. Guidance
is given on how: to identify the types of traffic
impacts and interactions which will result from
a specific land use development proposal; to
assess the size of those impacts; and to
determine how those impacts need to be
managed, either within existing infrastructure
or through the provision of additional
infrastructure. Car parking is subject to a
separate
guideline
[Austroads,
2008].
Depending on the type, scale and location of a
development, the traffic impacts may need to
be assessed for a considerable distance on the
approach route(s) along an arterial road.
Furthermore, geometric elements of the road
may need to be expanded, modified or
redesigned at mid-block locations and at
intersections.

Light Rail and Bus Rapid Transit Systems; and
Network Operating Frameworks and Plans.
It provides guidance for planners and
engineers associated with the design,
development and management of a variety of
land-use developments. The aim is to ensure
consistency in the assessment and treatment of
traffic impacts, including addressing the needs
of all road users, and the effect upon the
broader community. It gives guidance on the
detailed procedure for identifying and
assessing the traffic impacts, and mitigating
their
effects.
Assessment
of
safety,
infrastructure and environmental effects is also
covered. Examples are given of checklists,
report structures, traffic generation rates and
case study projects. What follows is an outline
of the documentation that is required to be
submitted by the developer to the consent
authority.
Many local government councils in the state of
New South Wales have extensively used the
guidelines prepared by the then Roads and
Traffic Authority of New South Wales (now
the Roads and Maritime Services, RMS) and
the joint Australian and New Zealand
standards to control and manage the impacts of
traffic in both inside and outside buildings. In
practice, and as a part of the process of
development application (DA) for any
proposal, the plans and the reports prepared by
a hired traffic and transport consultant on
behalf of the applicant or developer, has been
reviewed and assessed against a number of
guidelines. These include local guidelines,
Australian/New Zealand joint standards
(mainly, AS/NZS 2890.1 - Parking facilities
for off-street car parking) as well as Australian
Standard 2890.2 & 2890.5 – for off street
commercial vehicles and on- street car parking
facilities coupled with Guide to Traffic

The Austroads Guide to Traffic Management
now has 13 parts and provides a
comprehensive
coverage
of
traffic
management guidance for practitioners
involved in traffic engineering, road design,
town planning and road safety. The most
recent edition of Part 12: Traffic Impacts of
Developments, issued in 2016, is concerned
with identifying and managing the impacts on
the road system arising from land use
developments. The first edition was issued in
2009 and the latest edition includes editorial
changes and technical changes including:
reordered sections and sub-sections to
prioritise road safety; additional and updated
sources of traffic generation rates; logistics
plans; new an introduction to the notion oflinkand-place; electric vehicles and parking;
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Tc = 4 seconds
Tf= 3 seconds
1043
782
582
429
313
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•

Generating Developments (mainly, version
2.2) of the then NSW Roads and Traffic
Authority. These ready-to-use guidelines have
been employed by transport and traffic
sections of the local councils to ensure that the
prepared plans comply with the standards in
the areas of required parking spaces, internal
circulation, safety and ease of maneuvering
inside the building as well as the access,
queuing length and area and the impact of
generating traffic on the immediate streets and
road network.

•

Summarise/list
the
traffic-related
features of the development, including
those which may be taken directly
from the plans (e.g. total number of
parking spaces, access points to roads,
internal access to different sections for
pedestrians, cars, trucks, bicycles,
etc.).
Describe the timing and phasing of the
development and note any connection
with external events and activities (e.g.
sporting events, community events,
other nearby developments, etc.).

4. Documentation by Developer
Large developments may have internal roads
to which legislated road rules apply. Therefore,
it is desirable that the internal layout achieves
the following:

As the starting point of providing a traffic
impact assessment is to know the process and
the information and/or documents that the
developer and/or his legal representative, in
this case a consultant, need to submit to the
consent authority. The proposed development
may hand in the following documents to the
consent authority for the assessment processes.
The tasks for the consultant acting on behalf of
the developer in documenting the proposal can
be summarised below [Austroads, 2016].
•

•

•
•

•
•

•

•

•

Provide a plan, or plans, which show
the layout of all the traffic and
pedestrian areas on the site, plus the
locations of vehicle and pedestrian
accesses onto roads, plus the position
and layout of all nearby driveways and
intersections.
Check that each type of internal access
(e.g. cars, pedestrians, trucks, etc.) is
direct, connected, continuous and
makes sense.
Check that the approach roads and
paths are clearly understood and are
practical.
Check that the correct design vehicle
and checking vehicle has been used in
the
various
sections
of
the
development.
Check that basic design requirements
have been applied.
Document the land-use planning
zonings in the vicinity, for use when
assessing impacts later.
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•
•
•

•

•

Minimizes
conflict
between
pedestrians and motor vehicles;
Provides delineated, direct, safe and
well-signed paths for pedestrians

(e.g. moving from local areas,
public transport stops, interchanges
or stations to the development);
Provides efficient, safe, and wellsigned and delineated lanes or paths
for cyclists accessing the development
from roads, dedicated cycle paths or
the shared network;
Encourages and reinforces safe speeds;
segregates the movement of trucks
servicing the development from all
other traffic within the site;
Enables all deliveries by truck to be
made on-site (i.e. no loading or
unloading from the external road
network) and all trucks to enter and
leave the site in a forward direction;
Supports the safe and efficient
movement of public transport within
the site and between the site and the
external road network; and
Incorporates bus interchange facilities,
which are safe and readily accessible
for users.

Documentation of the Existing Road
Network
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•
•

•
•

•
•

Document
the
existing
traffic
conditions (for critical periods of the
day or week).
Select the design year (or years, for a
staged development) and document the
same types of traffic conditions for
that time (Exclude the traffic generated
by the development).
Show the traffic volumes on a plan.
Describe the parking conditions to the
extent this will be relevant, e.g.
parking controls, parking locations,
parking occupancy, existing parking
spill-over or problems.
Document the traffic crashes at the
potentially impacted locations.
Document any known traffic safety or
operational problems and
any
proposals to address them. Document
any traffic, transport or parking
policies that affect the proposed
development.

•

•

5. Traffic Analytical Methods used
in Australia
Traffic impact analysis in Australia is
facilitated by the application of land-use and
transport models and traffic models that are
validated on the local situation. Today, these
analytical methods are commercially available
in the form of computer programs. In making
forecasts about future land use (including
development applications) and about future
traffic there is always uncertainty in their
projected levels of accuracy given the planning
horizons may be ten or twenty years away.
However, the models applied
when
undertaking traffic impact assessments are
regarded as being fit for purpose. In fact, there
is a suite of suitable analytical models (Figure
1). Although the source of this illustration is
from the USA the internationalisation of the
consulting industry means that many of the
acronyms mentioned are available throughout
the world. (A word of caution for the Iranian
reader: unlike in Iran Australian road rules are
such that vehicles drive on the left-hand side of
the road).

Traffic and Modal Split
•

•

trips.
Determine the approach and departure
directions of traffic.
Take account of traffic that returns to
its point of origin and traffic that stops
while passing by.

Determine the number of trips that will
be generated by the development (e.g.
daily, peak period). Do this for the
design year or years.
Determine the generated volume of
general traffic, commercial vehicles,
public transport vehicles (including
taxis), bicycles and pedestrians and
their proportions of the total number of

Figure 1. Spectrum of Macro-, Meso- and Micro-Traffic Models
(Source: based on US Department of Transportation, 2009, Figure 4)
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Main Roads (TMR) and ISEVAL developed
by VicRoads. Naude, Lloyd and Bennett
(2016) explain the development of the Small
Intersection Evaluation (SIE) Tool, including
its overall design, methodology and data
requirements (base case and project case) for
the estimation of traffic impacts at signed
intersections, roundabouts and signalized
intersections. Results of the intersection
evaluation are presented in terms of economic
decision rules - net present value (NPV) and
benefit cost ratio (BCR).

In Australia, a strategic 4-step land use and
transport model would be calibrated for a
metropolitan-wide transport network (see,
Black, 1981, Chapter 3) and a stochastic -user
equilibrium traffic assignment model, such as
EMME/2, would give peak-hour road traffic
flows for a base year and for a future planning
horizon based on land-use growth and its
spatial distribution. In essence, this model
gives the priority stream traffic on roads
around the proposed development. The traffic
generation of the proposed development, based
on empirical data (see, for example, NSW
Roads and Traffic Authority (2002) Guide to
Traffic Generating Developments, Version 2.2)
is, in essence, a regression-type model with
peak hour trip generation rates as the
dependent variable and a measure of land-use
activity (floor-space, employment) as the
explanatory variable. To assess the impact of
this traffic generation on the surrounding road
network a number of micro-models (such as
Paramics, VISSIM and SIDRA) are deployed,
especially for intersection performance. The
case study below uses SIDRA.
The SIDRA INTERSECTION software – now
in
its
seventh
version
(http://www.sidrasolutions.com, accessed 24
November, 2016)) - is for use as an aid for
design and evaluation of individual
intersections and networks of intersections. It
can be used to analyse signalised intersections
(fixed-time / pretimed and actuated),
signalized and unsignalised pedestrian
crossings,
roundabouts
(unsignalised),
roundabouts with metering signals, fullysignalised roundabouts, two-way stop sign and
give-way / yield sign control, all-way stop sign
control, single point interchanges (signalized),
freeway diamond interchanges (signalized,
roundabout, sign control), diverging diamond
interchanges. It can also be used for
uninterrupted traffic flow conditions and
merge analysis.
Detailed evaluation of the traffic impacts of
intersection treatments - signed intersections,
roundabouts and signalized intersections - is
usually undertaken with intersection analysis
software specially developed for the purpose,
such as SIDRA, the CARP model developed
by Queensland Department of Transport and
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6. Developer Contributions
The New South Wales Environmental
Planning and Assessment Act 1979 - Section
94 – covers the contribution towards the
provision or improvement of amenities or
services when development applications are
lodged. If a consent authority is satisfied that
the development will, or is likely to, require
the provision of, or an increase in the demand
for public services within the affected area, the
consent authority may grant the development a
conditional consent. Such a consent requires
developer the dedication of land free of cost, or
the payment of a monetary contribution to the
consent authority. The latter, in New South
Wales, is the local government. Local
government have the statutory authority to
collect and expend Section 94 contributions
according to the Act. In practice, the money
might be allocated to public footpaths,
intersection improvements, road widening
providing a nexus can be established between
the need for these improvements and the
additional demands imposed by the proposed
development.
Moreover, it is the responsibility of local
government as the development consent
authority
to
formulate
“Developer
Contribution Plans”. Urban Research and
Planning Pty Ltd have undertaken a number of
calculations on behalf of Councils and the
following is an illustrative example of the
methodology to estimate the amount of the
money contribution from developers (Urban
Research and Planning, 1999). Leichhardt is an
inner western suburb of metropolitan Sydney
where planning studies had identified the need
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to improve the town centre, especially Norton
Street which is the main retail and commercial
road – much along the lines of the guidelines
issued by the state road authority (NSW RTA,
1999). The complete package of transport
works was estimated to cost Aus$4.28 million
including traffic calming, pavement and
drainage, pedestrian crossings and other
amenity upgrades. Contributions are in
proportion to floor space of existing and
proposed developments and are applied only to
commercial properties in the defined Town
Centre. Only Aus$2.8 million (amenity
upgrade) is applied to the cost allocation and
all existing, approved and potential floor space
is divided into this amount equally a developer
contribution of approximately Aus$5000 per
100 meters of commercial floor space.
Historically, it has been the growth and the
rapid rise of large new developments in the
Sydney metropolitan area that has called for
new avenues of funding for transportation
facilities. Such initiatives have been taken due
to the shortage of funds in the public sector
and the significant impact of the developments
on the regional transport facilities. The case
studies examined by Smith and Tara (1990)
give examples of how private contributions
have been sought for traffic improvements in
the Sydney area. The paper reviewed the then
new methods of funding in overseas countries,
describing private involvement in shared
funding for transport facilities. The paper
concluded that there is a need for research and
study to formulate a better methodology as to
how to fund transport improvements in light of
new developments. The required methodology
should assess the economic and traffic aspects
of new developments on the basis of their local
and regional impacts.

increase the number of pupils from 185 to 600
on the existing site.
The main steps followed by the consultant – as
the third author of this paper has been engaged
in this study, are reproduced in Figure 2. The
methodology includes: data collection on
streets surrounding the streets; analysis of
existing data on vehicular traffic flows on the
surrounding road network; assumptions about
the future modes of traffic to and from the
school; traffic impact studies in terms of road
capacity and intersection delays; and robust
conclusions about the future traffic conditions.
From suggestions and ideas generated at
community workshops the
consultants
proposed options for the mitigation of any
adverse impacts of the development
application.
Whilst the future number of pupils and staff
are robust numbers from which to start a traffic
impact assessment arrival and departure times,
mode of travel, the extent to which parents and
carers drive to drop off and pick up children
are all highly uncertain. The consultants made
the following assumptions:
1. An increase of students from 185 to
600 (for a primary school).
2. Use of RMS Guide to traffic
generating
development
trip
generation rates for pre-school. This is
a higher rate than could occur for
primary schools, however, as a worst
case scenario, this measure has been
adopted.
3. Use of additional trip generation and
its distribution at related intersections
in the vicinity of the school.
4. Including a traffic growth factor of
1.5% per annum (per general RMS
growth factor for the area) for 5 years
for background traffic, for staging of
the project. Therefore, intersection
assessments for future case (after the
school reclassification) are based on
additional traffic from the school and
additional background traffic growth.
5. The pick-up and set down activities are
based on future school operation
management plan to coordinate a
staggered time of classes during the
start and finish times.
6. An accessible parking space and a

7. Simple Case Study
The principles of undertaking a traffic impact
study can be illustrated by a case study of a
school. The NSW Department of Education is
the proponent for a planning proposal to
increase the number of pupils at an infants
school in a local government area (local
government is the consent authority) of
Sydney. The proponent has engaged trafficengineering consultants to undertake the
appropriate technical analyses and stakeholder
consultations submitting to Council a TIA to
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waste collection space are included as

part of the master plan.

Figure 2. Summary of Consultants’ Study Methodology for Traffic Impact Analysis (TIA) of an Infants
School Planning Proposal

The assessment criteria are drawn from the
Austroads Guidelines, as is standard traffic
engineering practice in Australia. In order to
relate the traffic flows recorded against the
assessment criteria for intersections near to the
school the computer program SIDRA was
applied to mathematically simulate delays at
single intersections and their qualitative levels
of service for road users. As noted by the NSW
Government, Transport Roads and Maritime
Services (2013, p. 6): “SIDRA is the most
commonly used single intersection modeling
software in NSW…” Table 2 gives the results
for signalized intersections in the vicinity of
the school for the base year (current situation)
and for 2021 when it is assumed the school
will be expanded in size and there will be a
growth in traffic. In this example, the
calculated queuing distance is based on the
highest or maximum of the averaged delays for
the base and the target year being the year
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2021. In the assessment of this particular
development application the road intersections
are expected to continue to operate at a level of
service A and therefore the consent authority
should have no objections to an increase in the
size of the school on traffic grounds. Parking is
one of the most vexing of issues when
development applications are made in areas of
predominantly residential land use. The
consultants conducted parking utilisation
surveys at seven different times. The
recommendations to solve access issues during
the busy times are:
1. Provision of on-street parking with
appropriate signs for pick-up and set
down activities during school peak
hour times adjacent to the School’s
site.
2. Introduction of a “No Stopping” zone
during the School peak hour periods.
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Table 2. Performance of Intersections Near the School Morning Weekday Peak Hour (7.15 to 9.30
AM )

Intersection
L Rd/L St
L Rd/ St
W St/M St
W St/L St
W St/St
L Rd/MSt

Degree of
Saturation DOS
BASE
2021
0.36
0.39
0.62
0.72
0.06
0.26
0.04
0.11
0.26
0.40
0.36
0.36

Level of
Service LOS
BASE 2021
A
A
A
A
A
A
A
A
A
A
A
A

3. Installation of marked pedestrian
crossings at various locations
4. Improvements in School Zone signage
in the area.
5. The extension of a pedestrian footpath
to cater for the new pick-up and setdown zone. This would also provide
the possibility of a shared zone for
students as a bike route.
6. Consideration should be given to a
one-way system along some of the
roads surrounding the school.

Queue Distance (m)
Highest delay
BASE
13.00
129.00
0.20
1.00
3.10
9.80

7. Conclusions
On 5 October, 2016, the Traffic Committee of
the Iranian Organisation for Engineering Order
of Building (IOEOB), convened the First
Iranian National Conference on Traffic Impact
Assessment of Buildings, held at the Building
and Housing Research Centre, Tehran, to
launch draft guidelines. The Committee, in
formulating these guidelines, reviewed
international experience, including that of
Australia. This paper has traced experience in
Australia now spanning some fifty years.
Traffic impact assessment started in Australia
in the 1960s when the traffic police exercised
considerable authority in trying to prevent
land-use developments from taking place
abutting main roads. Concepts derived from
queuing theory (Blunden, 1966) – the
application of the mean service time to
establish maximum traffic generation rates for
a proposed development and the absorption
capacity of a priority traffic stream – found
their way into traffic engineering practice to
provide a rational basis for assessing
development applications on their merits. As
experience accumulated, the guidelines
became refined to the extent that Austroads
issued the Guide to Traffic Management Part
12: Traffic Impacts of Developments as a
Second Edition in 2016.
This paper has explained developments over
time by outlining what documentation is
expected from a developer, by describing the
traffic models available to the consultants
working for the developer, and explaining the
importance of developer contributions should

The capital costs of some of these
recommendations would form the basis of
calculating the developer contribution under
Section 94 of the NSW Environment and
Planning Act.
The evolution of practice with TIA in Australia
has included putting responsibility of the
proponent to better manage traffic demands –
often referred to as “Green Travel Plans” (see
for example, Black, Mason and Stanley, 1999).
In this case study, the NSW Department of
Education - as the proponent - should
formulate a School Operation Management
Plan in consultation with the school principal.
Such a plan might comprise: the initiation of
the “Walking School Bus”; the introduction of
car-pooling initiatives amongst staff and
parents; the development of a “Active School
Travel Program”; the establishment of a road
safety and parking committee; and the
preparation of a “Green Travel Plan” to show
public transport access points and active
transport accessibility areas e.g. “marked safe
route to school”.

Traffic Impact Assessment of Land...

Average Delay
Seconds
BASE
2021
1.10
1.40
9.10
11.70
1.70
2.30
3.70
2.20
0.90
2.60
0.80
0.80
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the proposed development require changes to
the surrounding road, pedestrian and transport
network. A simple case study of a school
expansion was provided to illustrate the
principles of TIA and to point out that the onus
on all developers (in this case the state
Education Department) is to manage travel
demands to achieve more sustainable outcomes
from urban development. The references cited
at the end of this paper provide material for
more detailed study. What is not covered in
this review of TIA experience in Australia –
and it is a most significant omission – is that
TIA must take place within broader policies
for urban development, especially metropolitan
transport policy.
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Abstract
Removal of waste tire elastic has become one of the major natural issues in each part the World. One of the
potential answers for discard scrap tire elastic is utilizing them into substantial checks. This paper presents
another technique to improve the elastic substantial utilizing a specific elastic size and Nano Material. At first six blend
plans were performed to decide the upgraded size and level of elastic as indicated by compressive strength.
Subsequently, the significant substantial controls were made with the ideal blend plan. Three distinct examples were
made to decide the impacts of elastic and Nano. One of which was made without elastic and Nano, the different
was made with elastic and the last with elastic and Nano. Tests were completed to decide the toughness and strength of
examples as per ISIRI-12728.
Keywords: Precast Concrete Curb; Waterproof; Tire Rubber.

1. Introduction
Disposal of waste tire rubber has attracted much attention among researchers due to whose major environmental
issues across the world. Population growth and the greater use of vehicles have increased the generation of tire rubber.
Millions of tires are discarded, thrown away or buried every year, representing a considerable threat to the
environment. It was estimated that almost 1000 million tires end their service life every year and out of that, more than
50% are discarded to landfills or garbage without any treatment. It is forecasted that by the year 2030, there would be
5000 million tires to be discarded on a regular basis [1]. Many attempts have been made to address this problem, such
as: (1) Incineration of scrap tire rubber for production of steam and (2) Reuse of tire rubber in cement concrete.
Application of waste tire rubber as fuel is technically feasible, while it is not economically attractive due to high initial
investment. The carbon black produced from pyrolysis of tires is of lower quality and more expensive comparing to
that produced from petroleum products [1, 2].
Several researches have been carried out studying addition of scrap tire rubber as a replacement for aggregates in
concrete [1-20]. Predominantly, Properties of rubber concrete are affected by the size and percentage of rubber. When
used in concrete curbs, waste tire benefits concrete properties, including lower unit weight, higher ductility and freezethaw resistance [3]. A reduction in compressive strength and penetration resistance is also noticed with the increase of
rubber percentage [4-6].

2. Literature Review
One of the most effective internal factors in concrete durability is permeability. A reduction in permeability of
concrete would lead to an improvement of concrete characteristics including freeze-thaw resistance and corrosion of
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concrete and steel bars exposed to acids. Richardson et al. (2015) examined the optimum particle size of crumb rubber,
used as an additive to concrete that would provide maximum freeze-thaw protection whilst minimizing the
compressive strength loss. They implement crumb rubber divided into five batches, graded from <0.5 to 2.5mm. A
notable improvement in freeze-thaw resistance observed [3]. Ganjian et al. (2009) carried out an experimental to
investigate the effect of scrap tire rubber on water permeability. It was found that replacing the aggregates by rubber
increased water permeability [4].
Generally, the main issue regarding the durability of rubber concrete curbs is to face with high permeability.
Previous studies have used surface coating materials to improve permeability of concrete [21-23]. The aim of this
study is to ameliorate the properties of rubber concrete such as penetration resistance. To improve penetration
resistance of rubber concrete, a Nano material with Nano-organo silicon compound was used. The catalyst
implemented in Nano material was environmentally friendly [24].

3. Test of Mechanical Properties
Avoiding absorption of concrete mixture water, the interior of mixing drum was wetted. Achieving saturated
surface dry (SSD), aggregates were mixed first, followed by the required amount of water. After casting, all concrete
specimens were stored in laboratory condition at 22 °C and 50% relative humidity for 24 hours and then were kept in
completely humid environment for 28 days.
Test Materials
Ordinary Portland cement type-II (ASTM C150, Type-II) and tap water was used in performing tests. Calcareous
aggregates were employed for both coarse and fine aggregates. Maximum size of coarse aggregates used to make
concrete test samples was 19mm. The relative density and fineness module of the coarse aggregate were 2.6 and 5.6,
respectively. The fineness module of fine aggregates was 3.3. Grain size distributions for fine and coarse aggregates
are shown in Table 1 and 2.
Table 1. Fine aggregate grain size distribution
Sieve
number

Mass of fine aggregate
retained on each sieve (gr)

Cumulative
retained (%)

Percent
finer (%)

3/8

0

0.00

100.00

4

5

0.33

99.67

8

400

26.82

73.18

16

357

50.46

49.54

30

281

69.07

30.93

50

203

82.52

17.48

100

96

88.87

11.13

PAN

168

100.00

0.00

Table 2. Coarse aggregate grain size distribution
Sieve
number
1/2

Mass of coarse aggregate
retained on each sieve (gr)
0

Cumulative
retained (%)
0

Percent
finer (%)
100

3/8

146

10.62

89.38

4

1144

93.82

6.18

8

81

99.71

0.29

16

0

99.71

0.29

30

0

99.71

0.29

50

0

99.71

0.29

100

0

99.71

0.29

The rubber aggregates utilized to make concrete specimens were prepared from Waste Management Institute, Mashhad
Branch. Rubber aggregates graded from 6 to12mm in size where in B specimens are 10% replaced with coarse
aggregates. The specific gravity of rubber aggregates was 1.1 (Figure 1).
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Figure 1. Rubber aggregates

Three heteropolyacids were used in the synthesis of a nano organo-silicon compound to build waterproof material. The
product is uniform and the mean size is about 60-70 nm. Due to size range, Nano material can easily penetrate 3 mm
in concrete via either spraying or brushing [24].
Mix Design
Mix designs are displayed in Table 1. Group A were to gain the maximum compressive strength and group B, on
the other hand, were the major test samples that concrete curbs are made with. B1 is the mix design that is used in
Takin-beton curb production. B2 is the optimized mixture obtaining from group A. B3 is the same mixture as B2 but
Nano material was sprayed after two weeks.
Table 3. A group mix design for obtaining optimized mixture
Specimens

Cement
(kg/m3)

Water (kg/m3)

Fine aggregates
(kg/m3)

Coarse aggregates
(kg/m3)

Chipped rubber Crumb rubber
by volume %
by volume %

A-1

350

140

1159

483

15%

0

A-2

350

140

1159

193

30%

0

A-3

350

140

1069

667

A-4

350

140

966

579

A-5

350

140

869

772

A-6

350

140

1069

667

0

10%
10%

10%

0

15%
10%

0

4. Experimental Results and Discussion
The results of tests and their analysis are given below.
Water Absorption
Water absorption tests were performed where specimens were placed 72 hours in water and afterwards, 24 hours in
oven. Results suggest less water absorption for specimens sprayed with Nano material compared to both normal and
rubber concrete as can be seen in Figure 2. It is suggested that the nano-metric size of nano material cause easily
penetration inside pores in the rubber concrete and provide molecular level hydrophobicity to the treated surface.
12%
10%

11%
10%

8%
6%

4%
4%
2%
0%
B-1

B-2

B-3

Figure 2. Result of water absorption for specimens B group
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Compressive Strength
Compressive test were conducted at the age of 28 days using cylinder specimens 15cm 30cm. The samples were
cast and stored in ambient condition for 24 hours, and then cured in water reservoir for 28 days. Results are illustrated
in Figure 3. Based on Figure 3 in line with the findings of other researchers, the highest compressive strength of
specimens was observed in normal concrete.
450

39
2

400
350

309.
9

300

30
5

250
200
150
100
50
0

B-1

B-2

B-3

Figure 3. Result of compressive strength for specimens B group

Freeze-Thaw Resistance
Freeze-thaw resistance test was performed using 15cm 15cm 15cm cubic specimens. The surface was covered
with 3% salt and was performed 28 freeze-thaw cycles. At the end, segregated particles are weighted and results are
presented in kg/m2. Results are shown in Figure 4. and compare to normal concrete addition of rubber can improve
freeze-thaw resistance impressively.
0.3
0.25

0.24

0.2
0.15
0.1
0.05

0.03

0.02

0
B-1

B-2

B-3

Figure 4. Result of freeze-thaw resistance for B group

Abrasion Resistance
According to ISIRI-12728 specimens using for abrasion test, must be
[25]. Figure 5.
demonstrates the results. Based on Figure 5, Abrasion resistance of concrete was increased with replacement of
rubber.
1.4
1.2

1.26
1.1

1

0.9

0.8
0.6
0.4
0.2
0
B-1

B-2

B-3

Figure 5. Result of abrasion B group
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Splitting Tensile Strength
Splitting tensile strength test were performed using 15 cm*30cm cylinder specimens and results are shown in Figure
6. As expected, due to weak bonding between rubber and cement paste tensile strength of concrete was reduced with
replacement of rubber (Figure 7).
40
35

35

30

26

25

26

20
15
10
5
B-1

B-2

B-3

0

Figure 6. Result of splitting tensile strength B group

Figure 7. Splitting tensile strength test

5. Conclusion
According to examined samples and analysing data, the most important results were as follows:
As nano-metric size of nano material cause easily penetration inside pores in the rubber concrete and provide
molecular level hydrophobicity to the treated surface, water absorption of rubber concrete reduced.
Specimens with rubber size range from 6 to 12mm, have more compressive strength compared to those less than
6mm and due to easier fragment process, have more economical reasons.
Among all specimens, the maximum compressive strength was observed in normal concrete and compared with
normal concrete; rubber concrete compressive strength is 20 percent lower.
Tensile strength of concrete reduced with the replacement of rubber. Since bonding between rubber and cement
paste is poor, the addition of rubber reduces the bonding and cause reduction in tensile strength.
Due to freeze-thaw resistance test, rubberized concrete has better performance than normal concrete. This can
make usage of rubber in concrete curbs reasonable.
Abrasion resistance test indicates higher resistance of rubber concrete and utilizing of nano material can also
improve abrasion resistance.
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Abstract: Water supply systems need to be designed in an efficient way, accounting for both
construction costs and operational energy expenditures when pumping is required. Since water
demand varies depending on the moment’s necessities, especially when it comes to agricultural
purposes, water supply systems should also be designed to adequately handle this. This paper presents
a straightforward design methodology that using a constant flow rate, the total cost is equivalent to
that of the variable demand flow. The methodology is based on the Granados System, which is a very
intuitive and practical gradient based procedure. To adapt it to seasonal demand, the concepts of
Equivalent Flow Rate and Equivalent Volume are presented and applied in a simple case study. These
concepts are computationally straightforward and facilitate the design process of hydraulic drives
under demand variability and can be used in multiple methodologies, aside from the Granados System.
The Equivalent Flow Rate and Equivalent Volume offer a solution to design procedures that require a
constant flow regime, adapting them to more realistic design situations and therefore widening their
practical scope.
Keywords: water distribution systems; optimization; design; pump operation; demand variability

1. Introduction

In September 2015, the United Nations published the 2030 Agenda for Sustainable Development [1],
intending to eradicate poverty in all its forms by setting up 17 goals and 169 targets to foster
sustainable development through economic, social, and environmental aspects. Goal 6—Water
Availability—aims to achieve universal access to drinkable water and sanitation. This Goal is very much
related to Goal 7—Sustainable Energy—that aims to ensure sustainable energy for all. In order to
achieve the challenges of water and energy, improving the design of hydraulic system is crucial, to
ensure efficiency in the use of the resources. The areas in most need of action have less developed water
resources systems and scarce economic resources. In these areas, the design strategies need to account
for construction costs and the operation of the system, especially when pumping is required, linking
energy to water. Design methodologies of water supply systems need to be practical and intuitive for
practitioners, and at the same time, reliable and affordable for the users.
Mala-Jetmarova et al. [2] provide an excellent summary of the state of the art in water distribution
designs, providing a clear classification of the optimization methods according to the objectives of the
optimization (e.g., single objective, multi objective, and others) or the calculation method (e.g.,
stochastic, heuristic, and others). In more than 70% of the documented choices, the single objective
“least-cost” is selected, and many design proposals consider only construction costs, which leads to
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an incomplete vision of the water drive. This is a crucial error, since in 1994 Kim and Mays already
reported that “for some utilities 90% of the total budget is for energy required for pumping” [3]. From
1980s onwards, some designers already integrate both the construction and the operating cost into the
design procedure. Gessler and Walski [4] proposed a construction costs formulation including excellent
details of digging costs and others. Alperovits and Shamir [5] detailed pumping costs calculated from
an empirical approach that depends on the required power, providing practical results. Examples of
recent designers that include both operational and construction costs are Ostfeld [6], who uses the
software EPANET for the design; Pérez-Sánchez et al., Kang and Lansey, Jin et al. [7–9], and Samani
and Mottaghi [10] carry out a “least cost assessment”, using hybrid programming. The remaining 30%
of the known methodologies are multi objective proposals. The multi objective approaches are more
widely followed in the past three decades and they consider the cost analysis and other aspects such as
pressure deficit [11] or excess [12], greenhouse emissions [13], or water quality [14], among others. An
excellent summary of the different approaches in multi objective methods is included in the work by
Reed et al. [15].
In terms of the calculation process, evolutionary programming techniques like genetic algorithms
have been widely used for water distribution optimization, for example by Marchi et al. [16],
Kadu et al. [17], or Van Dijk et al. [18]. Nevertheless, most efforts in modern models deal with
the computational processes. According to Goulter [19] most of the optimization models that are
developed in research are not being used in the real practical design. The main reason of the limited
use is not because the models do not work, as Walski et al. [20] proves, but mainly because of the
challenges to interpret and use them in practical terms. In contrast, gradient search techniques are
less common but they have convincingly shown that they can yield near optimal solutions for water
networks [21]. They are also more intuitive than other design and optimization procedures.
On the other hand, due to climate change, population migrations, etc. [22], demand variations are
becoming more extreme, increasing variability throughout the year [23,24]. This seasonal variation
makes it even more complex for designers to properly conceive efficient water supply systems. For
these reasons, designs that can manage changes in demand are desirable [25,26]. Babayan et al. [27]
introduce this issue in their optimization using the standard deviation in the demand calculation. In
studies like Granados et al. [28], safety coefficients are determined after a sensitivity analysis of the
variables influencing the demand variation, especially for agricultural purposes. A different approach
is used in Kapelan et al. [29], where the robustness is maximized generating random flow situations
and calculating the probability to meet the required conditions at all nodes. Babayan et al. [30] compare
the safety coefficient perspective to the approach of a random demand adjusting to a certain probability,
and conclude that while both visions have similar results, the latter is more computationally expensive.
As suggestions for future works that will contribute to the crucial issue of the optimization of the
design of water distribution systems for variable pumping flow rates, researches could also consider
the assessment of the water sources and reclaimed water that can be used to balance water supply and
demand [31].
The objective of this research is to develop a methodology that can overcome the limitations that a
variable water demand regime brings to the design of a water supply system and that can easily be
understood facilitating a practical approach. We propose two new design procedures that account
for the variable demand, the Equivalent Flow Rate and the Equivalent Volume. The methodology
proposed is based on a gradient based procedure, since it is very intuitive and not computationally
demanding, therefore easily translated into practical terms. To illustrate the application, a case study
is presented.
2. Materials and Methods
The total cost of a hydraulic impulsion depends mainly on the cost of construction of the pipe,
the cost of construction of the pumping station, and the cost of the energy required for the pumps to
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work during the entire lifespan of the system. Other costs, such as maintenance and operation, may be
neglected since they do not depend directly on pump or pipe sizing.
Total Cost = Pipe Construction + Pumping Station Construction + Energy
The Pipe Construction Cost increases as the pipe diameter widens, since the price of the tubes
increases, and so too does the excavation and installation cost due to the difficulties that arise through
transportation and assembly.
The construction cost of the pumping station can be considered relatively independent of that of
the chosen pipe, since the different pump models usually have a similar cost and the group and stage
configurations depend on the variability of the demand and not on the pipe features.
The cost of energy depends mainly on the volume of water to be elevated and also on the head and
the pump efficiency. The head depends on the diameter of the pipe, since the larger the pipe diameter,
the less head loss. In this way, using a larger diameter reduces the pumping cost. The efficiency of
the pump is a variable whose relationship with the other factors had not been studied in depth until
recently. As a general rule, it was assumed that the larger the pump is, the better performance it had.
Nevertheless, Martin-Candilejo et al. [32] have addressed this issue in depth concluding that there is a
direct relationship between the flow rate and the pump efficiency: The pump efficiency is better for
greater discharge flow rates, reaching an asymptote for 90%.
Figure 1 is a scheme of the cost distribution depending on the pipe diameter. Since the pipes
diameters do not form a continuous series, but rather are discrete values in the market, the traditional
way of solving the problem has consisted various alternatives of diameters and pumps that meet the
technical requirements and then each alternative is evaluated to select the one with the lowest cost.

Figure 1. Simplified scheme of the costs of the water drive depending on the diameter ∅ of the pipeline:
As the diameter increases the construction costs rise but the head losses decrease, implying a reduction
in the energy cost.

The procedure proposed in this work is based on the following principle: The head loss can be
reduced by increasing the pipe diameter. This means savings in the energy cost but also an
increase in the cost of construction. This can be studied from a unitary perspective: Comparing the
cost of reducing one meter of head loss by increasing the pipe diameter with the savings in energy
expenditure by not having to elevate water that one extra meter. This is the change Gradient
concept, that was developed by Granados [33,34] as part of his pipe network optimization method, the
Granados’ System. The Change Gradient only makes sense when the flow rate is constant. Therefore,
for more realistic situations, this paper has developed the new concepts of the Equivalent Flow Rate
and the Equivalent Volume for two different procedures for the design of a hydraulic drive.
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2.1. Change Gradient Concept
The Change Gradient [33] is defined as the cost of reducing one meter of head loss by increasing
the pipe diameter from ∅i to the next bigger one ∅j = ∅i+1:
Pj − Pi

=

GCq

∅i → ∅j

∆hq
i

−

,

∆hq

(1)

j

Pi, Pj are prices of pipes of length L and diameters ∅i and ∅j, respectively and ∆hq, ∆hq are the head
i

j

losses of a pipe of length L and diameters ∅i and ∅j for a given q flow rate. This is represented in
Figure 2.

Figure 2. Change Gradient concept. Increasing the pipe’s diameter means a reduction in the head loss
along the pipeline, but it has the extra cost of the wider and more expensive tube. The Change Gradient
is the cost of reducing the head loss by 1 m.

If, by instance, the head loss is calculated using Manning’s formulation [34], the length of the pipe
is canceled out from the Change Gradient’s expression, and it stands as:
pj L − pi L

GCq

∅i→∅j = L n2 220/3 q2
i

−

L n2 220/3 q2
j

=

n2 220/3

ni
∅

j

i

being KGC:

pj − pi

π2

π2 ∅ 16/3

π2 ∅ 16/3

K

GC =

16/3
i

pj − pi

π2
n2 220/3

1

16/3

∅i

−

1

−

nj

!

1
q2

=

1

K
CG

,

(2)

q2

n
16/3
j

!,

16/3

∅j

where L is the pipe length, pi and pj are the prices of the pipes of a diameter ∅i and ∅j, respectively; ni
and nj are the Manning coefficients for the roughness of pipes i and j, respectively; and lastly q is the
flow rate through the pipe.
Regarding the available diameters, each pipe manufacturer only offers a finite number of
commercial diameters for each type of pipe. This means that the designer must adjust to the series of
diameters offered for that pipe type.
Sometimes the pipes are conformed by two or more twin pipes, usually connected in parallel, that
start from the same point and reach the same destination, as Figure 3 represents. In these cases, the
flow rate through the drive q is distributed between these pipes, passing through each of them q/nt,
where nt is the number of equal pipes that make up the drive. The price of these pipes is nt times the
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price of an independent pipe. The Change Gradient corresponding this type of situations follows the
following expression:
π2

q/nt

GC

∅i → ∅j =

n2 220/3

nt pj − pi
1

16/3
∅i

1
1

−

16/3
∅j

!

(q/nt)2

=

nt3 GC

q/1t

.

(3)

∅i → ∅j

Figure 3. Parallel pipe configuration of the hydraulic drive.

2.2. Energy Cost
During the operation of a pumping station it is common that different discharges are pumped to
meet the needs of the demand. The energy consumed in each of these situations is different, depending
not only on the flow pumped, but also on the height pumped, the electromechanical efficiency, the
duration of this pumping situation and the unit price of the energy.
If a simple case is analyzed, it can be assumed that there are n pumping situations that differ by
the flow rate pumped (q1, q2, qi . . . qn). In this case, the annual cost for the energy consumed c E can be
obtained from the following expression [34] (the first and second equality are in International System
units, whilst the third one depends on the following chosen units):
n
n
,
Vi
1 1
1
9.81
h
c = Σi E µ
p =µ
i
i
i
µ
3600
Bi
Mi
B i µ Mi
1
1
γq h t p =
E
i
i
p ,
(4)i
i
where cE is the annual cost of energy consumed by pumping (€); E is the annual energy consumed in
the situation i (kWh); pi is the unit price of energy in the situation i (€/kWh); γ is the specific weight of
the pumped liquid (for water 9.810 N/m3); qi is the discharge pumped in the situation i (m3/s); hi is the
height pumped in the situation i (m); µBi and µMi are the pump and engine efficiency in the situation i,
respectively; ti is the annual duration of situation i (hours); and lastly Vi is the annual volume (m3)
pumped during situation i.

,

1
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This cE cost is repeated every year during the lifespan of the pipe. To obtain the capitalized cost,
the annual costs must be integrated at present value into a single global energy cost. The total cost of
the energy spent during the useful life of the pipes capitalized at the beginning would therefore be CE:
CE = fA c E .
fA is called discount factor and it depends mainly on the discount rate i, the lifespan of the pipe
nu and the construction period duration nc. A generalist definition of fA [34] would be:
fA =

(1 + i)nU − 1

1
×

(1 + i)nU i

(1 + i)nC

.

2.3. Optimization for Constant Flow Rate
This situation is given when the pumping station works with a constant flow rate. This means
the operating point of the pump does not change. In this way, all the other variables that affect the
energy cost (qi, hi, µB, µM and pi) are constant. In this case, the flow rate q, can be calculated, as well
associated to the increase of diameter ∅i to the next bigger one
as the Change Gradients GCq
∅i → ∅i+1

∅j = ∅ i+1. Likewise, as much as the cost of pumping energy is concerned, since the pump always
works at the same operating point, the pump efficiency µBi, the engine efficiency µMi and the pumping
height hi remain constant (they can be simplified to just h, µB, µM), and the total cost of energy CE can
be obtained with the following expression:
,
,n
n
1 1
CE = fA cE = fA
p.
9.81 Vi hi 1 1 pi = fA9.81 1 Vi h
µB i µ M i
3600 µB µM
3600
1

n

,
From the previous expression, making h = 1m and Vi = V (which is the total annual volume
1

pumped), the cost of the energy required for each meter of elevation CE1 can be calculated as:
CE1 =

CE

V

= fA 9.81

1

1

p.

(5)

3600 µB µM

h

With the exception of the pump performance µB, the other variables in the previous equation
are actually data: V is the total volume to be pumped, p is the unit price of the energy that has been
hired, and fA is calculated from the discount rate i, the service life nU of the water pipeline and the
construction period nC. Regarding the engine efficiency µM, although it varies theoretically depending
on the engine model chosen and the operating point of the pump, the variations in engine performance
are so small that it can be considered constant across different models and manufacturers [32].
Therefore, the above equation can be simplified by grouping all the data and parameters that have
fixed values in the coefficient KCE1, which can be considered constant for each case analyzed:
CE1 = KCE1
KCE1 = fA 9.81

1
µB
V

,

(6)
1

3600 µM

p.

(7)

In the previous expression, it is shown that the only variable that affects is the pump efficiency, µB,
which will depend on the pump model chosen and the operating point (and it is yet unknown).
For this simple case of constant pumping flow, a design procedure for selecting the pipe diameter
Φ is established through the following argument:
•

q
If GC∅
< CE1 ⇒ Diameter ∅i+1 is preferable to ∅i since the cost of reducing 1 m the head
i → ∅i+1
loss by passing from ∅i+1 to ∅i is cheaper than the cost of pumping that additional meter.
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•

q
If GC∅
> CE1 ⇒Diameter ∅i is preferable to ∅i+1 since the cost of reducing 1 m the head
i → ∅i+1
loss by passing from ∅i+1 to ∅i is more expensive than the cost of pumping that additional meter.

If this comparison is started on the diameter ∅1, which is the smallest in the series of diameters
available for that pipe model and manufacturer (that meets the maximum velocity condition along the
network), the process leads to the optimum diameter for the water drive.
It has already been indicated that the value of C E1 depends on the pump model chosen, and more
specifically, on its efficiency µB at the point of operation. Therefore, theoretically, the pump should
first be chosen so that the pipe diameter can be selected. The µB efficiency at the operating point can
only be obtained when the operating point is known, which depends on the diameter of the pipe.
Therefore, the pipe diameter should first be known to obtain the operating point of the pump and thus
its efficiency.
Therefore, starting by either selecting the pump, or the pipe diameter, the process involves
iterating to find the optimal pipe diameter for each specific pump model. If the pump model changes,
even slightly, the operating point would change and so would the pipe diameter.
In order to break this vicious circle, here we propose a more direct calculation process. It consists
of solving the pump efficiency that each diameter requires to be competitive. As it is shown in the
following equation, diameter ∅i will be the optimum (this means it should not be substituted by to the
next diameter ∅i+1 of the series) when:
1
KCE1
> CE1 ⇒ GCq
> KCE1
⇒ µB >
⇒ Keep ∅i,
(8)
GCq
∅i → ∅i+1
∅i → ∅i+1
GCq
µB
∅i → ∅i+1

otherwise:
GCq

∅i → ∅i+1

< CE1 ⇒ GCq

∅i → ∅i+1

< KCE1

1
µB

⇒ µB <

KCE1
GCq

⇒ Move to ∅i+1 .

(9)

∅i → ∅i+1

This means that, whenever there is a pump on the market whose efficiency can be greater than the
calculated µB, the optimum diameter will be ∅i. In the event that no commercial pump can reach that
performance because it is very high, it will be necessary to move to the next diameter ∅i+1.
Therefore, to apply this method it is necessary to know the maximum performance that pumps
can reach. Martin-Candilejo et al. [32] studied the optimum pump efficiency of 226 commercial pumps.
After their assessment, they obtained an empiric relationship between the optimum µB and the flow
rate, q. They presented Equation (10) to calculate the estimated optimum pump efficiency depending
on the discharge flow. In their work, they also expose Equation (11) to determine the maximum
expected value of the optimum µB.
Average

µB

= 0.1286 ln (2.047 ln q − 1, 7951) + 0.5471; r2 > 98%,

(10)

µMaximum
= 0.0576 ln (2.047 ln q − 1.7951) + 0.741; r2 > 90%,
B

(11)

being q the circulating flow rate in liters per second (L/s).
Of course, only diameters that meet the minimum limitations required will be selected. These
limitations might be maximum velocity, pressure [35,36], among others.
2.4. Optimization for Variable Flow Rate
Pumping stations that are designed to work with variable flow rates are more frequent in civil
engineering applications, since they allow a better adjustment of the flow rates to those demanded at
any time, avoiding in this way the situation of pumping a flow greater than the one required, and
therefore, reducing the height losses with the consequent saving of energy. For this more realistic
situation, the method proposed previously raises two problems:
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•

The Change Gradient can only be calculated at a constant flow rate.

•

The energy cost CE1 is calculated for a constant pump performance and head.

To solve these two issues, this paper proposes two new methods called the Equivalent Flow Rate
and the Equivalent Volume methods explained below.
2.4.1. Concept and Calculation of the Equivalent Flow Rate
The equivalent flow rate qEq can be defined as a theoretical flow rate for which, if all the volume
V required in a year was pumped at this discharge, the cost of the pumping energy would be the same
as the cost of pumping at a variable flow rate regime.
For the following reasoning, it is convenient to use a theoretical example. Assuming that the
required annual volume V is pumped through a specific pipe and following a variable flow distribution,
the annual energy cost cE, applying the Equivalent Flow Rate definition, would result in:
cE =

n
,
1

9.81

Vk
1
1
V
1
1
hk
p = 9.81
hEq
p ,
µBEq µMEq Eq
µBk µMk k
3600
3600

(12)

being V the annual volume of water pumped; hEq the pumping head for the theoretical operating
point corresponding to qEq; µBEq and µMEq the pump and engine efficiency at the theoretical operating
point corresponding to qEq; n the number of periods of different flow rate, and pEq the theoretical unit
price of the energy with which qEq would be pumped. Figure 4 represents this idea the concept of the
equivalent flow rate.

Figure 4. Equivalent Flow Rate definition.

For this analysis, the cost of pumping energy should be separated into two parts. On the one hand,
the cost corresponding strictly to the geometric height, and on the other hand, the cost corresponding
to the head losses. In this way, knowing that hk = hG + ∆hk, the previous equation would be:
cE =

n
,
1

9.81

Vk
1
1
V
1
1
(hG + ∆hk)
p = 9.81
hG + ∆hEq
p ,
µBEq µMEq Eq
µB k µ M k k
3600
3600

where hG is the geometric height and ∆hEq is the head losses when qEq is circulating.
Some simplifications can be made in the previous equation. To begin with, the motor efficiency
and the unit price of energy can be assumed as constant. These assumptions are quite close to reality,
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since, as it has been already indicated, motor efficiencies vary very little in different operating regimes,
and it is common to hire a flat rate of energy. With the above simplifications, the expression would be:
V hG + V ∆hEq =

n

, µ BEq
1

V h
k

µBk

n

G

+

, µ BEq
V ∆hk .
µBk k
1

Now, a new simplification must be made, and this one is more debatable. It consists of assuming a
constant pump efficiency. This implies that all µBk are equal, including µBEq . This is a purely operational
assumption and does not correspond to reality, since the pump’s performance varies significantly for
the different operating points. This simplification is made in order to prevent from future iterations to
obtain the Equivalent Flow Rate, and it is later shown to be unnecessary.
The general expression would be:
n

V hG + V ∆hEq =

,

n

Vk hG +

1

,

n

Vk ∆hk ⇒ V ∆hEq =

1

,

Vk ∆hk .

1

On the other hand, the various head losses associated to different flow rates can be expressed as
below using Manning’s expression:
2
∆hk = L n 220/3 qk2

2

=αq

k .
π2 φ16/3
Applying this to the previous equation, the new general expression is:

(13)

n

V α q2Eq

,
=
,k 1

2

V αkq

and it can finally be simplified to obtain the Equivalent Flow Rate:
,
qEq =

,n
1

Vk q2k
V

,

(14)

where qEq is the Equivalent Flow Rate. It is a constant flow that implies the same energy cost as that of
a variable flow regime; qk is the flow pumped in the operating situation k; V k = qk × tk, is the annual
volume in operating situation k; tk is the annual time spent in pumping qk; and at last, V is the annual
n
,
volume pumped, calculated as V = Vk .
1

The previous expression shows that the Equivalent Flow Rate is an average flow rate of the
variable regime. From this point of view, it is an intermediate discharge that should correspond to
an operating point close to the optimum of the pump, in a way that the real variable flow values are
located around the sides of this optimum.
It should be remembered that the previous equivalent flow rate has been obtained by making
three assumptions: that the engine efficiency, that the unit price of energy, and that the pump efficiency
are the same for any operating point. The first two are logical and respond to the reality of most
cases. The third one is, however, conceptually incorrect and it would theoretically require a second
approximation of the Equivalent Flow Rate once the pipe diameter has been obtained and the pump
selected. However, our simulations let us affirm that this first approximation of the equivalent flow
rate is already sufficient, since the pump performances, although different, compensate between the
different operating points if the pump is properly selected.
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2.4.2. Optimization Procedure Using the Equivalent Flow Rate Method
The Equivalent Flow Rate has been developed to calculate the Change Gradients when the
discharge regime is variable. As previously explained, each Change Gradient is associated with a
specific flow rate. Therefore, when the flow regime is variable, it is necessary to use the Equivalent
Flow Rate to calculate them. In this way, the expression of the Change Gradient will change to:
qEq

GC

∅i → ∅j

Pj − P i

=

qEq

q

∆h i − ∆ hj Eq

.

Using the concept of the Equivalent Flow Rate in the calculation of the cost of energy per meter
lifted, the previous equation turns into:
CE
qEq
C =
= f
V
1
1
1
9.81
p
= KC
.
E1
A
E1
Eq
hEq
µBEq
3600 µBEq µMEq
qEq the unit price of energy can be assumed
It has already been discussed that the engine efficiency and
does not really depend on the value of
equal for any operating point. For this reason, coeffi
cient KCE1
the Equivalent Flow Rate, so it will remain as KCE1.
Therefore, the Equivalent Flow Rate allows the calculation of the Change Gradients and the
Energy Cost per meter pumped for a variable discharge regime. The comparison between the two of
these two terms allows to obtain the optimum diameter of the pipeline, following the same reasoning
that was previously described: Diameter ∅i will be optimum (e.g., it should not be passed onto the
next diameter of the series ∅i+1) when:
1
q
> KC
⇒µ
KCE1
⇒ Select ∅ .
> C ⇒ GC qEq
GC Eq
>
E1
∅i → ∅i+1

∅i → ∅i+1

E1

qEq
i → ∅i+1

BEq

µBEq

GC∅

i

As a summary, the method would be:
1.

Equivalent Flow Rate is calculated:
,

,n

1

qEq =
2.

Vq
k 2

k

With qEq, the Change Gradients are calculated for each increase in diameter (starting with the
smaller in a commercial list and passing onto the very next one).
qEq

GC

∅i → ∅i+1

=

pj − pi

π2
n2 220/3

1

16/3

∅i

3.

Parameter KCE1 is calculated:
KCE1 = fA9.81

4.

.

V

V

−
1

3600 µM

!
1
16/3

1
q 2Eq

.

∅i+1

p.

The required pump efficiency corresponding to each diameter change is calculated:
µB =

KCE1
qEq

GC ∅

i
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5.

When the pump efficiency reaches a value that can be easily found in the pump market, diameter

6.

∅i is selected.
In case the pump efficiency seems too high to reach, it is preferable to select a bigger diameter
∅i+1. The initial investment will be greater, but the cost of pumping energy will be lower. This
reduces the risk in the event of rises in energy price, different from the predictions made during
design phase. As a reference for the expected value of the pump efficiency use Equation (10).

To sum up, the optimization procedure proposed in this section is based on the two following
premises, which have been demonstrated during the development of the work itself:
•

The optimum diameter of the water drive depends only on the pump performance.

•

The cost of the full water drive (pipes and pumps) depends only on the pipe diameter.

Therefore, the optimum design of a water drive depends on one only variable, and that is the flow
rate. If, as usual, the flow rate is variable, the Equivalent Flow Rate can be used, whose formulation is
an original innovation of this work.
2.4.3. Concept and Calculation of the Equivalent Volume
If a constant flow rate qm is chosen to design the pipe line (preferable qm = 1 m3/s to make
m
calculations easier), VqEq
is the total Equivalent Volume of water that needs to be pumped at that flow
rate qm to make the final cost of pumping equal to what it would be pumping at a variable regime of
m
flow rates. For the calculation of the Equivalent Volume VqEq
, a similar reasoning to the one followed
for the Change Gradient will be applied: The final cost will always be referred to the cost of elevating
the water at 1m height CE1 . Applying this approach in Equation (5), CE1 can be expressed in terms of
m
VqEq
as below:
q

CE1 = fA 9.81
K CV

VEqm

q

1

1

VEqm

p = KC

3600 µB µM
1
1
= fA 9.81
p.
3600 µM

,

(15)

µB

V

Therefore, the concept of the Equivalent Volume is expressed as follows.
CE =

,

1

qm
Eq

V
CE

qk

1

= CE

qm

1

= KC

V

µB

.

(16)

Apart from that, in the situation that a flow rate qi is circulating, an increase of the pipe diameter
qk
that, using Manning’s expression,
from ∅i to ∅i+1 would mean a reduction of the head loss ∆∆h∅
→∅
i i+1
q
only depends on the flow discharge qi. To simplify the terminology ∆∆h k
will be referred

∅i → ∅i+1

as ∆∆hqk .

∆∆hqk

∅i →

= ∆∆hqk = ∆hqk − ∆hqk

∅

∅i

i+1

∅i+1

= β × q k2 ,

being β a constant deduced from the invariable terms in Manning’s formula (see Equation (13)).
This reduction of the head loss translates in a savings in the energy cost Cqk . To express Cqk , the
∆E

∆E

same simplifications that were used for the Equivalent Flow Rate will be made: the engine efficiency,
that the unit price of energy, and that the pump efficiency are the same for any operating point.
Once again, the first two assumptions are close to reality, but the third one is not; however further
simulations have shown that the pump performances, although different, compensate between the
different operating points. This being said, the savings in energy costs can be expressed as it follows.
Cqk = fA 9.81
∆E

Vk
3600
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Additionally, any variance of the head loss associated to a flow rate can be expressed in terms of a
different discharge as:
q

∆∆h

k

2

= β × qk

qm2

q

→ ∆∆h

=β

k

qm

2

2

qk = ∆∆h

q
m

qk2
qm2

.

i
Introducing the previous expression in Equation (16), Cq∆E
is then:

2
qk = KC Vk ∆∆hqm qk 1 .
V
C ∆E
qm2 µB

However, as it was expressed in the Equivalent Volume definition, this needs to be analyzed from
the perspective of pumping water at 1 m height so that, later on, the Change Gradient methodology
can be followed. For this unitary point of view, CE qi is obtained from Cqi by:
∆E

1

,
C E1 =

,

q

k
C ∆E

∆∆hqm

= KC V

Vk q k2 1
.
qm2
µB

Introducing this conclusion in Equation (13), the Equivalent Volume formulation can be deduced:
q

KC

VEqm
V

,

= KC
V

µB

2
Vk qk 1 .
qm 2 µ B

Therefore, the Equivalent Volume is:
,
q
V Eqm

=

Vk qk2
.
qm2

This expression is simplified if the virtual constant discharge of design qm takes the value of
qm = 1 m3/s. For this value, the Equivalent Volume is simplified as:
q =1 m3 /s

V Eqm

=

,

V k qk2 .

(18)

2.4.4. Optimization Procedure using the Equivalent Volume Method
The Equivalent Volume has been deduced to calculate the Change Gradients when the discharge
regime is variable. As a summary, the process is:
1.
2.

Choose any value for a virtual constant flow rate qm. It is recommended that qm = 1 m3/s. All
of the following steps will be shown for this value.
For the chosen qm calculate the Change Gradients series, correspondent to the change of one pipe
diameter from a commercial catalogue to the immediate bigger one:
q=1

GC

3.

∅i → ∅i+1 =

n2

π2

pj − pi

220/3

1

16/3

φi

1

−

!.

16/3

φj

Calculate the Equivalent Volume for qm:
q

,

VEq =
m
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4.

m
Calculate KCE1 for VqEq
:

9.81 fA p

KCE1 =
5.

3600 µM

qm
Eq

.

Calculate the required pump efficiency needed to each diameter change:
µB =

KCE1
qEq

GC ∅

i

6.

V

.

→ ∅i+1

At the point, the same reasoning as for the constant discharge situation is followed: When the
pump efficiency reaches a value that could easily be found in the market (e.g., between 80–85%),
select diameter ∅i. For those cases of uncertainty, it is preferable to select a bigger diameter ∅i+1.
The initial investment will be bigger but the risk of additional cost in case of a higher energy price
will be diminished.

3. Results and Discussion
Case Study: Parallel Pipes Using the Equivalent Flow Rate
As a simple example of the applications of the Equivalent Flow Rate concept, a theoretical case of
a hydraulic drive has been studied. The drive consists of two parallel pipes of 500 m long. The water
drive serves agricultural purposes, and the total area to supply is 3000 ha. The system has no regulation
at the end of the drive, as Figure 5 illustrates, and therefore, the flow rate will vary depending on the
demand of the month, therefore, the scheme is similar to Figure 3 (without regulation tank at the end of
the circuit). As it is expected, this demand is higher for the warmer periods (reaching its peak in July),
and will stop during winter, conforming in this way, the hydrological year. The demand distribution is
shown in Table 1 and the average monthly flow rate qk is calculated below.

Figure 5. Case study scheme for application of the Equivalent Flow Rate concept.

This illustrates a classical case very common in the professional practice, which is the elevation of
water to a higher deposit. In practice, the designing would firstly require the pipeline price collection
among the local manufacturers as well as a proper demand study, so that the design flow rate can be
obtained. With this data, the procedure will follow the steps enumerated in Section 2.4.2.
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Table 1. Water demand in the study case.
Real Water Demand
Time: tk
Water
Provision
qk

Month

April

May

June

July

August

Days

30

31

30

31

31

30

183

m3/ha

500
1,500,000
0.58

1000
3,000,000
1.12

1000
3,000,000
1.16

1500
4,500,000
1.68

1000
3,000,000
1.12

500
1,500,000
0.58

5500
16,500,000
1.044

m3/month
m3/s

September

Total

The new approach derived in this study and presented in the Methodology section is applied in
the case study, where the circulating flow rate is variable, and this prevents from direct calculation (see
data in Table 1). Therefore, to begin with, applying Equation (14), a constant flow rate distribution that
is equivalent in energy costs to the real one is obtained: The Equivalent Flow Rate is calculated, as
shown in Table 2.
Table 2. Equivalent flow rate calculation from Equation (13).
Equivalent Flow Rate
Vk × qk2
April
502,347

May
3,763,682

June
4,018,776

July
12,702,426

August
3,763,682

qeq
(m3/s)
1.237

September
502,347

Once the homogeneous demand distribution has been obtained, thanks to the Equivalent Flow
Rate, Granados System can be applied. As it was previously explained, the methodology consists
of comparing the cost of investing in buying a bigger pipe or pumping greater head losses, and
choosing whatever is cheaper. This analysis is made through the Change Gradient concept, and it
requires a commercial series of diameters and its prices. In Table 3, it was included a list of diameters
and its correspondent prices as a representation of a commercial catalog. These prices have been
estimated based on average values for the selected material, which in this case stainless steel has
been preferred. For Manning Coefficient, the selection of the friction factor a value of 0.0085 has
been assumed for stainless steel pipes in good state. In this way, all Change Gradients are calculated
qEq

following Equation (3). Table 3 shows the resulting GC∅i

→ ∅i+1

for each diameter onto the next one.

Table 3. Commercial diameter series accompanied by their correspondent price. Change Gradient
calculation and optimization process by calculating the required efficiency of the pump.
Pipe Catalog
Stainless Steel

Optimization
Change Gradient

Efficiency

Diameter
mm

Price
€/m

One Pipe
€/m

Parallel Pipes
€/m

µB
%

300
400
500
600
700
800
900
1000
1100
1200
1300
1400

57.5
63.9
87.1
115.6
146.6
178.1
222.3
265.8
311.6
360.8
407.7
455.1

11.6
220.8
998.0
3185.7
8117.1
25,318.6
50,705.5
100,827.2
193,612.7
313,524.1
517,682.7

46.6
883.3
3992.1
12,742.9
32,468.6
101,274.6
202,822.1
403,308.8
774,450.8
1,254,096.4
2,070,730.7

179,937%
9487%
2099%
658%
258%
83%
41%
21%
11%
7%
4%
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qEq

These GC

∅i → ∅i+1

need to be compared with the cost of pumping the full annual volume at 1 m

height. As it was previously explained, because this annual cost depends on the pump efficiency µB,
the analysis turns into seeing what µB needs to be for the pumping option to be cheaper than building
a greater pipe. For this analysis KCE1 is calculated, following Equation (7), as it is shown in Table 4. In
this case study, it has been assumed that the construction period would last for two years, the useful
life of the installation will be 25 years, and that a flat rate is hired, being 0.12 €/kWh the accorded price
for the energy. The engine efficiency is taken as 0.93 and, in order to update the cost along the useful
life, 4% is assumed as the discount rate. All of these values are estimated as usual values in the field.
Table 4. Energy cost constant factors and calculation of the invariable part of CE1.
Energy Cost
Energy
Price

Construction
Years

Useful
Life

Engine
Efficiency

Discount
Rate

Discount
Factor

KCE1
Constant

pe
(€/kWh)
0.12

nc
(years)
2

nu
(years)
25

µM
(%)
0.93

i
(%)
0.04

fa

KCE1
(€/m)
83,796

14.44

qEq

Once all GC

∅i → ∅i+1 and KCE1 have been calculated, the following step is to obtain the efficiency
required for the pumps so that the energy cost is smaller than the construction cost. As it can be
observed in Table 3 and in Figure 6, a diameter of 800 mm requires a pump efficiency of 83% which is a
value that can easily be found in the market. Per contrary, a diameter of 700 mm is too small because it
would require a pump efficiency of 258%, which is completely irrational. On the other hand, a pipe of
900 mm only requires 41% efficiency, so it is already too wide and it is more convenient to pump the
head losses produced by an 800 mm pipe, than to invest in a wider pipe (as a 900 mm, per instance).
Therefore, the optimum pump diameter of the water drive would be 800 mm wide.

Pump efficiency µB required
(%)

Pump efficiency for each diameter
120%
100%
80%
60%
40%
20%

µB = 83%
Accessible pump
efficiencyamong
commercial pumps.
Ø800 is
selected.

0%
600

700

800

900

1000

1100

Pipe diameter Ø (mm)

1200

1300

Figure 6. Pump efficiency required for each diameter. For the construction cost to be competitive with
the energy cost, each pipeline designed with diameter ∅ requires a pump with a minimum efficiency
of µB. The smaller the pipe, the better (since the construction costs will be smaller), but the required µB
should be available in the market. Therefore, diameter ∅ 800 mm is selected since it is the smallest of
the commercial catalog meeting realistic performance conditions.

As it can be seen in Figure 7, the Change Gradient shows that, starting the design from small
pipes, it is very cheap and convenient to move to bigger diameters, but the construction cost will rise
up as the pipe gets wider. At some point the cost of increasing the pipe diameter to reduce the head
loss will be too high, and it will be better to pump the water, as long as the pump efficiency has a
reasonable value.
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Change Gradient and pipe
size

Change Gradient (€/m)

300,00
0

Pump efficiency required
for each diameter to have
that Change Gradient

250,00
0
200,00
0

21

150,00
0
100,00
0
50,000

11
%

9487%

658%

2099

400

500

600

700

%

%

%

179937
%

200 300
0 1400

41

83%

258%

800

900 1000 1100 1200 1300

Pipe diameter Ø (mm)

Figure 7. Change Gradient and pipe diameter in the application case.

However, it is important to remind that the simplicity of the Granados’ System requires a constant
demand distribution, and it would not be possible to apply for a variable flow rate as the one of this
study case, were it not for the Equivalent Flow Rate concept, which is a novelty of this research study.
Combined with the Granados ‘ System, the application of the Equivalent Flow Rate (or the Equivalent
Flow Rate) give practice engineers a simple design alternative to obtain the main initial figures to
work with.
Figure 8a,b show the variable real demand distribution compared with the constant equivalent
one, and in it can be observed that both distributions mean the same annual cost for the energy required
in the water drive. As Figure 9 shows, the minimum total cost of the installation is achieved with
diameter 800 mm, and for that reason it is the one to be selected for the design of the water drive. The
graph agrees with the result previously given by the method. In Figure 8c,d, the separated construction
and energy costs are shown.

Annual energy cost of the head
losses

Flow Rate Distribution

1.7
0.5
1

Accumulated energy cost of ∆h [€]

Demand Flow Rate (m3/s)

1.9
0

Equivalent
Flow Rate

0
1.3
01.1
0
0.90

Real demand
distribution

0.70

1200
0
1000
0

8000

Equivalent
Flow Rate

6000
4000

Real demand
distribution

2000
0

0.50
April

May

June

July

Time (month)

Ago.

April

Sep.

May

June

July

Ago.

Sep.

Time (month)
(b)

(a)
Figure 8. Cont.
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Energy cost throughout the full
life of the water drive

9,500,000
9,000,000

Cost (€)

Cost (€)

Construction cost
500,000
450,000
400,000
350,000
300,000
250,000
200,000
150,000
100,000
50,000
0

8,500,000
8,000,000
7,500,000
7,000,000

200

500

800
1400

1100

200

500

800

1100

1400

Pipe diameter Ø (mm)

Pipe diameter Ø (mm)
(c)

(d)

Figure 8. (a) Flow rate distribution in the application case of two parallel tubes and (b) annual
accumulated cost of the energy required for the head losses. (c) Construction cost of the installation
depending on the pipe diameter. (d) Accumulated energy cost throughout the entire lifespan of the
installation depending on the pipe diameter.

Total cost throughout the full life of the water drive
9,500,000
9,000,000
8,500,000

Cost
(€)

8,000,000
7,500,000
7,000,000
200

400

600

800

1000

Pipe diameter Ø (mm)

1200
140
0

Figure 9. Total accumulated cost of the water drive throughout the entire lifespan of the installation
depending on the pipe diameter. Dimeter ∅800 provides the smallest total cost for the construction
and operation altogether, and therefore it is the one selected, as the method previously anticipated.

4. Conclusions
The study presents a practical approach that allows to calculate variable flow rates in a practical
way since: (a) actual computational resources allow to work with static variables although the
mathematical approach of the Granados’ System is dynamic; and (b) it is efficient since it only needs a
few operations up to the optimum, making the proposed procedure extremely computationally straight
forward. The approach avoids the major computational inconvenience of dynamic programming that
may limit the use in practical designs.
Our novel concepts applied in the proposed approach of the Equivalent Flow Rate and the
Equivalent Volume offer engineers a solution to the main constrain of the cost gradient techniques,
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which rely on constant design flow rates. The uncertainties regarding the future water demand and
the evolution of the energy price are a major concern in nowadays water supply designs and there is
still effort to make to accurately determine what the demand curve will be in the fore coming years;
however, these two concepts allow the designer to include various different flow rates along the time,
contributing to the mitigation of this issue regarding the design. Future research should focus on
probabilistic methods to determine the demand pattern for the fore coming years.
The present procedure is similar in concept to the ratio used by [19] in their proposal for
optimization of the design of water supply system. However, their system also depends on a constant
flow rate, and the novel concepts of this paper of the Equivalent Flow Rate and Equivalent Volume is
also applicable for their algorithm.
The applications of the present methodology are adequate for branched networks, including
those with a twin pipe configuration, penstock and hydroelectric power plants, and the approach is
also extensible to channel design. Regardless of the fact this report does not present a solution for
all networks, it covers a wide range of configurations. As Walski [37] states “chances that a single
optimization approach will work for all types of problem is unlikely, and it is somewhat understandable
that practicing engineers look skeptically at models that claim to optimize pipe selection”.
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ABSTRACT
Understanding the intra-household interaction elements such as independent and joint activity participation and
travel, over multiple days are very less explored, especially in the context of developing countries like India. This
paper discusses the results of a study on the independent and joint travel of working people, during weekdays and
weekends. Four types of daily activity-travel patterns are examined, such as Simple-Independent, Simple-Joint,
Complex-Independent and Complex-Joint. Multinomial logit modelling is adopted to model the type of activitytravel pattern as a function of socio-demographic attributes and day of week variables. Models were developed
for whole-week, weekdays and weekends separately. The data used for this study is collected using questionnaire
drop oﬀ and pickup method, from Calicut city, Kerala State, India. Analyses presented here are based on a
sample of 936 working people. The results indicate that males are more likely to perform Complex-Independent
type of travel pattern, compared to females. The inﬂuence of age, gender, marital status, education level and
exclusive vehicle availability are similar during weekdays and weekends. The presence of elderly persons, young
children and students at home are observed to be signiﬁcant in inﬂuencing the choice of activity-pattern types
during weekdays, whereas during weekends, these variables did not emerge as signiﬁcant ones. On Sunday, the
possibility for joint travel is signiﬁcantly higher than other days of the week. Studies in this line are expected to
assist transportation planners in formulating day of week speciﬁc policy strategies.

1. Introduction

two aspects, i.e., exploration of activity-travel behaviour incorporating
intra-household interactions over diﬀerent days are very limited. Hence,
there is suﬃcient scope in the realm of travel behaviour modelling,
incorporating intra-household interactions over multiple days, particularly in the context of developing countries like India. This inspired
towards the works presented in this paper, which is the exploration of
activity-travel behaviour of working people, in the context of a city in a
developing country.
For analysis purpose, the types of travel performed by workers are
grouped into four categories such as (i) Simple-Independent, (ii) SimpleJoint, (iii) Complex-Independent and (iv) Complex-Joint. This categorisation is based on both the nature of daily travel pattern, as well as the
travel companionship from household. If a person performs only one outof-home activity in a day requiring travel, it is categorised into ‘Sim- ple’
activity-travel pattern. If more than one out-of-home activities are
performed in a day along with the related travel episodes, it comes under ‘Complex’ activity-travel pattern. When a person performed a Simple
activity-travel pattern and all the associated travel segments are without
the companionship of any household member, then it is categorised as
‘Simple-Independent’. Similarly, if a person performed a Complex type

In activity-based travel behaviour research arena, lot of studies examined the travel characteristics of individuals. Majority of the studies
are based on one-day or two-day travel survey data. However, the understanding that the one-day travel data can provide is very limited,
in terms of rhythms and variation in travel behaviour [1]. This is being recognised and travel behaviour over multiple days are considered
by many researchers [2–4]. However, studies using data from multiday
surveys primarily concentrated on the day-to-day variations in diﬀerent
aspects of travel behaviour such as number of trips, purposes, timing
and duration of trips etc. Most of these analyses using multiday travel
survey data ignored the importance of intra-household interactions in
travel behaviour.
On the other hand, research which focussed on intra-household interactions mainly studied joint activity-participation and travel. Within
that, the studies on joint activity-travel behaviour concentrated on
weekday travel and much less on weekend travel [5]. However, many
researchers are of the opinion that joint activity participation and travel
are greater on weekends than weekdays [6, 7]. Studies combining these
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of activity-travel pattern and all the associated travel are without the
companionship of at least one household member, then it is grouped
under ‘Complex-Independent’. When the person’s travel is with the companionship of at least one family member, it is considered to be a joint
travel. Accordingly, on the basis of the nature of activity-travel pattern,
a person’s daily travel is deﬁned as Simple-Joint or Complex-Joint. Thus,
the intra-household interaction elements are also incorporated in deﬁning the daily activity-travel patterns, in terms of travel companionship.
This resulted in the aforementioned four categories of daily travel patterns.
For model development, three time periods are considered, such as
(i) Whole-week, (ii) Weekdays (Monday to Friday) and (iii) Weekend
(Sunday and Saturday). Multinomial logit models are developed for the
above-mentioned activity-travel pattern types, with household and person level variables and day of week variables.
The remainder of this article is organised as follows. The second
section deals with a study of literature on intra-household interactions
in activity-travel characteristics. Studies on travel behaviour using data
from multiday surveys are also reviewed. This is followed by a section
on database development, where the design of activity-travel diary and
administration of survey are detailed. Description of data is given in the
fourth section. In the ﬁfth section, the models for activity-travel pattern
type for weekdays and weekends are discussed. A summary of research
ﬁndings and directions for further research are provided in the last section.

The study area is a city from India, a developing country. India,
being a large and culturally diverse country with miXture of diﬀerent
socio-economic groups, there might be prevailing intra-household interactions in the study area. However, studies on activity-travel behaviour
accommodating household interaction elements in Indian context are
very limited. Data availability is a major hindrance to such studies. The
collection of multiday travel details is cumbersome, especially in the
context of developing nations due to many practical diﬃculties, at the
same time, it is a challenging task. Hence, the objective of this paper
is to explore the intra-household interactions in terms of joint travel
episodes during weekdays and weekends. The scope of the work is limited to understanding of working people’s travel behaviour.

2. Background

3.1. Design of activity-travel diary

Recognition of the limitations of single day travel data in comprehending the variations and repetitiveness in travel behaviour, efforts are put for collecting travel information for longer durations.
Some of the multiday surveys, well reported in literature are Uppsala Household Travel Survey (Sweden) in 1971 [2], Reading Activity Diary Survey (England) in 1973 [3], Mobidrive Survey (Germany)
in 1999 [4] and Computerised Household Activity Scheduling Elicitor
(CHASE) Survey (Toronto) in 2002 [8]. Several studies explored the dayto-day variations in travel characteristics [4, 9–11]. A summary on some
of these studies are provided in Table 1. It is observed that re- search
which explored the multiday travel characteristics of individu- als did
not pay much attention to the inﬂuence on intra-household in- teractions
in travel. On the other hand, there are many works, which speciﬁcally
incorporated the inﬂuence of intra-household interactions in travel
behaviour [12–19]. Details of some of these studies are also given in
Table 1.
The multiday travel studies mainly focused on rhythms and variations in activity-travel behaviour, however, they ignored the inﬂuence
of intra-household interactions. Whereas, the studies which considered
such interactions, primarily focused on independent and joint activity participation and travel behaviour. Several household and person
level attributes are observed to inﬂuence the choice of solo or joint activities and travel. Household role, gender, availability of automobile
[20], presence or absence of children in the household [12, 15, 20]
are some of the inﬂuencing variables. Intra-household interactions have
been also pointed out in study on shopping trips [29]. Comi and Nuzzolo [30] reported that more trips are performed by home-makers, than
those in other types of employment. Moreover, they also observed that
the trips undertaken by males are primarily for goods other than household products. Nevertheless, studies in this realm do not consider the
intra-household interactions over multiple days.
But in reality, a person’s trips can have inﬂuences from family members and it can be varying from one-day to another or between weekdays
and weekends. Hence, there is a need to identify the variations in intrahousehold interactions over multiple days. This motivated towards the
research performed in this study and by means of this study, the authors
try to explore the intra-household interaction over the period of a week.

Activity-travel diaries are customarily used for collecting data for
activity-based travel demand modelling practices. One of the major
challenges faced in developing countries is obtaining a reliable data
[22]. Unlike developed nations where dedicated organisations conduct
nation-wide household travel survey, developing economies like India
lack national travel data collection agencies at household level. Hence,
here the research team hold the responsibility of careful design of travel
diaries and administration of survey. An activity-travel diary designed
by Sreela and Anjaneyulu [23], for household travel survey in 2010–
2011 was suitably modiﬁed for this study. Proper care was practiced in
the process of design and modiﬁcation of the activity-travel diary. It was
critically reviewed by academic experts. To minimise the respondents’
burden in multiday surveys [25], the wordings and the length of questions were kept simple and optimal. Moreover, in order to increase the
response rate and to assure quality data, the diary was made into bilingual format which contains questions both in English and in the native
language Malayalam.
The questionnaire consists of three parts; Household information,
Personal information and Activity-travel information. Household information includes address of the household, type of dwelling unit, years
of stay, number of males and females in the household and number and
type of vehicles owned. Personal information section consists of relationship with the head of the household, gender, age, marital status, regular
stay at home or not, education, occupation, name and place of organisation, working hours, driver’s licence holding status and vehicle availability for exclusive usage for each member in the family. Details enquired
as part of Activity-travel information include day and date of travel, trip
number, origin, time of starting from origin, destination, time of reaching destination, mode used, travel time, distance travelled, travel cost,
type of activity for which travel is performed, is it a daily activity or not,
activity starting time, activity ending time, number of household/nonhousehold members accompanied and relationship with the accompanied household member. The activity-travel diary sheets are made in
the form of a booklet with eight sheets in total, so as to record sevenday travel details. An example, illustrating how to write the details in
the travel diary, with instructions was provided in the last sheet of this
booklet. The authors’ contact number was also made available in the
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3. Database development
Calicut (also known as Kozhikode), is one of the three major cities
in Kerala State, India. Calicut city is the headquarters of Kozhikode district. It is the most important urban services’ provider for the districts
in north Kerala. The city has several educational, business and commercial establishments. Calicut city is well known for trading since ancient
times. The total population of Calicut Corporation area is 0.61 million,
which is about 20% of Kozhikode district population. The geographic
extent of the city is 118.59 km2 and literacy rate is 94 percent. The
corporation area has a gross population density of 5171 persons/km 2
[21].
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Objectives
Interactions amongst household members in time
allocation to various out-of-home activities

Activity participation and travel i
nteractions between household heads

Focused on household interactions in maintenance
activity participation

Tour-based mode choice of joint household travel
patterns on weekday and weekend

Author(s) (year)
Wissen (1991)

Golob and Mc Nally (1997)

Srinivasan and Bhat (2005)

Ho and Mulley (2015)

Studies on intra-household interactions

Day to day variation of travel behaviour and the
determinants of variability

To model time-span and activity-program generation
process

Habib and Miller (2008)

Raux et al. (2016)

To observe the rhythms of daily life

Axhausen et al. (2002)

Day-to-day variability
in activity time-use patterns

Understand the relationships between weekly and daily
travel-activity patterns

Pas (1988)

Kang and Scott (2010)

Comparison of activity-travel patterns of men and
women, who are employed full time

S. Hanson and P. Hanson
(1980)

Studies on travel behaviour over multiple days
Author(s) (year)
Objectives

Table 1
Study background.

analysis,

approach,

Sydney Household Travel Survey data,
Nested logit model of tour type and mode choice for
weekday and weekend

Seemingly unrelated regression equation (SURE) system.
Joint mixed-logit hazard duration model system

Structural model to explain activity interactions between
heads of households,
Tobit model

Modelling Methodology
Simultaneous linear equations
LISREL framework,
A model of joint time allocations

Descriptive
Regression models

Descriptive analysis,
Daily structural equation models

Mobidrive survey data,
Graphical analysis of data,
Probit models
2002–2003 CHASE survey data, Toronto.
Multiple Discrete-Continuous Extreme Value (MDCEV)
model

Reading Activity Diary Survey data,
Similarity index, cluster analysis, choice models

Uppsala Household Travel Survey in 1971.
Analysis by various indexes, of the nature of the travel
behaviour of working women and men.

Data and Modelling Methodology

Major ﬁndings
The presence of children decreases the time spent jointly
in shopping and recreation, but not in visits.
Working hours of the male are a primary factor shaping
the activity patterns of both partners.
Number/presence of children, household income, number
of employed persons and number of adult members in
household and number
of household
vehicles
are
important variables that determine
the
activity
participation and travel behaviour of individuals.
Females, people on high incomes, older people and
households with children tend to engage in shopping
more often than their counterparts.
This study analysed the joint travel patterns for both
weekdays and weekends while most of the previous
studies were focused on weekday behaviour.

Male and female workers’ travel patterns are compared
and found that, gender equality is not clearly evident,
instead working females take home maintenance
responsibility in addition to their work responsibility
than working men.
Very different weekly pattern type between males and
females; and between low income and high income.
Weekday travel-activity behaviour is independent of
day-of-the-week, for employed people.
Problems related to time allocation of individuals and
households can be addressed using both structural
equation models and choice modelling.
The starting (Monday), middle (Thursday) and ending
(Sunday) of the week are distinctively different from the
other days of the week in terms of goodness of ﬁt to the
observed data, number of statistically signiﬁcant variables
etc.
Reported evidence for day-to-day variability in activity
time-use patterns. Time-use patterns on weekdays are
substantially different from those on weekends.
Day to day variability in various time periods within the
week. The inﬂuence of individual characteristics on the
inter and intra personal variations are examined.

Major ﬁndings
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booklet so as to encourage communication and to assist the respondents
in clearing doubts.
Due to many practical constraints, it was not feasible for the enumerators to visit each household and conduct survey on a daily basis.
There are chances of increased number of drop-outs, if the method of
survey is improper. Hence, in addition to the weekly activity-travel diary, a memory jogger form was also designed, for the household members to brieﬂy record their activity travel details. Special care was taken
to design this sheet as simple as possible so that the respondent can easily understand and ﬁll it. It was designed in the native language only.
This form enquires details on date, purpose, time and mode of travel
for each household member’s journeys for one week. Enumerators were
given ample training before the conduct of the survey.

and remaining percent of workers are less than or equal to 20 years of
age. 17.34% workers have an education level lower than matriculation,
30.08% of workers are with matriculation level of education, 17.89%
are with higher than matriculation level but lower than degree level
and 34.69% are with an education level of degree and above. 84.17%
of the sample of workers are married. The percent of workers holding
driving license is 56.86.
Further, from the exploratory analysis of travel data, it was found
that nearly 61 percent of workers performed at least one joint trip in a
week. amongst the total joint trips, 69 percent are reported to be with
only one accompanying household member, 20 percent with two household members and 11 percent with three or more household members.
For analysis purpose, the activities for which travel is performed are
broadly classiﬁed into Mandatory (work and related activities), Maintenance (banking, bill payment, post oﬃce, shopping etc.) and Leisure (eat
out, recreation, social visits etc.). Fig. 1 represents the shares of these activity types pursued both independently and jointly over diﬀerent days
of the week. The values shown in the ﬁgure correspond to the share of
joint activity participation, in the respective Mandatory, Maintenance
and Leisure categories.
On an average, 93 percent of the mandatory activities are performed
alone both during weekdays and weekends. Nearly 7 percent is observed
to be performed jointly. This may correspond to the cases where family members employed in the same work place. For maintenance activity participation, 58 percent of activity episodes are independent and
remaining 42 percent are joint, in both weekdays and weekends. In
the case of leisure activities on weekdays, the percent of independent
episodes is 74. However, it can be observed from the ﬁgure that, on Sunday, the percent of joint leisure is 51, which is more than independent
leisure. This can be attributed to the fact that, Sunday being holiday,
it becomes convenient for working people to go for leisure with family
members. This analysis also illustrates the diﬀerence for Sunday from
other days, in the case of leisure activities.
Activity based approach considers travel as a result of the need to
perform various activities. Hence, daily travel of a person can be represented in terms of a tour or activity-travel pattern. A tour can be deﬁned
as a chain of trips with starting and ending at the same place [26]. Based
on the activity categories for which travel is performed, several activitytravel patterns were derived for the working people from the data. These
are broadly classiﬁed into Simple patterns and Complex patterns [27].
When an individual is performing travel such that he/she directly goes
to the activity location, without making any additional stops for any
other activity in between, and returns home, and not making any other
trips in that day, the travel for that person in that day can be categorised
into Simple activity-travel pattern. An example for this type of pattern
is the travel to work in the morning and return travel in the evening. All
other types of travel are recognised to be of Complex type. E Xamples for
this are, dropping child at school on the way to work place and going
to gym after coming from work place. The description of the identiﬁed
patterns types is provided in Table 2.
For analysing the activity-travel patterns on weekdays and weekends, incorporating intra-household interactions in terms of travel companionship, the identiﬁed travel patterns are further recognised to be
performed alone or jointly with at least one household member. This
resulted in four broad categories of activity-travel pattern types, which
are ‘Simple-Independent’, ‘Simple-Joint’, ‘Complex-Independent’, and
‘Complex-Joint’. This categorisation is also given in Table 2. The share
of these four types of travel patterns in the survey data are provided in
parenthesis below the respective categories, in the table.

3.2. Administration of survey
Initially it was decided to distribute memory jogger forms to each
sample households via enumerators, so that the members can brieﬂy
write their daily travel details in it. After the survey period (one week),
the enumerators will conduct a second visit to the sample households
and then the members can use the memory jogger forms to memorise
their previous week’s travel and can provide detailed travel data to the
enumerators. The enumerator will then record the information in the
activity-travel diary and collect all the forms from the household during
this second visit.
With the help of trained enumerators, a pilot survey was carried out
to check the eﬀectiveness of this method of survey. The enumerators
ﬁlled the household and personal information of the houses they visited,
and explained the household members about ﬁlling the memory jogger
form for the upcoming seven days. Even though the respondents were
informed about the enumerator’s next visit after a week, during this
second visit, many of the houses were locked, some persons forgot the
matter and in some cases the forms were missing. The response rate was
as low as 14 percent for this method of survey. The experiences of pilot
survey were not so encouraging for proceeding with this method.
From the pilot survey experiences and guidance from academic experts, survey method was re-designed. It was thought to reach the
households through school/college students or staﬀs. Some schools
and colleges in Calicut were identiﬁed and the authorities were approached through proper channel. The survey administrators educated
the students/staﬀ (who are residents of the study area) about ﬁlling the
activity-travel diary. Memory jogger forms were omitted in this stage.
Respondents took the diaries to their homes and the travel particulars
of all the household members for one week were written. The research
team reminded the respondents every day about ﬁlling the details, by
sending text messages.
The research team again visited the institutes after one week and the
ﬁlled questionnaires were collected back. A compliment bag was also
given to the respondents for providing neat and complete data. In order
to encourage the participation, the respondents were informed about the
compliment prior to the survey. This method of survey was found to be
successful with a net response rate of 68 percent. The one-week activitytravel survey was conducted between June-2014 to March-2015 period.
To the extent possible, the survey week was selected such that public
holidays are not intervened in the weekdays. Questionnaires were distributed amongst 1038 households. After the checks for errors, inconsistencies and missing details, information from 705 households were
found useful.
4. Descriptive analysis of data

5. Model for daily activity-travel pattern type
A preliminary analysis is conducted on the collected data to get an
insight into the socio-demographic characteristics of respondents. Distribution of age groups showed that 12.82% of respondents belong to
21 to 30 years, 21.05% come under 31 to 40 years, 38.35% belong to
41 to 50 years and 26.6% belong to greater than or equal to 51 years,
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This section describes the modelling of daily activity-travel patterns. The dependant variable is the type of activity-travel pattern,
such as Simple-Independent, Simple-Joint, Complex-Independent, and
Complex-Joint. A person’s travel in a day can be categorised into the four
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Fig. 1. Share of independent and joint activity
episodes during weekdays and weekends.

Table 2
Type of daily activity-travel patterns.
Sl. No.

Description

Activity-travel pattern type

Companionship type

Type of daily travel pattern

1
2
3

Home-Work-Home
Home-Maintenance-Home
Home-Leisure-Home

Simple
patterns

Independent
Joint

Simple-Independent (47.70%)
Simple-Joint (10.24%)

4

Home-Work-Home and one or
more tours for another activity
Home-Work-Home with one
or more intermediate stops for
another activity
Home-Maintenance-Home and
one or more tours for another
activity
Home-Leisure-Home and one
or more tours for another
activity
Home-Leisure-Home with one
or more intermediate stops for
another activity

Complex
patterns

Independent

Complex-Independent (24.71%)

Joint

Complex-Joint (17.35%)

5

6

7

8

pattern types described above. Since there are more than two choice categories, multinomial logit modelling is adopted. There can be variations
in the travel pattern, across diﬀerent days. For example, a person might
perform Simple-Independent type of pattern on Monday, but ComplexJoint pattern on Sunday. Hence, in order to get more insight into the
day of the week eﬀects and weekday/weekend eﬀects on the nature of
travel pattern, models are developed for the whole-week, weekdays and
weekends separately.

patterns. Signiﬁcant and positive inﬂuence is seen for the person’s marital status. For the alternatives ‘Simple-Joint’ and ‘Complex-Joint’, the
coeﬃcient for the variable ‘married’ is 1.108 and 1.121 respectively and
the signs for these coeﬃcients are positive. This indicates that married
persons are nearly 3 times (eˆ (1.108) and (eˆ (1.121)) more likely to
choose joint pattern types, such as Simple-Joint and Complex-Joint than
Simple-Independent pattern (reference category). This also indicates the
prevailing interactions among family members. The same variable is
showing a negative inﬂuence on the choice of Complex-Independent
pattern, implying that married persons are more likely to make joint
travel than others. Moreover, if the worker is the head of the household, he/she is observed to be more likely to perform complex types
of pattern than simple pattern. The role of the household head and responsibilities can be thought of as a reason for the complex nature of
travel. Although possession of driving licence did not emerge as a signiﬁcant variable in the whole-week model, the inﬂuence of the variable
is as expected. Person with driving licence is observed to be more likely
to perform joint and complex types of travel patterns. In the weekday
model described in Table 4, this variable is found to be signiﬁcant.
Among the various education levels considered, those emerged as
signiﬁcant are given in the table. Persons with lower education levels
are observed to be more probable to follow Simple-Independent patterns. The education level generally plays a role in the nature of job
engaged by the person. This may indirectly inﬂuence the working hours

5.1. Model for the whole-week
The estimated parameters for the whole-week model are given in
Table 3. Amongst the dependant variables, Simple-Independent type
of pattern is considered as the reference category. From the table, it
can be observed that age is showing a signiﬁcant and positive inﬂuence
on the choice of Complex-Independent and Complex-Joint types of patterns, compared to Simple-Independent pattern. In other words, as age
increases, the individual (worker) is more likely to follow complex type
of pattern (alone or joint) rather than simple type. With increase in age,
the household responsibility is also likely to be increased, which may
result in complex type of travel pattern.
Gender is also observed to play a signiﬁcant role in the nature of daily
travel pattern. Relative to females, males are less likely to follow SimpleJoint pattern. They are more probable to perform Complex-Independent
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Table 3
Estimated parameters for the whole-week model.
Simple-Joint
Coeﬀ.

Attributes

Sig.

−2.166
–
Gender: Male
−0.384∗∗
Married
1.108∗∗
Household role: Head of the household
–
Possession of driving licence
0.052
Education level: Upper Primary
−0.681∗∗
Education level: High School
−1.227∗∗
Education level: Matriculation
−0.788∗∗
Education level: Higher Secondary
−0.713∗∗
Education level: Post graduation and above (Reference)
Type of employment: Daily wage
–
Type of employment: Government employee
–
Type of employment: Private employee
−0.377∗∗
Type of employment: Self-employed (Reference)
Intercept
Age

Exclusive vehicle availability
Presence of elderly (>60 years) at home
Presence of children (<5 years) at home
Presence of students at home
Day of week: Sunday
Day of week: Monday
Day of week: Tuesday
Day of week: Wednesday
Day of week: Thursday
Day of week: Friday
Day of week: Saturday (Reference)
∗∗ p

–
0.024
0.000
–
0.772
0.008
0.000
0.000
0.000

–
0.061
–
–
1.78∗∗
−0.211
−0.442∗∗
−0.285
−0.19
−0.344∗

Complex-Independent
Coeﬀ.
Sig.

Complex-Joint
Coeﬀ.

−1.134
0.008∗

−2.933
0.010∗∗

0.402∗∗
−0.366∗∗
0.311∗∗
0.139
–
–
–
–

0.078
0.000
0.000
0.006
0.272
–
–
–
–

–
–
0.018

−0.261∗∗
−0.329∗∗
−0.254∗∗

–
0.603
–
–
0.000
0.274
0.030
0.144
0.323
0.085

–
0.019
–
–
0.284∗
−0.042
0.048
0.022
−0.103
−0.067

Sig.

–
1.121∗∗
0.324∗∗
0.242
−1.34∗∗
−1.04∗∗
−0.906∗∗
−0.34∗∗

0.044
–
0.000
0.022
0.111
0.000
0.000
0.000
0.031

0.012
0.007
0.014

−0.292∗∗
–
–

0.028
–
–

–
0.819
–
–
0.059
0.744
0.703
0.858
0.429
0.605

0.400∗∗
0.134
0.260∗
0.516∗∗
1.030∗∗
−0.073
−0.111
−0.321∗∗
−0.061
−0.106

0.005
0.162
0.052
0.000
0.000
0.624
0.459
0.039
0.682
0.482

< 0.05, ∗ p < 0.1.

Table 4
Estimated parameters for the weekday model.
Attributes

Simple-Joint
Coeﬀ.

Intercept
−2.703
Age
–
Gender: Male
–
Married
1.134∗∗
Household role: Head of the household
–
Possession of driving licence
–
Education level: Upper Primary
−0.647∗∗
Education level: High School
−1.755∗∗
Education level: Matriculation
−0.901∗∗
Education level: Higher Secondary
−0.898∗∗
Education level: Diploma
–
Education level: Post graduation and above (Reference)
Type of employment: Daily wage
–
Type of employment: Government employee
–
Type of employment: Private employee
−0.361∗
Type of employment: Self-employed (Reference)
Exclusive vehicle availability
–
Presence of elderly at home (>60 years)
–
Presence of children (<5 years) at home
0.374∗
Presence of students at home
–
Day of week: Monday
0.134
Day of week: Tuesday
−0.097
Day of week: Wednesday
0.058
Day of week: Thursday
0.158
Day of week: Friday (Reference)
∗∗ p

Sig.

Complex-Independent
Coeﬀ.
Sig.

Complex-Joint
Coeﬀ.

Sig.

–
–
0.000
–
–
0.047
0.000
0.000
0.000
–

−1.342
0.009∗
0.293∗∗
−0.388∗∗
0.394∗∗
–
–
–
–
–
–

0.082
0.021
0.001
0.002
–
–
–
–
–
–

−3.605
–
–
1.364∗∗
0.365∗∗
0.396∗∗
−1.26∗∗
−1.087∗∗
−0.897∗∗
–
0.366∗

–
–
0.000
0.034
0.027
0.000
0.000
0.000
–
0.093

–
–
0.086

−0.273∗∗
−0.267∗
−0.232∗

0.023
0.057
0.052

−0.392∗∗
–
–

0.016
–
–

–
–
0.080
–
0.504
0.646
0.775
0.433

–
–
–
–
0.028
0.119
0.092
−0.033

–
–
–
–
0.825
0.345
0.465
0.793

0.360∗∗
0.191∗
0.351∗∗
0.746∗∗
0.036
−0.003
−0.216
0.048

0.031
0.093
0.023
0.000
0.808
0.981
0.166
0.746

< 0.05, ∗ p < 0.1.

oﬀers a more ﬂexible job nature for them. This may result in performing
complex type travel, with additional tours or stops.
EXclusive vehicle availability for the worker is observed to be positively inﬂuencing the choice of Complex-Joint pattern. This is as per expectation, as the availability of a vehicle for exclusive use increases the
convenience in one’s travel. Hence, the nature of travel can be diverse
according to personal and household needs. A person with exclusive
vehicle can be thought of performing accompanying type of trips, as a
result of intra-household interactions and thus joint travel. The variable,

and the reduce possibility for making additional stops/trips. Working
people considered in this study are categorised into daily wage, government employee, private employee and self-employed, based on the type
of employment [24]. Self-employed is taken as the base category. Compared to a self-employed person, other three categories are less likely to
follow complex types of travel. They are more likely to follow SimpleIndependent pattern. This may be due to the lesser ﬂexibility of job for
the government and private employees. For a self-employed person, the
work hours and pattern of work can be decided by the person and this
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presence of elderly persons at home did not turn to be signiﬁcant in the
whole-week model, however, it is positively inﬂuencing the choice joint
and complex types of travel patterns, compared to Simple-Independent
pattern. It can also be seen from the table that the presence of young
children and students signiﬁcantly and positively inﬂuence the choice
of Complex-Joint type of patterns. This can be attributed to the fact that
the presence of children is likely to increase the possibility for dropping
and picking kind of activities.
Among the day of week variables, on Sunday, choice of SimpleIndependent pattern is less likely, while comparing with Saturday. The
coeﬃcient for Simple-Joint and Complex-Joint are 1.78 and 1.03 respectively. Hence, on Sunday, Simple-Joint trips are 5.9 times and ComplexJoint trips are 2.8 times more probable than Simple-Independent trips.
It can also be seen that on weekdays, the choice of joint patterns (both
simple and complex) is less, which is indicated by the negative signs
of the coeﬃcients. Some of the weekday variables such as Monday and
Thursday are not found to be signiﬁcant, however, the signs of these
variables are as per expectation and also same as that of the signiﬁcant ones. Hence, in order to display the type of inﬂuence of the day of
week variables, all are retained in the model speciﬁcation. On Wednesday, Complex-Joint pattern is 0.73 times less likely than the reference
category. This implies the day of week inﬂuences on the activity-travel
pattern choice of workers. The model goodness of ﬁt measures are given
in Table 6.

role is having a positive inﬂuence on the choice of Complex-Independent
and Complex-Joint travel patterns. Among the type of employment variables, government employee’s chance for Complex-Independent trips on
weekends is signiﬁcantly lower. Alike whole-week and weekday models, exclusive vehicle availability plays a signiﬁcant role in the ComplexJoint pattern type.
Unlike previous models, presence of elderly persons, presence of
young children and students do not observe to be signiﬁcantly inﬂuencing working persons’ travel on weekends. The variable presence of
elderly persons at home, was found to have a positive inﬂuence on the
choice of joint and complex travel pattern types for whole-week and
weekdays models. However, its inﬂuence on complex and joint types of
travel patterns during weekend is found to be negative. Since, the variable is not emerged as signiﬁcant in the weekend model, strong conclusions cannot be derived out of this observation. Presence of children
(<5 years) and presence of students are also positively inﬂuencing the
choice of Complex-Joint travel pattern during weekends. Since, these
variables were signiﬁcant in the whole-week and weekdays models, it
is expected that they will have some inﬂuence on the type of travel pattern during weekend as well. Hence, though not signiﬁcant, they are
retained in the weekend model speciﬁcation, in order to know the relative inﬂuence of these variables on the type of travel patterns. It was
also observed that the model goodness of ﬁt reduced, while omitting
these variables. Another signiﬁcant observation is the inﬂuence of day
of the week. In comparison with Saturday, Simple-Joint pattern is 5.8
times and Complex-Joint pattern is 2.7 times more likely on Sunday.
In all the above models, the same set of explanatory variables is used,
particularly to understand how the eﬀects of each of these variables vary
with respect to diﬀerent time frames such as whole-week, weekdays
and weekends. Even though some of the estimated model parameters
are not signiﬁcant, they are still included in the model, to understand
their relative inﬂuence on the activity-travel patterns. Some of the variables which emerged as signiﬁcant in whole-week model did not come
as signiﬁcant ones in weekend model. For e.g., the variable ‘age’ is having a signiﬁcant and positive inﬂuence on Complex-Independent and
Complex-Joint travel patterns for both whole-week model and weekdays model. However, age is not emerged as a signiﬁcant variable in
the weekend model. Hence, the time frame under consideration also
plays an important role in deciding the relative eﬀects of independent
variables. For travel on weekend, the nature of travel pattern (simple/complex and independent/joint) is not aﬀected signiﬁcantly by the
age of the worker.
When the variable gender is taken, it is seen that males are more
likely to follow Complex-Independent pattern compared to SimpleIndependent pattern, than females. The eﬀect of the variable ‘gender’
is the same irrespective of the model time frame. It is also seen from
the models that, married persons are more likely to follow joint (simple as well as complex) travel patterns than unmarried person. It is also
a plausible observation, since married persons are more likely to have
more interactions with family, and more family responsibilities, which
may be resulting in joint travel segments. This implies that, workers who
are married and staying with family is more likely to have joint travel
on diﬀerent days. Joint travel might be either by using personal vehicles (two-wheeler or car) or by means of public transportation facilities.
Since throughout the week, joint travel is probable for a married person,
and if it involves participating in multiple activities, the person may be
preferring to use personal vehicles. This is likely to signiﬁcantly inﬂuence the mode share of private vehicles. A considerable amount of joint
travel can be anticipated in an area, where household interactions are
predominant, especially in the context of a city in a developing country.
Therefore, by making the public transportation facilities such that the
joint travel from a family is convenient and comfortable, people will be
encouraged to use public transport even while travelling with family.
The eﬀect of holding a driving licence on the nature of travel pattern is positive and signiﬁcant for complex-joint travel on weekdays. As
discussed in the above paragraph, this also implies the increased use of

5.2. Model for weekdays
Table 4 gives the estimated parameters of the model developed for
weekdays (Monday to Friday). A positive inﬂuence is seen for the ‘age’
variable, on the choice of Complex-Independent nature of travel pattern
on weekdays. Similar to the whole-week model, males are more probable for performing Complex-Independent travel patterns than females.
Married persons are likely to follow Simple-Joint and Complex-Joint
patterns. The role of household head also positively inﬂuences a worker
to perform complex types of patterns on weekdays. This observation is
also similar to that seen in the whole-week model.
Possession of driving licence and exclusive vehicle availability are
found to be signiﬁcantly and positively inﬂuencing the choice of ComplexJoint pattern, which can be attributed to the convenience as- sociated
with. For daily wage, government employee and private em- ployee,
Simple-Independent pattern is more likely, compared to a self- employed
person. Presence of elderly persons, young children and stu- dents are
found to positively inﬂuencing Complex-Joint nature of travel pattern.
Parallel observations are seen for the whole-week model as well. For this
weekday model, day of the week variables did not emerge as signiﬁcant.
However, they are retained in the model speciﬁcation, as the model
turned weaker in terms of R-square values when these variables are
avoided in the model development stage. Table 6 gives the model
goodness of ﬁt and pseudo-R square measures.
5.3. Model for weekend
The parameters for the weekend model (Saturday and Sunday) are
given in Table 5. Unlike the previous models, even though the sign for
‘age’ is positive, it does not come as a signiﬁcant variable for the weekend model. It can be inferred that, for the travel on weekends, age is not
signiﬁcantly inﬂuencing the type of travel pattern. Similar to previous
cases, males’ propensity for Complex-Independent pattern is observed
in this model also. In the study area, Saturday is holiday for some of the
organisations, whereas it is a working day for many organisations. This
can be a reason for the obtaining the similar observations as that of the
weekdays model.
Married person’s propensity for joint travel patterns types (simple
and complex) is evident in this model also. The household head role
and possession of driving licence do not signiﬁcantly inﬂuence the travel
pattern nature. Similar to whole-week and weekdays models, household
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Table 5
Estimated parameters for the weekend model.
Simple-Joint
Coeﬀ.

Sig.

Complex-Independent
Coeﬀ.
Sig.

Complex-Joint
Coeﬀ.

Sig.

Intercept
Age
Gender: Male
Married
Household role: Head of the household
Education level: Upper Primary
Education level: High School
Education level: Matriculation
Education level: Higher Secondary
Education level: Post graduation and above (Reference)

−1.638
0.002
−0.628∗∗
1.07∗∗
−0.108
−0.891∗∗
−0.672∗
−0.73∗∗
−0.582∗

0.846
0.023
0.000
0.700
0.039
0.098
0.019
0.088

−0.680
0.006
0.759∗∗
−0.286
0.019
–
–
–
–

0.511
0.002
0.227
0.937
–
–
–
–

−1.771
0.015
–
0.757∗∗
0.116
−1.643∗∗
−0.895∗∗
−0.994∗∗
−0.684∗∗

0.127
–
0.006
0.656
0.000
0.015
0.000
0.030

Type of employment: Government employee
Type of employment: Self-employed (Reference)
Exclusive vehicle availability
Presence of elderly at home (>60 years)
Presence of children (<5 years) at home
Presence of students at home
Day of week: Sunday
Day of week: Saturday (Reference)

−0.247

0.378

−0.572∗∗

0.031

−0.268

0.301

–
0.085
−0.185
−0.044
1.77∗∗

–
0.663
0.554
0.828
0.000

–
−0.047
0.200
−0.172
0.27∗

–
0.791
0.428
0.338
0.075

0.479∗
−0.033
0.006
0.016
1.009∗∗

0.083
0.854
0.982
0.932
0.000

Attributes

∗∗

p < 0.05, ∗ p < 0.1.
Table 6
Goodness of ﬁt measures.

−2 Log Likelihood
Intercept only model
Estimated model
Chi-Square Likelihood ratio (Sig.)
Pseudo-R square values
Cox and Snell R square
Nagelkerke R square

Whole-week model

Weekday model

Weekend model

12540.05
11581.52
958.53 (0.000)

8859.25
8235.45
623.79 (0.000)

3535.92
3270.67
265.25 (0.000)

0.168
0.183

0.149
0.165

0.178
0.191

private vehicles on weekdays for facilitating multiple travel segments
along with household members. The frequency and routes of public
transportation plays a prominent role amongst people while choosing
it. To encourage the use of public transport in an area with prominent
intra-household interactions, in the planning stage itself appropriate importance has to be given to the comfort, convenience, frequency and
routes, by taking into consideration of the anticipated joint travel by
family members. In addition to this, policy measures such as family tickets etc. can be formulated for weekdays and weekends separately.
The goodness of ﬁt measures of the whole-week model, weekday
model and weekend model are given in Table 6. The −2 Log Likelihood
values of intercept only model and the estimated ﬁnal model, Chi-square
likelihood ratio test values, and pseudo-R Square measures are provided
in the table.
The −2 Loglikelihood value obtained for the estimated model is
lower than that of intercept only model. Chi-square Likelihood ratio reports that the reduction is signiﬁcant and the estimated model improved
over the intercept only model. The pseudo-R square values of estimated
models are nearly 0.2. According to Hensher et al. [28], a pseudo-R
square value of 0.3 represents a good ﬁt for the disaggregate choice
models. From the table, it can be observed that the pseudo-R square
measures such as CoX and Snell R square and Nagelkerke R square values for the estimated models indicate reasonably good ﬁt.
From these models, it was observed that, socio-demographics inﬂuence the nature of activity-travel pattern as well as companionship. This
is in conformation with studies reported in literature. Srinivasan and
Athuru [20] reported that, household role and gender inﬂuences the
solo/joint out-of-home maintenance activity participation. Auto availability also plays an important role in determining whether out-of-home
activities are undertaken jointly or independently [7,15, 16, 20]. Another important variable is the presence or absence of children in the
household. Wissen [12], Srinivasan and Athuru [20] and Gliebe and
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Koppelman [15] revealed strong evidence for the impact of presence of
children on solo/joint activity participation.
From the models developed in this study, it was observed that the
inﬂuence of some of the socio-demographic features such as age, gender, marital status, education level and exclusive vehicle availability are
similar during weekdays and weekends. The intra-household interaction
related variables such as presence of elderly persons, young children
and students at home are observed to be signiﬁcant in inﬂuencing the
choice of activity-pattern types during weekdays, whereas during weekends, these variables did not emerge as signiﬁcant ones. Day of the week
is evolved as a signiﬁcant variable and positively inﬂuencing the nature
of travel pattern of working people. On Sunday, the possibility for joint
travel is signiﬁcantly higher than other days of the week. Many organisations in the study area are functioning on Saturday also. Hence, even
though Saturday is a weekend day, similarity can be expected for the
travel characteristics on Saturday, as that of other weekdays.
Conclusions
This paper aims to understand the intra-household interaction
ele- ments in the activity-travel pattern of working people, over the
period of a week. This study is based on the data collected from working
people in Calicut city, Kerala State, India. Questionnaire drop oﬀ and pick
up method was adopted for data collection. The details of data collection
are also described in this paper. Nearly 60 percent of workers performed
at least one joint trip in the survey period. On weekdays, a major share
(84 percent) of the travel episodes are performed alone. However, on
weekends, around 29 percent of trips are performed jointly with at least
one household member.
Multinomial logit modelling is adopted for modelling the type of
activity-travel pattern. Inﬂuence of socio-demographic details, day of the
week and household interaction related variables are primarily con252
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sidered for model development. Models are developed for the wholeweek, weekdays and weekend separately. Age is observed to be positively inﬂuencing the choice of complex type of travel pattern. With increase in age, the household responsibility is also likely to be increased,
which may result in complex type of travel pattern with a larger number
of activities and trips. Males are more likely to perform complex and independent type of travel pattern, compared to females. Married persons
are observed to be nearly three times more likely to perform joint trips
than others, which indicate the prevailing household interactions.
The inﬂuence of age, gender, marital status, education level and exclusive vehicle availability are similar during weekdays and weekends.
The intra-household interaction related variables such as presence of
elderly persons, young children and students at home are observed to
be signiﬁcant in inﬂuencing the choice of activity-pattern types during
weekdays, whereas during weekends, these variables did not emerge as
signiﬁcant ones. Day of the week is evolved as a signiﬁcant variable and
positively inﬂuencing the nature of travel pattern followed by working
people. On Sunday, the possibility for joint travel is signiﬁcantly higher
than other days of the week.
Travel behaviour studies which deal with intra-household interactions predominantly focussed on joint travel. However, understanding
of the independent and joint travel over multiple days, such as a week
is less explored, especially in the context of developing countries. This
study contributes to the existing pool of knowledge by exploring the
activity-travel pattern of working people, incorporating intra-household
interaction elements during weekdays and weekends. This gave more
insights into the inﬂuence of household and person level attributes and
day of week eﬀects on the type of travel pattern followed by working
people.
One limitation of this work is that, the joint travel accompanied by
non-household members is not considered here. This aspect can also
be incorporated in future studies while analysing the joint travel behaviour of people over multiple days. The model form primarily used in
this study is logit model. However, there is suﬃcient scope for developing more advanced discrete choice models such as mi Xed logit models.
MiXed logit models overcome the limitations of logit models by allowing for random taste variation, unrestricted substitution patterns, and
correlation in unobserved factors over time. Further, the study can be
extended by investigating the intra-household interactions considering
the travel party size, purpose and duration of travel etc. for multiple days
and for non-workers also. Studies in this line are expected to improve
the understanding of travel behaviour, which will assist in formulating
day of week speciﬁc travel management strategies, for improving the
quality of life of people.
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Urban transport planning puts its signature on a long-term sustainable urban environment that directly depends
on urban traffic flow and travel efficiency. Median barricades physically separate opposing traffic streams and
help stop vehicles traveling into opposing traffic lanes and controlling pedestrians crossing the road. The study
aimed to know how the flexible and rigid median influenced the traffic flow and the pedestrian road crossing
behavior in bhubaneswar City. Physical surveys at seven major cross-sections of city roads were performed to
measure the volume, travel time, and speed of vehicles, and head counting of the pedestrians. Indices such as
Road use efficiency, traffic efficiency, low-speed proportion, passenger car unit, road segment congestion index,
and volume-capacity ratio were explored. The results show that the flexible median fails to control pedestrian
road crossing behavior over the rigid median. The study found that and almost 85% of pedestrians randomly
cross the roads over the flexible road medians. This has been affecting urban traffic flow, makes roads congested,
un- sustainable, and risky for pedestrians, and has social, economic, and environmental impacts. The R 2 value
0.9661 indicates that the increase of pedestrians on the road has significant effects on vehicle speed. This study
provides comprehensive knowledge to transport planners for the design and adaptation of rigid medians in the
major urban roads to increase the road use efficiency and safety level, i.e. sustainable urban transport system.

1. Introduction

development.
The world is now more determined to achieve sustainability in all the
sector. Traffic congestion has been causing a huge economic loss along
with environmental degradation, reduction in production, and wasting
the time of the residence of different cities worldwide [40]. Developed
nations such as UK and Italy have introduced and adopted several spatial
planning models. For the development of urban transportation systems,
spatial planning serves both regulatory and development functions,
which to some extent enhanced the urban mobility of developed cities
[13]. However, the current reality is that urban transportation systems
are far from optimal in most developing cities, due to the lack of proper
transport planning. However, the current reality is that urban transportation systems are far from optimal in most developing cities. The
city’s most common and noticeable problem with traffic is traffic
congestion, and high congestion levels have a huge effect on local and
national GDP [36,59]. For this, alleviations of traffic congestions from
urban roads have become a major concern for urban planners and

Increasing the effectiveness of road use has always been the primary
concern for transport planning, especially on urban scales. A good and
effective transportation system accelerates the country’s economic
development and has direct benefits to business, people, environment
[2,15]. Traffic congestion interrupts the free flow, vehicles move at
lower speed which increases the travel time, decreases accessibility, and
has an impact on how one interacts with available opportunities [37]. As
a result, congestion is a problem that affects both transportation systems, and land use [14], and it has negative externalities such as environmental or economic impacts, as well as employment, social and
public health. It is also a phenomenon linked to road geometric characteristics, travel behavior, pedestrian behavior, traffic pattern, etc. and
congestion occurs when complexity in these factors increases. If no
measures are taken to control the traffic congestion, the entire city
transportation system will become paralyzed, limiting urban sustainable
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congestion in Khulna City remained still under the research gap. Up to
the best of the authors’ knowledge, this study is the first of its kind so far
discussed the impacts of road median types on pedestrian movement and
traffic flow. This study filled these research gap by documenting the
impacts of road median types on the traffic flow and road user safety in
the urban roads and also assessed the influence of pedestrian behavior
on traffic congestion with the goal of better and more comprehensively
informing the next stage of policymaking for the sustainable urban
transportation system.

Table 1
Survey location and details
Location

Effective road width

Median Type

Raligate Mor
Mohsin Mor
Daulatpur
New Market
KDA Avenue
Boro Boyra Mor
Khan A Sobur Road

44’
44’
40’
35’
40’
44’
44’

Flexible Median
Flexible Median
Flexible Median
Rigid Median
Rigid Median
Rigid Median
Rigid Median

2.0. Methods and materials
policymakers.
Traffic flow on the road is greatly influenced by roadway characteristics which consist of road geometric parameters like road width,
carriageway width, road median, shoulder-width, etc., and so on [34].
The proper design of road geometric characteristics enhances the efficiency of the roads and ensures road safety along with minimizing costs
and loss to humans and the environment [54]. Medians are provided as a
barrier in the two-way roads to avoid Head-on crashes and cross-overthe-Centre line crashes [19]. With the increase of traffic flows and
overtaking tendency, roads have become dangerous because of several
very risky overtaking maneuvers. Highways built with median dividers
reduce the risk of head-on collisions and sideswipes between opposing
traffic lanes [56]. Median also controls pedestrian’s road crossing
behavior. Sometimes street crossing seems to be a complex task for the
pedestrian. They have to concern about the vehicle speeds, adjust
walking speed, predict vehicle paths, determine gap adequacy and
maintain the time while crossing the roads. Drivers need to see pedestrians properly, estimate pedestrian and vehicle speeds, and respond
carefully. Pedestrians cannot cross the road through any sections of the
streets if there is a solid or Rigid median on the streets. This reduces the
interruptions of drivers while driving and doesn’t interrupt traffic flow.
Every year, more than 270,000 pedestrians die as a result of vehicle
accidents, accounting for 22% of all road traffic fatalities [57]. Naci
et al. [38] reported that pedestrians hit by motor vehicles account for the
largest proportions of road user fatalities, while ACI-ISTAT [1] reported
that this proportion is more than 50%, and most of the injuries occur in
the urban areas [5]. A pedestrian may cross the road for many reasons,
and some may be in a rush and disregard the regulations. This sometimes
resulted in road accidents, as well as traffic congestions also. Frequent
road crossing behavior of the pedestrian forces driver to control the
speed to avoid road accidents. It is commonly recognized that
pedestrian-driver collisions occur as a result of the driver’s failure to
yield to the pedestrian. Pedestrian safety increases when the drivers
lower the vehicle speed. If the pedestrians cross the road randomly in
any place, the drivers have to stop the vehicle frequently which causes
traffic congestions. Several researchers have discussed the impacts of
uncontrolled pedestrian movement on traffic accidents [7,20,31,45,48]
and traffic flow [3,4,29,42,53]. So far yet, no prior study has explored
the impacts of urban road median types on urban traffic flow characteristics, road efficiency, and road safety.
In recent years, traffic congestion has had enormous social, economic, and environmental consequences. Several literatures have
focused on the economic impacts of traffic congestion in developing
countries including Baqueri et al. (2016) in Karachi, Pakistan; Bivina
et al. [8] in Kerala, India. The road traffic congestion in the urban roads
was also discussed by Jain et al. [27], Yao et al. [58], He et al. [23],
Chakrabartty and Gupta [10]. Khan et al. [30] discussed the traffic
congestion scenario in Dhaka City and illustrated the major challenges
for achieving sustainability in this sector. Mahmud et al. [33] described
the impacts of traffic congestion on the economy in Dhaka city. The
effects of traffic congestion in the roads of Chittagong city were studied
in the literature [25,49], Khulna city in the literature [26,51], Rajshahi
city in the literature [24,47]. Das et al. [16] shown that Khulna City has
been accounting for a loss of BDT 17.1 million/month due to traffic
congestion. However, a detailed assessment of the causes of traffic
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2.1. Study route
To conduct the study of the impact of road median and pedestrian
movement on traffic flow, the present study was conducted at seven
intersections within the transportation network of Khulna City. Khulna
is the 3rd largest metropolitan city of Bangladesh and has been rapidly
developing [18]. The traffic condition of this city is heterogeneous. The
city is the divisional headquarter (economic and administrative) of the
southwest region of the country, the gateway of the largest mangrove
forest name Sundarban, and important for the second largest seaport
name Mongla Seaport. For this, millions of trips generate every day in
this city which has been intensifying the traffic activities in Khulna [22].
There are 1215 roads, including 158 km of metal road, 67 km of semimetal road, 18 km Kacha road (District Statistics 2011). There are siXteen
automated traffic signals, but most cannot function properly. Bus, truck,
micro, pickup, easy-bike, motorcycle, car, Mahindra, rick- shaw, van, etc.,
are the transport medium in this road, but Mahindra is the main public
transport used Khulna city.
The vehicle increasing rate, population growth rate, and economic
development are making the traffic condition of Khulna City more
complex. Moreover, the roads are not sufficient enough and road networks are not being developed to support the increasing traffic activities. This is increasing continual disturbance in vehicle traffic flow [16].
Seven study intersections (Table 1, Fig. 1) selected for this study are the
major intersections in Khulna’s transportation network where both rigid
and flexible medians are present. In the Khulna City Corporation area,
there are medians on only 20 km roads. Whereas the width of 4.6 km
road’s median is more than 1.5 m has been brought under landscaping.
In these areas, the median is kept more than 3 feet. There is Flexible
median in the three intersections (Raligate Mor, Mohsin Mor, Daulatpur)
and Rigid median in the four intersections (New-market, KDA Avenue,
Boro Boyra Mor, Khan A Sobur Road).
2.2. Traffic Data Collection
A detailed field survey was carried out to determine the congestion
status and the pedestrian movements along different routes. To collect
the data for such as free flow, volume, travel time, delay time, etc. were
collected through moving observed method [44]. In this study, the data
were collected at different time intervals during weekdays and weekends (2 pm to 4 pm as the off-peak hour and 5 pm to 7 pm as peak hour)
in different road intersections. The traffic volume data was by video
recording and manually. The volume and speed of each type of vehicle in
both the north and south directions were collected. A 30 m road intersection has been taken to measure the speed of each type of vehicle. A
sample questionnaire was made to analyze the pedestrian road crossing
behavior and to identify the factors which influence their road crossing
behavior. In this communication, the opinion of 100 pedestrians was
taken into count in this study.
2.3. Impact assessment
Due to increasing population density, fast urbanization, and violation of traffic regulations by both drivers and pedestrians, pedestrian
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Fig. 1. Illustration of the location of the study route and data collection points in the map.

assess the impacts of road median types on road safety, this study
considered the accidents rate in the selected routes based on the previous studies.

Table 2
LOS and V/C ratio describing different traffic states [21, 62]
V/C ratio

LOS class

Traffic state

0–0.60
0.61–0.70
0.71–0.80
0.81–0.90
0.91–1.00

A
B
C
D
E

Free flow
Stable traffic flow, speed is unaffected
Stable traffic flow, speed is affected
Stable flow with high vehicle density
Low speed

>1.00

F

Breakdown flow

2.3.1. Level of Service (LOS)
LOS is used to assess how effectively a transportation facility works
from the viewpoint of a traveler. LOS has been very popular in practice
due to its simplicity. LOS can be calculated by utilizing several traffic
quantities, such as vehicle speed, density, maximum service flow rate,
and volume to capacity (V/C) ratio [55]. In this study, V/C ratio has
been applied which is the ratio of vehicles passing a point in an hour (V)
and the maximum number of vehicles that can pass in that point (C) i.e.,
the ratio of vehicle volume and road capacity. The V/C ratio is used to
determine LOS and how well a road is performing. This indicator can
inform transportation operators of the road sections where traffic mitigation measures are needed. SiX service levels are specified, each of
which is given a letter designation from A to F (Table 2) [6,63]. LOS A
indicates the best operating conditions and LOS F the worst condition of
traffic flow. LOS of the road segment has been calculated by using data

traffic accidents have become a major safety problem around the world,
particularly in developing cities. Pedestrian road crossing behavior has
significant impacts on traffic flow. Different road medians are used to
control pedestrian’s road crossing behavior, reduce traffic accidents i.e.,
to increase road safety and road efficiency. This study used several
indices such as level of services, speed performance index, travel efficiency index, road segment congestion index, and low-speed proportion
index to assess the impacts of road median types on traffic flow. In this
regard, these indices have been used for all selected intersections. To
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Fig. 2. Road median type (a) Flexible median and (b) Rigid median.

Fig. 3. Pedestrian road crossing behavior (a) Frequency of people follows traffic rules (b) Reason for violating the traffic rules.

Fig. 4. Differences in the vehicle speed on the Flexible and Rigid Road median in Khulna city (a) Peak hour (b) Off-peak hour.

Fig. 5. Traffic flow condition (a) PCU (b) traffic volume on the Khulna City roads with different road medians.
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Where TE is the travel efficiency, VA= vehicles average design speed
and VR= vehicle’s observed average speed. The travel efficiency indicates the best condition when TE = 0 i.e., when VR ≥ VA and worse
condition, while TE =1 is that vehicles average speed is close to zero
[23].
2.3.4. Road segment congestion index (RSCI)
The RSCI index is used to analyze traffic congestion on the roads of
the study area. The equation 4 and 5 are used for RSCI calculation. The
higher value of RSCI indicates the higher congested state while the lower
values indicate the free flow speed [23,32].
Rv
Ri = 100 × Rnc

(4)

Fig. 6. Regression analysis between vehicle speed and pedestrian road crossing
frequency in the flexible median.

Rnc =

Table 3
The valuation criteria of SPI on the roadway.

Where, Ri = Road segment congestion index, Rv = Average of the
speed performance index, Rnc=The proportion of non-congestion state,
Tnc = The duration of non-congestion state, minute, Tt = The length of
the observation period, minute

SPI

Traffic state

Description of traffic state

0–25
50
50–75
75–100

Heavy congestion
Mild congestion
Smooth flow
Very smooth flow

Low average speed with poor road traffic state 25–
Lower average speed with bit weak road traffic state
Higher average speed with better road traffic state
High average speed with good traffic state

LSP = Tls/Tt

Averagevehiclespeed
× 100
Designedmaximumspeed

3.0. Analysis and Findings
Median acts as a physical barrier between opposing traffic streams,
preventing vehicles from crossing into each other’s lanes. They are
frequently constructed in the center of wide multi-lane urban roadways,
where they can be utilized to prevent pedestrians from crossing the road
in dangerous locations. Two types of road median are found in Khulna
city. Whereas one is Rigid with trees or rope and 3 feet high from the
ground (Fig. 2b) and there is are fiXed points in the median for the
pedestrian to cross the rods with a zebra crossing. Pedestrians are bound
to follow the rules to cross the road at these specific points. On the other
hand, most medians are not Rigid and not high enough (Fig. 2a). Pedestrians in the road create a sense of subjective danger in the driver’s
eye, causing him to drop his speed reflexively. Frequent road crossing
behavior of the pedestrian forces driver to reduce the speed to avoid
road accidents. If the pedestrians cross the road randomly in any place,
the drivers have to stop the vehicle frequently. As a result, traffic
congestion occurs on the roads

(2)

2.3.3. Travel efficiency
Travel efficiency indicates the loss of speed due to road traffic
congestion. To assess the impact of road median types, i.e., pedestrian
behavior, this study calculated travel efficiency for different roads using
equation 3.
T=
E

VA — VR
VA

(6)

LSP is the low-speed proportion, Tls is travel time at a lower speed,
and Tt Total
travel time.
=
The value of the low-speed proportion varies between 0 to 1. The
lower value of LSP indicates vehicle free flow, while the highest value 1
indicates the worst state or most congested state [55,63].

(1)

2.3.2. Speed performance index (SPI)
There was taken 30 m segment for four locations of the study area
road whereas two in the world with Rigid median and other in the
Flexible median road. The speed of all vehicles available on the specific
road has been measured for both Northbound and Southbound each
road during peak hour (5:00 pm–6:30 pm) and off-peak hour (3:00 pm3:30 pm). Equation 2 is used for calculating SPI [23,46]. The designed
maximum speed was considered 40 km/hour in this study according to
RHD standard.
SPI =

(5)

2.3.5. Low-speed proportion index (LSPI)
Low-Speed Proportion is used to evaluate the state of traffic flow in
any road segment. It is the ratio of travel time at low speed and the total
travel time (Equation 6). This index evaluated the influence of road
median on traffic flow characteristics.

from the traffic volume survey. To assess the influences of road median
types on the traffic flow, the LOS of each selected traffic node were
calculated using equation 1.
LOS = Volume / Capacity

Tnc
Tt

(3)

Table 4
Traffic congestion matriX.
Road Type

Time
Weekday

RRM
Weekend
Weekday
FRM
Weekend

V/C
PH
OPH
PH
OPH
PH
OPH
PH
OPH

0.96
0.83
0.86
0.71
0.72
0.61
0.69
0.60

LOS
E
D
D
C
C
B
B
A

SPI
%

TS

48.68
53.48
54.5
56.34
46.84
49.32
46.22
52.5

MC
SF
SF
SF
MC
MC
MC
SF

Travel efficiency

LSPI

RSCI
Value

CL

0.51
0.47
0.46
0.44
0.53
0.51
0.54
0.48

0.11
0.09
0.10
0.05
0.20
0.15
0.19
0.14

7.16
6.90
7.22
6.57
7.02
6.96
7.22
6.72

MF
SM
MF
SF
MF
SF
MF
SF

RRM = Rigid road median, FRM = Flexible road median, TS = Traffic state, CL= Congestion level, MC = Mild congestion, SF = Smooth flow, MF = Moderate flow
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road median types on the traffic flow. The LOS in Table 4 shows the
higher V/C value in the roads where the median is rigid (0.71 to 0.96
means smooth to low traffic flow and speed is affected) and relatively
lower V/C value for the roads with flexible median (0.60 to 0.72 indicates free flow to stable flow and speed is affected). That is relatively
better traffic flow in the roads with flexible median than the road with
rigid medians, however, the vehicles’ average and maximum speed are
higher on the road with a Rigid median than on the road with a Flexible
median. In this regard, other congestion indices which are based on
speed, travel time, delay time, design speed was utilized.
The SPI value in Table 4 states a smooth traffic flow condition at the
Rigid median during peak and off-peak hours on the weekend and offpeak hours during weekdays. Only at peak hours on weekdays, due to
the higher volume of vehicles, mild congestion is seen. But the SPI value
on the road with Flexible Road median shows the mild congestion traffic
flow condition during weekdays and weekends. The outcome of the
speed performance index directs that the vehicle speed varies in the
roads with different road median types.
Researchers and transport planners calculate travel efficiency to
characterize the traffic flow in different road intersections. The value of
travel efficiency varies between 0 to 1 where 0 indicates the best condition of travel efficiency and 1 indicates the worse state of vehicle speed
[55]. The higher the travel efficiency value, the lower the speed of the
vehicle running on the road. The outcome of the travel efficiency index
in Table 4 shows the relatively moderate traffic congestion state of the
roads of Khulna City. But the congestion is somewhat less on the roads
with a Rigid median than the roads with flexible medians. Similar results
were also found using LSPI and RSCI. Though there is not much difference found in RSCI values in terms of roads with Rigid median and
Flexible median, the value of RSCI indicates the relatively higher
congestion scenario and poor traffic flow condition on the roads with
Flexible median than the roads with Rigid median. The LSPI value for
rigid median and flexible median indicates that the traffic flow is less
affected in the rigid median, which implies that the rigid median has no
impacts on traffic flow, i.e., increase the road use efficiency.

3.1. Pedestrians’ Road crossing behavior
On the roads with the Rigid median, there are fi Xed places for the
pedestrian to cross the roads. That’s why pedestrian is bound to cross the
road in those specific places. In case of Flexible median, there are no
obstacles in the median and pedestrian often violates the rules of
crossing the roads. Only 36% of pedestrians cross the road at specific
places (Fig. 3a). Other 64% of people don’t use zebra crossing or flows
traffic rules.
Asking the reason for the violation of pedestrian road crossing rules,
it is seen that 85% of pedestrian violates the rules to avoid long walk and
82% pedestrian to consume time (Fig. 3b). In some cases, it is found that
there is no zebra-crossing, and as most people are not aware of the rules
and regulations, they often violate the laws. As a result, traffic congestion is seen on these roads mainly in peak hours.
3.2. Traffic flow condition under different road median types
Fig. 4 shows the difference of average, maximum and minimum
vehicle speed on the road with Flexible median and Rigid median. The
maximum vehicle speed was 53.63 km/h and 54.63 km/h on the Rigid
median road, whereas it is 43.24 km/h and 45.23 km/h on the Flexible
median road. The minimum speed is also differenced by 2 to 3 km/h.
Due to the pedestrian’s random and frequent road crossing behavior;
drivers are forced to stop the vehicles on the road with a Flexible median. Fig. 4b shows the average vehicle speed during off-peak hours
28.17 km/h on the road with a Rigid median and 26.25 km/h where
there are Flexible medians. The same scenario was also observed in the
case of weekdays, average maximum and minimum speed.
Fig. 5 shows the differences between PCU and total passing vehicles
per hour on the two types of roads. The PCU value of the Rigid median
roads was calculated much more than the PCU in Flexible median roads
(Fig. 5a). The decrease of vehicle speed and traffic congestion has
resulted in the reduction of passing vehicle volume in an hour on the
roads with Flexible median than the roads with Rigid median (Fig. 5b).
The highest PCU was calculated 2029.5. The lowest number of passing
vehicles was counted 1752 in the roads with Rigid median while found
1454 and 1520 respectively in the roads with Flexible median. Failure of
pedestrian road crossing behavior in the Flexible Road median prevents
smooth traffic flow which results in traffic congestion and the reduction
of traffic volume in the roads.

3.5. Road medians in urban sustainability
3.5.1. Reduction of road accident
Pedestrian accidents are frequent and the consequence of a combination of variables linked to pedestrian and driver, as well as road
infrastructure [9,17]. Vehicle speeds and the extent to which they are
exceeded, speed of pedestrian and their volume, crossing the road illegally, and how drivers treat pedestrians are all elements that affect road
infrastructure users’ behavior [11,61]. In this case, medians are used in
the roads as a barricade to control pedestrian movement and volume.
This study shows that the pedestrian’s movement can be controlled by
rigid medians by not by the flexible medians. As a result, the probability
of road traffic accidents increases in the roads with the flexible median.
Previous studies show less frequency of road accidents in the roads with
the rigid median. According to Pasha & Hossain [43], the frequency of
road accidents was 116 in Daulatpur police station (Fulbarigate to
Daulatpur where the median is Flexible median) and 90 in Sonadanga
police station (Notun Rasta to Sonadanga Bus stand where half of the
road median is Rigid median) during 2000–2013. There is a Rigid median on the road from Notun Rasta Mor to Boyra Mor between the Notun
Rasta Mor to Sonadanga Bus Stand, where the road accident was less
than 40 during 2000–2013. Other studies also illustrated the less road
accident frequency in the roads with the rigid median than the roads
with the flexible median in the literature [26,50]. Thus, rigid medians
are promoting safe pedestrian mobility and helping in achieving the 17 th
goal of Sustainable Development Goals (SDGs).

3.3. Interferences between pedestrian and freight mobility
To assess the impacts of the pedestrian road crossing frequency on
the traffic flow, a 30-meter road length was taken in the data collection
points. Then the number of pedestrians crossing the road and the speed
of the vehicles passing the selected length were measured. It was
observed that sometimes more than 16 people cross the road through the
selected 30 m simultaneously. As a result, the drivers have to reduce the
speed of their vehicles. Linear regression analysis (Frequency of pedestrian crossing the road vs speed of the vehicle) has been performed based
on the field survey data and presented in Fig. 6. The regression analysis
shows the negative correlation between the frequency of pedestrians
crossing the road through the road section and vehicle speed. Fig. 6
shows that vehicle speed decrease with the increase of the number of
pedestrians crossing the road, which implies that the higher the pedestrian crossing the road randomly at a time, the lower the vehicle speed.
The coefficient of determination value 0.9662 indicates the significant
impact (adverse) of the frequency of pedestrians crossing the road on
freight mobility.
3.4. Impacts of road median type on traffic congestion

3.5.2. Environmental sustainability
This study found that flexible median has impacts on traffic flow and
has influences on traffic congestion. According to the researcher,

The study used five indices such as LOS, SPI, travel efficiency index,
LSPI, and RSCI (Table 4) for the detailed assessment of the impacts of
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congestion is a major source of pollutants. The fuel consumption of the
vehicles during the congestion period increases the net greenhouse gas
emissions. The acceleration, deceleration of the vehicle, and idling
waste fuel during traffic congestion also contribute to air pollution [60].
It also causes noise pollution and has ecological impacts [12] . On the
other hand, the rigid medians are found increasing vehicle free-flow
speed and decrease traffic congestion i.e., reduces vehicular emission.
Moreover, the trees in the rigid median promote urban greeneries and
improve the landscape of urban roads, which also enhances urban
environmental sustainability and promoting SDGs 17 (Sustainable cities
and communities). Thus, urban environmental sustainability can be
enhanced through proper road median planning.

geometric characteristics on the traffic flow characteristics to reduce
traffic congestions, increase road effectiveness, level of safety, and sustainability. The findings of the study will provide useful insights to
transport planners and policymakers in making a better and sustainable
urban road network. Table 3

3.5.3. Economic sustainability
Several studies have stated that uncontrolled pedestrian road
crossing behavior causes traffic congestion. The flexible road median
fails to control pedestrian’s road crossing activities and resulted in lower
vehicle speed, an increase in travel time, and traffic congestion. According to several researchers including Bivina et al. (2016), the stopand-go operation of the vehicles during congestion increases fuel
waste, resulting in an increase in fuel consumption and therefore increases economic loss. Congestion, on the other hand, is a complex
phenomenon that has effects at various extents, including effects on
individuals in vehicles, such as traffic delays, as well as effects on activities and/or the regional economy [37]. Recent research has looked
into the relationship between traffic congestion and the economy, and
the results have been miXed in terms of the former’s impact on regional
economic growth [28,35]. Moreover, it also decreases employment,
income growth, and also household income. Thus, flexible road medians
contribute to economic degradation [41,52].
A study by Haque et al. [22] showed that the rigid medians of Khulna
City have been used as a source of income by the government. Through
public private partnership, several private companies used these medians for the advertisement of their products (through billboards) from
which private companies enjoy benefits of BDT 10.82 million/year and
the government saves BDT 23 million/year (US 1$ = BDT 85). Moreover, the study showed that the rigid medians of Khulna City benefit city
residents by green environment, road safety with secure mobility, and
playing a significant role in achieving SDGs (SDG 17 and SDG 11).
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FIB data were linked to river connectivity and genetic microbial source tracking (MST). The concept was
demonstrated at the Danube River and its associated backwater area downstream of the city of Vienna, using
a comprehensive 3-year data set (10 selected sites, n ¼ 317 samples). Enumeration of Escherichia coli (ISO
16649-2), intestinal enterococci (ISO 7899-2) and Clostridium perfringens (ISO 14189) revealed a patchy
distribution for the investigation area. Based on these parameters alone a clear interpretation of the observed
fecal contamination patterns wasnot possible. Comparison of FIB concentrations to river connectivity allowed
deﬁning sites with domi- nating versus rare fecal pollution inﬂuence from the River Danube. A strong
connectivity gradient at the selected backwater sites became obvious by 2D hydrodynamic surface water
modeling, ranging from 278 days (25%) down to 5 days (<1%) of hydraulic connectivity to the River Danube
within the 3-year study period. Human sewage pollution could be identiﬁed as the dominating fecal source at
the highly con- nected sites by adding information from MST analysis. In contrast, animal fecal pollution
proofed to be dominating in areas with low river connectivity. The selection of genetic MST markers was
focusing on potentially important pollution sources in the backwater area, using human (BacHum, HF183II),
rumi- nant (BacR) and pig (Pig2Bac) -associated quantitative PCR assays. The presented approach is assumed to
be useful to characterize alluvial water resources for water safety management throughout the globe, by
allocating fecal pollution to autochthonous, allochthonous, human or animal contamination components.

1. Introduction
The socioeconomic importance of riverine ﬂoodplains is well
recognized. Besides ﬂood water retention, the drinking water
supply and space provided for recreational activities play important
roles (Baart et al., 2013). Fecal pollution is a substantial hazard to
these water resources, especially in terms of water supply. For alluvial backwater systems, two potential pollution sources must be
considered: i) allochthonous sources from the main river channel
and ii) autochthonous sources from the ﬂoodplain itself. In addition, both sources can be impacted by humans or animals or by a
combination of both. Routine surface water quality monitoring is
mainly based on the cultivation of Escherichia coli (E. coli) and intestinal enterococci. Recently, it was demonstrated that these fecal
indicator bacteria (FIB) can sensitively detect fecal pollution from
mammal, bird and human (individual or sewage) sources equally in
such systems (Frick et al., 2018). In addition, fecal emissions from
poikilothermic animals, such as snails, frogs, and ﬁsh, may also
contribute to the observed FIB levels in backwater systems to some
extent (Frick et al., 2018). But allocating fecal contamination to their
sources of origin is not possible by relying on FIB monitoring data
alone.
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For the studied backwater area of the Danube River in the east of
Austria, we speculated that two speciﬁc contamination types would
inﬂuence the water quality of the ﬂoodplain area. First, for the
allochthonous contamination input into the backwater, human fecal
sources should dominate, as the water quality of the Danube River is
mainly determined by large capitals, tributaries and branches that
receive municipal (human) wastewater (Kirschner et al. 2008, 2017).
The extent of fecal contamination from those sources in the backwater
area should depend on the level of human fecal pollution in the river
and the connectivity to the concerned backwater sites. At locations
with higher river connectivity, increased allochthonous human fecal
input can be expected compared to sites with lower connectivity. As a
second and likewise important fecal source, autochthonous fecal
material from wild animals has to be considered for the concerning
water resource. The studied alluvial backwater is an important
wilderness area that harbors numerous species of wild animals
(Weigelhofer et al., 2013). A pollution source proﬁle of the study area
identiﬁed birds, deer and wild boar as the most important fecal
sources from ho- meothermic animals (Frick et al., 2018). The area
and its sor- roundings are also popular for recreational activities such
as bathing, sports ﬁshing or cycling (Arnberger et al., 2009). Thus,
human visitors, in the absence of appropriate sanitary installation,
could also contribute to the fecal input. However, compared to the
reported numbers of animals in this area, humans should play a minor
role as a fecal pollution source (Frick et al., 2018).
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Except for basic hydrological data, such as precipitation or river
discharge, there are only a few published studies available that
combined information from microbial source tracking (MST) with
hydrological models or hydrological metrics derived from it. To
identify sources of water compartments that were mainly responsible for bacterial loadings within the Yarra estuary, McCarthy et al.
(2017) implemented MST and evaluated this method using a 3dimensional hydrodynamic model. Sokolova et al. (2012) combined MST markers with a 3-dimensional coupled hydrodynamic
model to investigate the contribution from different contamination
sources in a Swedish lake. In addition, Derx et al. (2016) used a
human-associated MST marker to calibrate a hydrological processbased microbial fate and transport model (QMRAcatch) for a river
and backwater river system for microbial risk assessment. To the
best of our knowledge, detailed hydrological characterization or
modeling in combination with the use of MST markers to explain
patterns and sources of FIB in riverine ﬂoodplains has not been
reported in the literature so far.
The aim of this study was to characterize patterns, temporal
variation and sources of fecal pollution in a typical backwater area
of the Danube River. A new concept was applied by extending the
observed FIB data with information on river connectivity and genetic MST marker levels. River connectivity was calculated by a
detailed 2D hydrodynamic surface water model. To date, the term
hydrological connectivity has been used in an ecological context to
refer to water-mediated transfer of matter, energy and/or organisms within or between elements of riverine corridors (Tockner
et al., 2000; Hein et al. 2003, 2016; Pringle, 2003; Reckendorfer
et al., 2013; Weigelhofer et al., 2015; Mayr et al., 2020). In this
study, river connectivity was used in a new context to support
improved data interpretation guiding pollution and health-related
water quality management. For this survey, connectivity was
deﬁned as the degree of hydraulic connection between the River
Danube and the sampling locations in the backwater area. It is given
as relative connectivity (in %) calculated for each sampling site as
the number of connected days during the total investigation
period (3 years). We hypothesized that the proposed concept is
able to allocate the observed fecal pollution levels to their
allochthonous and autochthonous sources of human or animal
origin in the backwater area. To support the evaluation of the new
approach, the investigation design covered a pronounced
connectivity gradient from the river to the backwater
environment, as well as signiﬁcant variations in the expected
animal abundance to cover sites with both low and high animal
impact.

Elucidating Fecal Pollution Patterns...

2. Material and methods
Study site
The investigated alluvial backwater area, called porous aquifer
(PA), is a typical urban riverine wetland whose dynamic character
was fundamentally changed by the regulation of the Danube River
in the 19th century (Weigelhofer et al., 2013). It is located on the
north side of the Danube River at the eastern border of Vienna,
Austria (Fig. 1) and covers an area of approximately 12 km2. Due to
the regulation of the Danube, and the construction of a ﬂood protection dam alongside the Danube, the PA backwater was almost
completely disconnected from the main stream. The backwater
presently consists of a river channel network, whose main side arm
has a surface connection with the Danube River at its lowermost
end through a levee opening (‘backﬂow connection’). Numerous
partly disconnected backwaters and isolated ponds are also present. The PA backwater is subdivided into 6 basins by check dams
and natural fords. Floods that enter the ﬂoodplain via the backﬂow
connection move upstream along the main side arm, creating a
distinct gradient in hydrological connectivity in the various
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Fig. 1. Study site in the east of Austria with one sampling site at the Danube River and nine sampling sites in the backwater area (LSW1 - LSW9). The area is usually disconnected
from the river by a dam, and ﬁve drinking water wells are located inside the protected area. Depending on the Danube water level, water can ﬂow into the backwater area. The point
where the water ﬂows into the study site is indicated by a black arrow.

waterbodies with distance to the inﬂow (Reckendorfer et al., 2013).
The PA backwater is an important water resource for Vienna’s
drinking water supply (Hein et al., 2006), and ﬁve drinking water
wells (riverbank ﬁltrate) are situated in the ﬂoodplain area. It is also
part of a national park that plays a strategic role as a wilderness
area and for recreation (Arnberger et al., 2009). There are no settlements or livestock in the considered backwater area, but there is
a considerable population of wild animals, such as ruminants, wild
boars and birds (Frühauf and Sabathy, 2006, b, Parz-Gollner, 2006,
Arnberger et al., 2009). In addition, 600,000 people visit the national park area every year (Hinterberger et al., 2000). Bathing is
prohibited within the considered backwater area, and visitors may
only use selected paths for walking and cycling. Therefore, the
possibility for human fecal input from visitors is considered to be
low (Frick et al., 2018).
Sampling
Surface water samples were taken monthly at the Danube River
site and at nine representative backwater locations LSW1 - LSW9
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(Fig. 1) at different sections of the backwater area (Gabriel et al.,
2014) from May 2010 to June 2013. The sampling location LSW1
was situated in a side arm outside the ﬂood-protected area delineated by the dam and therefore represented waterbodies with high
connectivity to the Danube River. The locations LSW2 and LSW3
represent waterbodies at the main side arm, with a decreasing
gradient of connectivity, and average water depths of approx.
110 cm and 170 cm, respectively. The sites LSW4, LSW5 and LSW6
represent side ditches with very low connectivity at the western
end of the study area. The water depth at LSW4 was approx.
30e50 cm, and it once completely dried out by the end of 2012. At
this location, animal traces (e.g., traces or fecal material from ruminants) could be repeatedly detected in the waterbody. LSW5 was
located in a side ditch with a water depth of approx. 110 cm on
average. The depth at LSW6 was approx. 100 cm. Three sampling
sites (LSW7, LSW8, LSW9) were chosen in disconnected, shallow
backwaters that repeatedly completely dried out. LSW7 was
located in a small pond with a water depth of approx. 30 cm. At
LSW7, a range of animal traces (footprints and wallows of wild
boars) were repeatedly detected, so a high animal abundance could
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be expected. LSW8 was in a very shallow side ditch (approx.
20e40 cm water depth) near a feeding lot for game and was
frequently used by wild animals (e.g., wild boar for wallowing). In
2010 and 2011, locations LSW7 and LSW8 were sampled alternately
(each month LSW7 or LSW8 was sampled). LSW9 was situated in a
shallow side ditch (water depth of approx. 40e60 cm) right beside a
frequented path for visitors; therefore, the abundance of wild animals was expected to be low.
Water samples were taken approx. 15 cm below the water surface. If the water depth was lower than approx. 30 cm, samples
were taken very carefully to avoid contamination from the surface
layer or from whirled-up sediments. Samples for microbiological
analysis were collected in sterile 2 l plastic bottles. Samples for
chemical analysis were collected in prewashed polyethylene bottles. The samples were transported in dark cool boxes to the laboratory within 4 h. During sampling, relevant additional
information (i.e., numbers of visible animals, animal traces in soil
and sediments, wallows, amount of visible fecal pats) on animal
abundance was gathered.
Standard fecal indicator bacteria
Bacteriological analysis of surface water samples was performed
according to established ISO standards based on membrane ﬁltration and cultivation. One hundred milliliters (or an appropriate
dilution) of each water sample was ﬁltered through a cellulose
nitrate ﬁlter (pore size 0.45 mm). E. coli was investigated on TBX
agar (44 ± 0.5 ◦C, 44 ± 4 h) according to ISO 16649-2 (International
Organisation for Standardisation, 2001). Intestinal enterococci
were enumerated on Slanetz and Bartley agar (36 ± 2 ◦C, 44 ± 4 h)
and conﬁrmed on bile aesculin agar (44 ± 0.5◦, 2 h) according to ISO
7899-2 (International Organisation for Standardisation, 2000).
C. perfringens was investigated in accordance with ISO 14189
(International Organisation for Standardisation, 2013) on TSC agar
(44 ± 1 ◦C, 21 ± 3 h) and conﬁrmed by testing for acid phosphatase.
Water samples for the detection of C. perfringens were pasteurized
before ﬁltration (15 ± 1 min, 60 ± 2 ◦C) to detect spores only. For
quality control, the following type strains were used: E. coli, NCTC
9001; Enterococcus faecalis, NCTC 775; and Clostridium perfringens,
NCTC 8237. The threshold of detection was 1 or 10 Colony Forming
Units (CFU) per 100 ml depending on the sample volume analyzed.

Fisher Scientiﬁc, United Kingdom). A universal Bacteroidetes
marker, BacDick (Dick and Field, 2004), was used as a quality
control to assess the ability to amplify DNA in the samples and to
rule out the presence of DNA-inhibiting substances in the DNA
extracts (Reischer et al., 2008; Mayer et al., 2018). Furthermore, all
qPCR assays (except for BacDick) were run with the ntb2 fragment
as an internal ampliﬁcation control in duplex (IAC, noncompetitive)
to monitor for qPCR ampliﬁcation inhibition (Anderson et al., 2011).
All sample DNAs in the qPCR assays detecting host-associated
fecal pollution from humans, BacHum (Kildare et al., 2007) and
HF183II (Green et al., 2014), ruminants, BacR (Reischer et al., 2006),
and pigs/wild baors, Pig2Bac (Mieszkin et al., 2009), were measured
in duplicate. Quality assessment of qPCR data was performed as
previously described in detail (Reischer et al. 2006, 2011; Mayer
et al., 2018). All controls and no-template controls were consistently negative (i.e., the ﬂuorescence never exceeded the
threshold). qPCR standard dilutions ranging from 101 to 106 targets
per reaction were used in a linear regression model to calculate the
qPCR calibration curve. The results are reported as marker equivalents per ﬁltered water volume (ME vol—1) as previously described
(Reischer et al., 2006). The ﬁltration volume of the sample, the
analyzed volume for qPCR analysis, and the minimal detectable
marker concentration per PCR deﬁned the threshold of detection
(Reischer et al., 2011; Mayer et al., 2018). The threshold of detection
of the data set presented herein ranged from 11 to 222 marker
equivalents per analyzed water sample (see supplemental material,
data).
The BacDick assay was run on a MasterCycler RealPlex PCR
Machine (Eppendorf Germany) in a total reaction volume of 25 ml
with 2.5 ml diluted sample DNA (1:4, 1:16, and if necessary 1:64). All
other qPCR assays were run on a Rotor-Gene Q thermocycler in a
total reaction volume of 15 ml with 2.5 ml diluted sample DNA (1:4
or 1:16).
To ensure the applicability of the genetic MST markers, their
performance needs to be tested for the individual catchment and
fecal sources (Reischer et al., 2013; Mayer et al., 2018). All MST
assays applied, the BacHum, the HF183II, the Pig2Bac and the BacR
assay, were tested for their level of speciﬁcity and sensitivity for the
respective fecal source group(s) on samples from the study area.
Further details on molecular methods, quality assurance and
marker performance are presented as supplemental material.

Genetic source tracking markers
For the analysis of microbial source tracking (MST) markers,
samples from the Danube River (Danube) and from ﬁve representative sampling locations (LSW1, LSW3, LSW4, LSW7 and LSW8)
were selected. In the main side arm, LSW1 represents a location
with high connectivity, and LSW3 represents a location with low
connectivity. LSW4 was chosen as a side ditch closely connected to
the main side arm but with low connectivity to the River Danube,
and furthermore a high animal abundance. LSW7 and LSW8
represent more disconnected ditches with anticipated, signiﬁcant
animal abundance. Water samples (200 ml until July 2011, afterwards 600 ml) were ﬁltered through 0.2 mm polycarbonate ﬁlters
(Merck Millipore, USA). If the ﬁlter clogged before the intended
volume was ﬁltered, ﬁltration was terminated after 1 h. The ﬁltered
volume was determined as a weight difference by comparing the
start and end weights of the bottles. DNA extraction was performed
using a bead-beating and phenol/chloroform based DNA extraction
protocol as described previously (Grifﬁths et al., 2000). The
extracted DNA was eluted in TRIS buffer (pH 8.0) and stored at 80 ◦C until further analysis.
Prior to the qPCR assays, the concentration of the DNA extracts
was quantiﬁed with a NanoDrop 1000 Spectrophotometer (Thermo
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Chemical and chemophysical analysis
Water temperature was measured in situ with portable meters
at each site (Hach-Lange, Sension 156). Total phosphor (P-tot in mg/
l) was measured photometrically (l ¼ 885 nm) as reduced molybdenum phosphoric acid in the unﬁltered sample after HNO3
microwave digestion (reducer, ascorbic acid). Phosphate (PO4 in mg/
l) was measured photometrically (l¼880 nm) as reduced molybdenum phosphoric acid in the ﬁltrate (reducer, ascorbic acid).
Total suspended solids (TSS in mg/l) were measured as the dry
weight of the particulate fraction. Samples were ﬁltered through
GF/F glass microﬁber ﬁlters and dried for 48 h at 80 ◦C. Relative
particulate organic matter (relPOM in %) is the relative part of the
organic fraction of TSS. To calculate the relative particulate organic
matter, the inorganic fraction was measured as ash weight after
4 h at 450 ◦C. An overview of the measured values (range) is given
in the supplemental material (Table S6).
Hydrodynamic modeling and calculating river connectivity
The connection of the selected sampling sites along the ﬂoodplain river to the Danube River was determined based on a 2D
hydrodynamic surface water model (CCHE2D Version 2.0, National
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Center for Computational Hydroscience and Engineering, University of Mississippi).
The model is based on the solution of the two-dimensional
formulation of the shallow water equations and has been successfully applied for the analysis of river ﬂows (Chao et al. 2015,
2016). The model uses depth integrated Reynolds equations. The
spatial discretization of the geometry and the related processes is
based on the Efﬁcient Element Method (Wang and Hu, 1992). For
temporal discretization, the implicit ﬁrst order Euler’s method was
implemented and was able to simulate subcritical and supercritical
ﬂow conditions. The model domain covered an area of approximately 22 km2 (Fig. S1). The terrain and riverbed elevation in the
model grid cells were a product from a digital terrain model (DTM).
The DTM was based on laser scan data, which were complemented
€ pf and
with terrestrial surveys along the side-arm channel (Gscho
Blaschke, 2009). The spatial distribution of the Manning roughness values were based on a detailed land use and vegetation
classiﬁcation (43 classes) that was mapped into 12 different
roughness classes (Hein et al., 2008). During model calibration the
Manning roughness values were ﬁne adjusted to ﬂoods of the River
Danube during August 2008, June 2009 and June 2011, ranging from
0.024 to 0.125 s m—0.3 within the model domain. The spatial resolution of the rectangular model grid varied between 0.1 m and
20 m, depending on local topographic characteristics. The total
number of calculation nodes was 396,000. As the upstream model
boundary (Bu) the observed hourly discharges at the Danube
stream gauge in Fischamend were used. The downstream boundary
(Bd) condition was given by the observed water level at the eastern
model boundary at river station 1911 km (Fig. S1). The initial ﬂow
conditions at the calculated nodes were based on steady ﬂow
simulations for typical ﬂow conditions in the Danube River at
Fischamend. Depending on the temporal dynamics of the input
hydrographs, calculation time step lengths between 30 s and 1 h
were used.
For calculating the river connectivity the 2D surface water ﬂow
velocities of the ﬂoodplain river were simulated on an hourly basis
during a ﬂood event in January 2011 with an approximate 10-year
return period. The ﬂoodplain river is connected to the Danube
River if the ﬂow discharge exceeds the mean ﬂow discharge of
1910 m3 s-1. In this case, the Danube River water ﬂows into the
ﬂoodplain river during the rising limb of a ﬂood event. When the
ﬂood peak is reached, the ﬂow direction reverses, and the water
ﬂows back toward the Danube River. A speciﬁc sampling site was
considered to be connected as soon as the inﬂowing Danube River
water reached up to this point during the rising limb of the ﬂood
event. This criterion was fulﬁlled if the simulated 2D ﬂow velocities
in the ﬂoodplain river were larger than 0.1 m s-1 from the point of
entry towards the sampling site (Fig. S3). In this way, a threshold
water level at the Danube River was determined for each sampling
site. If the Danube river water level was higher or equal to this
threshold level, a sampling site was considered to be connected. The
connectivity of the ﬂoodplain river was then deﬁned for each sampling site as the time span during which the site was connected. The
connectivity of each sampling site was determined based on the
threshold water levels (Fig. S2) and the water level duration curves of
the gauge station for the observation period from 2010 to 2013. The
connectivity in % was calculated for each sampling site as the
number of connected days in the observation period. Furthermore,
the time span since the last surface water connection to the Danube
River was calculated for each sampling site and date.
2.7. Statistics
For further analysis, all values under the threshold of detection
were set to zero. Statistics were calculated in IBM SPSS version 23
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and SigmaPlot version 13.0. For correlation analysis, Spearman’s
rank correlation and the Kruskal-Wallis test, for the comparison of
groups, were applied (Kruskal and Wallis, 1952). For signiﬁcance
testing, multiple correlations were adjusted according to Bonferroni correction (Bonferroni, 1936).
3. Results
Establishing basic knowledge on standard fecal indicator
bacteria (FIB)
From 2010 to 2013, the selected sites in the backwater area and
the Danube River (10 sites, n ¼ 317 samples) were investigated for
the occurrence and temporal variation of fecal pollution by
enumerating the FIB (Table 1). The results on the occurrence of the
FIB E. coli, intestinal enterococci and C. perfringens spores at the
sampling sites showed a patchy distribution, with a median concentration range from 0.3 to 2.1 log10 CFU 100 ml—1. No clear spatial
trend of fecal contamination was obvious from the FIB data alone.
The highest median concentrations of E. coli and enterococci
were detected at the Danube River and the side ditches LSW4,
LSW7 and LSW8—1
(1.72e2.01 log10 CFU 100 ml—1 and 1.28 - 2.14
log10 CFU 100 ml , respectively). The lowest concentrations were
found in the main side arm at LSW3 and at the side ditches LSW5
and LSW9 (0.78e1.04 log10 CFU 100 ml—1 and 0.60 - 0.85 log10 CFU
100 ml—1, respectively). The concentrations of C. perfringens spores
were highest at the Danube River, the locations in the main side
arm LSW1 and LSW2, and in the side ditches LSW7 and LSW8
(1.32e1.72 log10 CFU 100 ml—1). The lowest concentrations were
detected at LSW3 and the side ditches LSW5 and LSW9 (0.30e0.98
log10 CFU 100 ml—1).
River connectivity and FIB concentrations in context to the
connectivity gradient
The determined river connectivity values of the sampling sites
to the Danube River were expressed as days and percentage of days
within a 3-year period (2010e2013). The selected sampling sites
showed a strong connectivity gradient from 1050 days at the
Danube River (100%) down to 278 days at LSW 1 (25%), 30 days at
LSW 2 (3%), 20 days at LSW 3 (2%), 9 days at LSW4 to LSW7 (<1%)
and 5 days at LSW 8 and 9 (<1%) (Fig. 2). The investigated backwater locations could thus be separated into two sections. The ﬁrst
is a somewhat more frequently river connected section (FCS),
covering the locations from the Danube River along the main side
Table 1
Results for E. coli, enterococci and C. perfringens spores at the Danube and the nine
backwater sampling sites (LSW) are given as log10 (xþ1) CFU/100 ml. Samples
(number ¼ n) were taken between May 2010 and June 2013.
Site

n

E. coli

enterococci

C. perfringens

median percentiles

median percentiles

median percentiles

5%
Danube
LSW1
LSW2
LSW3
LSW4
LSW5
LSW6
LSW7
LSW8
LSW9

36
37
37
37
31
34
34
13
26
32

1.8
1.2
1.1
0.8
2.0
1.0
1.2
1.7
1.9
0.8

1.3
0.0
0.0
0.0
1.4
0.4
0.2
0.5
1.2
0.0

95%
2.5
2.6
1.9
1.7
3.0
1.9
1.8
3.5
3.3
1.5

1.3
0.9
0.9
0.6
1.7
0.7
1.0
1.8
2.1
0.9

5%

95%

0.6
0.2
0.0
0.0
0.8
0.0
0.0
0.2
0.7
0.0

2.1
2.3
1.9
1.5
2.8
1.3
1.9
3.0
3.2
1.5

1.7
1.3
1.3
0.9
1.1
0.3
0.8
1.4
1.3
1.0

5%

95%

1.1
0.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.3
2.3
1.9
1.5
1.8
0.9
1.6
3.2
3.0
2.1
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arm (LSW1, LSW2). LSW3 is located in a transition area to the
second, rarely river connected section (RCS), including the rest of
the sampling locations from LSW4 to LSW9 (Fig. 2).
At the FCS locations, within the course of the main backwater
branch, the declining connectivity gradient from 100% to 3% was
also clearly reﬂected by a decreasing trend in FIB concentrations
(Table 1, Fig. 2). This trend could be consistently observed for E. coli
(Kruskal-Wallis test, n ¼145. p < 0,001), enterococci (KruskalWallis test, n ¼
148, p < 0.001) and C. perfringens spores (KruskalWallis test, n ¼
145, p < 0.001), indicating a dominating and
frequent inﬂuence of allochthonous sewage pollution from the
Danube River into the backwater system, in accordance with the
hydrological link of the investigated systems.
In contrast, in the RCS (LSW3 - LSW9), the observed patchy distribution of fecal pollution, as indicated by E. coli, enterococci and
C. perfringens spores, was not related to river connectivity at all
(Table 1). For example, the strong variation in fecal pollution at the
RCS, irrespective of the situation at the Danube River, is impressively
demonstrated by the observed E. coli concentrations (Fig. 2). Concentration ranges from very low E. coli concentrations up to levels
even higher than those detected at the Danube River. An extremely
ﬂuctuating situation was observed at LSW7, ranging from not
detectable up to 3.5 log10 CFU 100 ml—1 (Fig. 2). The situation at the
RCS regarding the detected FIB levels suggested animal fecal pollution sources of autochthonous origin from the backwater area. To
test this hypothesis, genetic MST markers were applied to generate
information on the origin of observed fecal pollution levels.
Complementing the data set with information on pollution
sources (MST)
From 2010 to 2013, a number of 174 water samples were also
analyzed for human, ruminant and pig-associated genetic MST

markers from six selected locations (Danube River, LSW1, LSW3,
LSW4, LSW7, LSW8) to conduct fecal source allocation (Fig. 3).
For the Danube River samples, human-associated MST markers
(BacHum, HF183II) were the dominant markers, proving that this
river environment is indeed mainly impacted by municipal
wastewater. The median values for the human-associated fecal
markers BacHum and HF183II were 3.6 and 2.7 log10 ME 100 ml—1,
respectively. In contrast, the median concentrations for ruminant
(BacR) and pig-associated (Pig2Bac) markers were below the
detection limits at the Danube River (Fig. 3).
At LSW1, a backwater river site with 25% river connectivity
within the FCS, the concentrations of the human-associated MST
markers were considerably lower compared to the Danube River.
Nonetheless, concentrations were still detectable at the 75th percentiles, with BacHum and HF183II levels higher than 2.0 log10 ME
100 ml—1, demonstrating the impact of human fecal pollution
events from the Danube River. Except for a few cases of very low
qPCR determinations, ruminant- and pig-associated MST markers
could not be detected in any of the LSW1 samples (Fig. 3).
At LSW3, a backwater river location with low connectivity (2%)
at the transition area between the FCS and RCS, BacHum could be
found in only 2 (7%) of the samples, indicating a sporadic impact by
human fecal pollution (Fig. 3). The human-associated marker
HF183II was not detectable in any of the samples. Ruminant- (BacR)
and pig- (Pig2Bac) associated fecal markers were detectable in 45%
and 16% of all samples, with 90th percentiles at 2.9 log 10 and 2.5
log10 ME 100 ml—1, respectively, showing that wildlife had a
detectable inﬂuence.
At LSW4, LSW7 and LSW8 within the RCS, locations in side
ditches with very low connectivity (<1%) to the Danube River,
wildlife, especially ruminant populations, exhibited a strong and
obvious inﬂuence. At LSW4, the ruminant-associated MST marker
BacR was detected in 90% of the samples with a median

Fig. 2. E. coli, enterococci, and C. perfringens (spores) concentrations are given in log10 (xþ1) CFU/100 ml in box plots. CFU ¼ colony forming units. Box plots indicate the median,
25th and 75th percentile (box), 10th and 90th percentile (whiskers) and outliers (dots). The mean connectivity of the sampling sites to the Danube River is given as days in three
years (gray background). The sampling sites are situated in two different sections of the PA area: a more frequently river co nnected section (FCS) and a rarely river connected section
(RCS).
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Fig. 3. Concentrations of the FIB E. coli, enterococci, and C. perfringens (spores), and of the genetic MST markers HF183II, BacHum, BacR and Pig2Bac at the Danube, the main side arm of the backwater (LSW1, LSW3) and in the side
ditches (LSW4, LSW7 and LSW8). Sample sizes are given in brackets. CFU ¼ colony forming units, ME ¼ marker equivalents. Box plots indicate the median, 25th and 75th percentiles (box), 10th and 90th percentiles (whiskers) a nd
outliers (dots).
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concentration of 4.0 log10 ME 100 ml—1 and a 90th percentile of 5.0
log10 ME 100 ml—1. The pig-associated marker Pig2Bac was
detectable in 43% of the samples at lower concentrations, with a
90th percentile of 3.7 log10 ME 100 ml—1. BacR could be found in
58% (90th percentile of 3.8 log10 ME 100 ml—1), Pig2Bac in 42%
(90th percentile of 3.2 log10 ME 100 ml—1) of the samples from
LSW7. At LSW8, BacR was detected in 88% of the samples with a
median concentration of 4.1 log10 ME 100 ml—1 and a 90th
percentile of 5.0 log10 ME 100 ml-1 Pig2Bac was found in 35% of the
samples with a 90th percentile of 3.7 log10 ME 100 ml—1. Humanassociated markers (BacHum, HF183II) indicated only a sporadic
impact by human fecal pollution (Fig. 3) at those locations.
Human-associated markers decreased with declining connectivity. This effect was most distinct for BacHum (Fig. 4), showing a
strong decreasing median concentration gradient from high to low
river connectivity.

span since the last hydrological connection to the Danube River
became obvious (r ¼ —0.50 to —0.61, p < 0.05, n ¼ 33e37, Table S2).
In contrast, no signiﬁcant correlations to the animal-associated
MST markers were observed (Table 2). Taken together, humanderived sewage had a strong governing effect on the observed
fecal pollution levels for the FCS.
Statistical correlation outcomes from LSW3, located in the
transition area between the FCS and RCS, and LSW4 as well as
LSW8, located in the RCS, exhibited contrasting results from the
FCS. Hardly any correlations could be detected among the
analyzed microbiological, chemophysica and chemical data sets
(Tables S3, S4, and S5, supplemental material). A signiﬁcant correlation between the FIB fractions could be detected at LSW3 and
LSW8 for E. coli vs. enterococci (Table 2).
4. Discussion
Successful realization of the new approach

Highlighting habitat differences by statistical analysis
The results of a statistical correlation analysis for the selected
locations (Danube River, LSW1, LSW3, LSW4, LSW8) with additional MST information further supported the different pollution
characteristics between frequently and rarely river connected locations (LSW7 was omitted because of low sample size, n 12).
¼
At the Danube River site, signiﬁcant correlations were detectable between all analyzed FIB and many chemophysical parameters
(Table S1, supplemental material). E. coli correlated signiﬁcantly
with the human-associated fecal markers HF183II and BacHum,
whereas no signiﬁcant correlations with the animal-associated
markers were detectable (Table 2). Similar to the Danube River
location, signiﬁcant correlations were also detectable between all
analyzed FIB and many chemophysical parameters for the sampling
site LSW1 (Table S2, supplemental material). E. coli correlated
signiﬁcantly with the human-associated MST markers HF183II and
BacHum (Table 2). The highest correlation between FIB and humanassociated MST markers was observed for the combination of
HF183II and C. perfringens spores (r
¼ 0.73, p < 0.01, n
¼ 32; see
supplemental material). C. perfringens was recently suggested as a
human-associated sewage tracer (Vierheilig et al., 2013). Very
remarkably, for LSW1, a clear dependence for all FIB parameters
and human-associated MST marker concentrations on the time

Fig. 4. Concentrations of the genetic MST marker BacHum at the River Danube, the
frequently connected (25% of days) main side arm of the backwater (LSW1) and in the
rarely connected (<2% of days) sampling locations (LSW3, LSW4, LSW7 and LSW8).
ME ¼ marker equivalents. Box plots indicate the median, 25th and 75th percentiles
(box), 10th and 90th percentiles (whiskers) and outliers (dots).
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The newly established approach was able to characterize the
observed fecal pollution patterns in the backwater area in detail. FIB
data alone only provided the basis for a highly speculative interpretation of the nature of the observed fecal pollution. Combining
the information from the FIB with river connectivity and genetic
MST marker concentrations gave very useful information on two
potential pollution aspects of the selected water resource. On the
one hand, information on the allochthonous (i.e., externally from
the main river channel) vs. the autochthonous (i.e., internally from
the backwater area) natures of fecal pollution could be gathered. On
the other hand, information on the host origin was also generated
(i.e., human vs. animal). By combining both aspects, a congruent
and precise picture of the characteristics of the observed fecal
pollution at the backwater locations could successfully be drawn. It
could be demonstrated that linking host-associated genetic fecal
markers with river connectivity data can add valuable spatial information on MST efforts. Information on MST marker occurrence
per se only provides an indication of the responsibility of host
groups for fecal pollution events (e.g., pigs vs. ruminants vs. pets,
humans vs. animals) but does not give any information on its
spatial origin. If required, information on the spatial origin of MST
markers can be generated by laborious hydraulic transport
modeling efforts (Sokolova et al., 2012). However, in this study, we
demonstrated that combining microbiological and hydrological
connectivity data provides a very straightforward way to obtain
information on the spatial component of fecal contamination in
backwater resources. As seasonal river ﬂuctuations determined the
hydrological connectivity in the investigated area, this data also
provides information on the temporal component of fecal
contamination (compare Fig. S3, supplemental material). The suggested approach may not be limited to alluvial backwater resources
but is also likely useful for other types of water resources, where
different water compartments interact, such as in estuaries and
marshes (Colón-Rivera et al., 2012; Wild-Allen and Andrewartha,
2016; Raimonet and Cloern, 2017). In addition, this study provides the ﬁrst clear evidence that hydrological river connectivity is
not only a very useful metric in river ecology (Tockner et al., 1999;
Hein et al., 2003; Reckendorfer et al., 2013; Weigelhofer et al., 2015)
but can efﬁciently be applied for user- and health-related alluvial
water quality investigations, too.
Signiﬁcance of results for water resource management
Alluvial backwater systems are essential water resources
throughout the world (Tockner and Stanford, 2002; Filippini et al.,
2015; Bonsor et al., 2017; Martinez et al., 2017), often used not only
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Table 2
Statistical association of E. coli with other microbiological and chemophysical parameters as calculated by Spearman’s rank correlation ( r) for the Danube River and the four
backwater sites LSW1, LSW3, LSW4 and LSW8. Enterococci (ENT), C. perfringens spores (CP), human associated fecal markers HF183II and BacHum, ruminant associated marker
BacR, pig associated marker Pig2Bac, time since the last surface water connection to the Danube River (TLC), dissolved phosph orus (PO4), total phosphorus (P-tot), total
suspended solids (TSS), relative particulate organic matter (relPOM).

Danube

E. coli

r
N

LSW1

E. coli

r
N

LSW3

E. coli

r
N

LSW4

E. coli

r
N

LSW8

E. coli

r
N

ENT

CP

HF183II

BacHum

.783*
35

.546*
35

.476*
33

.540*
34

.821*
36

.616*
32

BacR

Pig2Bac

TLC

PO4

P-tot

TSS

relPOM

.204
29

-.098
34

.376
35

a

e
e

.413
32

.605*
32

.446
32

-.482
32

.571*
36

.626*
33

.773*
33

-.815*
33

.092
34

.389
33

-.511*
33

.729*
36

.699*
36

.526*
37

.294
37

a

e

-.062
33

.086
33

.321
32

b

.397
31

.067
30

-.182
30

.123
27

.036
29

.125
28

b

.731**
26

-.007
26

.060
26

.240
26

.126
26

.230
26

b

e

e
e
e

.437
33
.618*
34

.377
31

.233
31

.283
31

-.353
31

.034
24

.136
24

.303
22

-.060
22

**Signiﬁcant at the 0.01 level (all values Bonferroni corrected).
*Signiﬁcant at the 0.05 level (all values Bonferroni corrected).
a Too few positive results, correlation analysis could not be calculated.
b Mean connectivity was considered to be too low (3 to less than 1%) to inﬂuence results; therefore, this parameter was not included in the correlation matrix at these
sampling sites.

for drinking water supply and recreational activities but also for
aquaculture (Handisyde et al., 2014; Kumar et al., 2016; Bayazid
et al., 2019). The new approach is able to realize improved fecal
pollution monitoring practices to support target-oriented water
quality management in backwater areas all over the globe. Different
methods for the determination of river connectivity matrices are
available, and it is not a must to rely on hydrodynamic modeling, as
provided in this study (Tritthart et al., 2011; Shen et al., 2015; Stone
et al., 2017; Diaz-Redondo et al., 2018). The suggested approach is
not limited to fecal hazard characterization and improved backwater catchment protection (i.e., minimization of fecal pollution
events) but is also able to essentially support microbial risk
assessment activities (QMRA). It can be further used to provide
information on the relevant fecal pollution sources to develop
sound QMRA modeling scenarios for the backwater area of
consideration (Derx et al., 2016). The river connectivity approach
can be extended to any reference pathogen (Global Water Pathogen
Project, 2019) or chemical pollutant of interest (Islam et al., 2015;
Hai et al., 2018; van Driezum et al., 2019).
For the investigated backwater area downstream of Vienna, it
was demonstrated that two different pollution sources have to be
regarded when talking about fecal contamination: i) human fecal
pollution from municipal wastewater as the dominating allochthonous component by the Danube River (Kirschner et al., 2017) and
ii) wildlife fecal pollution as an important autochthonous source
directly situated in the backwater. This aspect is important for
target-oriented quality management of the PA backwater because
just until recently, the Danube River was considered the only fecal
pollution source for the PA drinking water resources. However,
other backwaters may show completely different pollution patterns. For example, autochthonous pollution from human activities
(settlements, leaking sewage pipes, pit latrines) and agriculture and
livestock can be of signiﬁcant relevance for many other ﬂoodplain
areas (Tockner and Stanford, 2002). Because the PA backwater is
managed as a nature conservation area where no livestock farming
or human settlements are allowed, it can be considered a kind of
“natural” fecal pollution reference area for the Central European
region, with wild boars and deer as the major managed populations
of the hunting ground (Arnberger et al., 2009). Furthermore, the
main river, in contrast to the Danube River, may also show significant pollution with nonhuman fecal sources. Recent studies
revealed the adverse effect of grazing livestock on river water
quality (Jabbar and Grote, 2019) and identiﬁed direct defecation to
the stream by wading livestock and the release of FIB from cowpats

Elucidating Fecal Pollution Patterns...

270

by surface runoff from the adjacent pastures as very important
transmission routes for FIB to the river (Kay et al., 2018).
Applicability of genetic MST markers in backwaters
The application of genetic Bacteroidetes MST markers is at least
partly driven by the availability of appropriately performing genetic
markers according to certain MST quality criteria, such as pollution
source sensitivity and speciﬁcity. For the Austrian PA backwater
area, the selection of this set of markers, focusing on human,
ruminant and pig fecal pollution, was scientiﬁcally justiﬁed, as the
pollution source proﬁle (PSP) indicated humans, ruminants and
pigs as potential emission sources with the highest relevance (Frick
et al., 2018). Interestingly, the investigated PA area inhabits
approximately twice as many ruminants as wild boar (Arnberger
et al., 2009), apparently explaining the higher concentrations of
ruminant-associated markers compared to pig markers at the
investigated sampling locations (Fig. 3). However, the local animal
distribution and abundance seems to be an important factor for
fecal pollution levels as detected by FIB concentrations.
The PSP also indicated that birds may play a role as fecal sources
in the PA backwater area (Frick et al., 2018). Unfortunately, a
comprehensive genetic MST marker assay covering all avian populations of potential interest is currently not available for the PA
area. In addition, pollution source proﬁling (PSP) linked to GIS
modeling indicated that poikilothermic species, i.e., animals whose
body temperature depends on the temperature of the environment,
such as ﬁsh, frogs and snails, may further contribute relevant
amounts of FIB to the PA backwater (Frick et al., 2018). No genetic
MST marker assay exists for poikilotherms so far, as these animals
were not regarded as relevant sources until very recently. Complementing MST by genetic qPCR targets for birds and poikilothermic animals would add more details about the nature of the
observed wildlife pollution source in the future. Nonetheless,
extending the MST marker set would not change the main outcome
of this study regarding the identiﬁed main drivers of the autochthonous (i.e., human sewage) and allochthonous (i.e., wildlife feces)
fecal pollution sources at the PA backwater.
MST efforts during this study focused on bacterial genetic
markers to complement the FIB data. The sampling technique
(frequency, required volumes) as well as the processing of samples
(e.g., ﬁltration) can easily be extended to support robust interpretation for the bacterial compartment (Mayer et al. 2015, 2016; Savio
et al., 2018). However, extending MST for backwater resources
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towards the viral compartment can be highly attractive for several
reasons (e.g., high speciﬁcity characteristics for the targeted fecal
source). Many human, animal and bacterial (phage) viral MST targets for qPCR exist (Ahmed and Harwood 2017; Edwards et al.,
2019) and can be linked with the suggested river connectivity
approach.
5. Conclusions
On the example of the Austrian porous aquifer backwater area, it
was demonstrated that the combination of river connectivity and
genetic MST markers could explain the fecal pollution patterns
revealed by standard fecal indicator bacteria monitoring, whereas
FIB data alone could not. It was demonstrated that allochthonous
and autochthonous sources can be important for alluvial backwaters. In the study area, the relevance of external sources from the
river, dominated by human fecal sources from municipal sewage
disposal systems, is depending on the connectivity of the concerned sites. Internal fecal sources from wild animals are not
distributed homogenously but depend on local animal abundance,
which is determined by speciﬁc habitat preferences. The results are
a valuable input for sustainable and target-oriented water source
management and for microbial risk assessment. The presented
approach is assumed to be useful for characterizing alluvial water
resources for water safety management over the globe.
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Over the last decades, nutrients and pesticides have proved to be a major source of the pollution of drinking
water resources in Odisha. EXtensive legislation has been developed by the EU to protect drinking water resources from agricultural pollution, but the achievement of water quality objectives is still an ongoing challenge
throughout India.
The study aims to identify lessons that can be learnt about the coherence and consistency of the application of
EU regulations, and their effects at the local level, using qualitative expert data for 13 local to regional gover nance arrangements in 11 different European countries.
The results show that the complexities and inconsistencies of Indian legislation drawn up to protect drinking
water resources from agricultural pollution come forward most explicitly at local level where cross- sectoral
measures have to be taken and effects monitored. At this local level, rather than facilitate, they hamper efforts
to achieve water quality objectives. The upcoming revision of the Water Framework Directive (WFD) should
strengthen the links between the different directives and how they could be applied at local level. In addition, a
more facilitated cross-sectoral approach should be adopted to improve stakeholder networks,
between institutional levels and hydrological scales, to attain policy objectives at local level.

1. Introduction

framework that addresses both water and agricultural sectors, environmental pollution and land use over the last decades (Platjouw et al.,
2019). In addition to these legal obligations, many other initiatives have
been developed at local and regional scales to further contribute to the
protection of drinking water resources (Doody et al., 2012; Graversgaard et al., 2018), some of which had already begun in the nineties

Currently, nitrates and pesticides are among the major sources of
drinking water resources pollution in Europe (EEA 2018). In order to
reduce and mitigate emissions from agriculture to water and protect the
environment, the EU has developed an extensive regulatory and policy
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(Quirin and Hoetmer 2019).
These initiatives were often triggered by an increased awareness that
existing legal frameworks were insufficient to adequately protect
drinking water resources from agricultural pollution (Keessen et al.,
2011; Doody et al., 2012; Jacobsen et al., 2017). The directives had
varying success in water quality improvement. The European Innovation
Partnership on Water (EIP Water) identified the ‘inconsistency and
fragmentation of policies, regulations and governance structures’ as ‘low
hanging fruit’ whose improvement would greatly enhance the development of the sector (EC 2014). This article aims to contribute to the
understanding how this ‘inconsistency and fragmentation of policies,
regulations and governance structures’ impacts water quality improvement at the local level and what lessons can be learned from experiences
so far. Governance is defined here as a process of interaction between
public and/or private actors, ultimately aiming at the achievement of
collective goals, including the knowledge, instruments and means to do
so (Lange et al., 2013).
The inconsistency noted by the EC (2014) can to some extent be
explained by the development of European environmental legislation
over time. At first, directives focused on the protection and restoration of
water quality for specific water functions like drinking water (DWD,
75/440/EEC) and groundwater (80/68/EEC). During a second phase,
directives focused on the reduction of emissions such as the Nitrates
Directive (ND, 91/676/EEC), the Sustainable Use of Pesticides Directive
(SUPD, 2009/128/EC) the Urban Wastewater Directive (UWWD,
98/15/EC) and the Integrated Pollution Prevention Control Directive
(IPPC, 96/61/EC). In this phase, legislation addressed water quality issues from a sectoral point of view and less attention was paid to stakeholder involvement (Van Rijswick and Havekes 2012). A third phase in
the development of European water quality law can be identified with
the introduction of the Water Framework Directive (2000/60/EC),
reflecting the growing awareness that complex water issues cannot be
addressed by legislation alone and are specific to a river basin (OECD
2015a, 2015b; Howarth 2017). The WFD, with its river basin approach,
requires new governance arrangements for cross-sectoral cooperation
with other stakeholders, both within and between Member States.
The shift towards governance-based approaches can be seen in national policies as well, although differences exist between Member
States (Rowbottom et al., 2019). Several scholars noted that the mode of
implementation1 is often adapted to existing national regulatory and
policy structures, in accordance with the principle of subsidiarity, but
research has shown that this mode of implementation may also impact
its effectiveness (Keessen et al., 2010; Giakoumis and Voulvoulis 2018;
Birkenstock and Röder 2019). Even more, building on existing national
regulatory and policy structures for the implementation of EU legislation
may also be the cause of the inconsistencies and fragmentation of policies in the achievement of the European ambitions (Keessen et al., 2010;
Birkenstock and Röder 2019). Coherence and consistency are key factors
if we are to have a successful EU regulatory and policy regime that aims
to prevent, and manage, the diffuse pollution of drinking water resources caused by agriculture. At regional and local scales, it may
become clear whether the coherence and consistency between these
policy domains is addressed well enough to achieve policy objectives.
In this context, coherence is defined as the extent to which laws and
policies systematically reduce conflicts and promote synergies between,
and within, different policy areas to achieve jointly agreed policy objectives (Nillson et al., 2012). A sectoral policy can be effective in
achieving its specific objectives without being coherent in relation to the
objectives of other policy areas (Platjouw et al., 2019). Consistency

marks the extent to which the jointly-agreed policy objectives can be
recognised at different levels, and within different policy arenas, and
there is no contradiction between them.
Several publications address the importance of analysing the impact
of governance on water quality outcomes (e.g. (Newig and Fritsch 2009;
Blackstock et al., 2012)). So far however, little empirical research has
been done on the local governance arrangements that could contribute
to better groundwater and surface water quality (Wuijts et al., 2017);
studies are often of an aggregated national or European level, for
instance to evaluate the implementation of a particular Directive (EC
2018; EC 2019).
This article aims to discuss from the local-regional perspective, (1)
whether the different parts of EU legislation and their mode of implementation strengthen or block one another, (2) whether local governance arrangements can overcome potential gaps or spill-over effects in
this legal framework and (3) what lessons can be learnt to improve the
protection of drinking water resources from agricultural pressures. To
this end, governance arrangements in 13 case study areas in 11 European countries were analysed, using the OECD principles on water
governance (OECD, 2015b) as the analytical framework and tested on
the criteria coherence, consistency and the attainment of objectives at
the local level.
2. Methodology
Case studies
The effectiveness of EU legislation on the restoration of drinking
water resources and their protection from agricultural pollution was
examined using empirical research as carried out in the H2020FAIRWAY-project (www.fairway-project.eu, last accessed January
12th, 2021). For 13 case study areas in Denmark, England, France,
Germany, Greece, the Netherlands, Northern Ireland, Norway, Portugal,
Romania and Slovenia, Multi Actor Platforms (MAPs) were installed or
are under construction aiming to facilitate aspects of local-regional
governance approaches (Sundnes et al., 2020). These MAPs are a
more-or-less ongoing mechanism for actors from different sectors and
levels, including farmers, advisors, drinking water companies, scientists
and policy makers, to meet regularly to foster the exchange of ideas and
initiatives and promote joint decision-making and collaboration in a
continuously evolving way (Acquaye-Baddoo, 2010). The size of these
case study areas varies as a consequence of both institutional settings
and water system characteristics, ranging from a few hundred km2 to
tens of thousands of km2 (local to regional scale). The 13 case study
areas cover different types of drinking water resources, pedo-climatic
zones, type of farming, land use, legal framework, and governance approaches used, and offer a pan-European view of experiences with local
governance arrangements for the protection of drinking water resources
from agricultural pollution (Sundnes et al., 2020). Table 1 presents an
overview of the case studies used in our analysis. More detailed descriptions of the case studies can be found on https://www.fairway-proj
ect.eu/index.php/case-studies (last accessed January 12th, 2021).
In this article, three of these 13 case studies will be presented more
extensively as they elucidate some of the key results of our analysis and
demonstrate local experiences. These are the cases from Northern
Ireland (Derg Catchment), Germany (Lower Saxony) and Greece (AXios
River).
Analytical framework
The literature contains many descriptions of frameworks for analysing conditions of water governance (e.g. (Pahl-Wostl et al., 2012; Van
Rijswick et al., 2014; OECD, 2015b)) and although these frameworks
encompass similar elements, they differ in terms of accents and scope
(Wuijts et al., 2017). For instance, the analytical framework drawn up
for sustainable water governance (Van Rijswick et al., 2014) has a

1

The term ‘implementation’ refers to an explicit phase in the policy process:
the execution of interventions to achieve policy objectives. It also refers to the
transposition of European legislation into national law. In this article the focus
is on the attainment of policy objectives. To avoid confusion regarding the use
of the term ‘implementation’, the term ‘attainment’ is used.
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analysis; an analysis which was carried out in four consecutive steps.
Firstly, the four principles related to the Effectiveness dimension
were broken down into 37 questions which were put into questionnaires
for each of the case studies. The questionnaire was developed based on
information from literature (OECD 2009; OECD 2015a, 2015b; Nava
et al., 2016; Belmans et al., 2018; UN 2018), and the questions themselves related to different institutional levels and geographical scales, so
that the coherence and consistency of EU legislation could be analysed at
the local-regional level, as well as the implementation at the national
level. As EU directives are often implemented on a sectoral basis

Table 1
Overview of case studies.
Country

Name

Type of Resource for
Drinking Water

Principal Water
Quality Issue(s)
Nitrates

Pesticides

Denmark
Denmark
England

Island Tunø
Aalborg
Anglian Water

Groundwater
Groundwater
Surface water

X
X

X
X
X

France

La Voulzie

X

Lower Saxony

Greece

AXios river

Groundwater
(springs)
Groundwater
Groundwater and

X

Germany

Netherlands
Netherlands
Northern

Province of
Overijssel
Province of
Noord-Brabant
Derg catchment

Ireland
Norway
Portugal

Vansjø
BaiXo Mondego

Romania
Slovenia

Giurgiu county
Dravsko Polje

surface water
Groundwater

X
X

X

X

X

Groundwater

X

Surface water

X

Surface water
Ground and surface
water
Groundwater
Groundwater

X
X
X
X

(Keessen et al., 2011), the questionnaire applied to each of the relevant
directives. The respondents to the questionnaires varied: some, for
example, were filled out by the experts and MAP coordinators involved
in the FAIRWAY project. For each country, 2 to 6 respondents filled out
the questionnaires. If this expertise was not present in the project,
external policy makers and experts were consulted who had a regional to
local view. For all cases, the questionnaires were completed by multiple
respondents and the results were discussed when different views arose.
Secondly, the principles within the other two dimensions of the

X

analytical framework, Efficiency and Trust and Engagement, were
analysed, such as regulatory frameworks, monitoring and evaluation
and stakeholder engagement. To this end, a set of 14 questions was
formulated. These questions were derived from an earlier study on

X

diagnostic nature with an explicit focus on implementation and the
attainment of objectives. The framework developed by Pahl-Wostl et al.
(2012) aims to compare and quantify the governance approaches used in
different river basins. This scale, however, is too aggregated for the
purpose of our study (local to regional scale). The investigation of localregional governance arrangements for attainment of EU objectives,
requires a framework that facilitates an analysis across scales, encompassing both the national implementation and the local to regional experiences with the attainment of objectives. For this reason, the OECD
Water Governance Principles (2015) were used as a framework for our
analysis.
The OECD principles are based on the general principles of good
governance: legitimacy, transparency, accountability, human rights,
rule of law and inclusiveness (OECD, 2015b). The framework contains
three mutual reinforcing dimensions: Effectiveness, Efficiency and Trust
and Engagement. Data has been collected for all twelve principles of the
analytical framework. Since this article focuses on the criteria coherence, consistency and the attainment of objectives at local level, the
results related to these criteria are described here (see Table 2). A full
summary of data can be found in the supplementary material.

governance approaches regarding drinking water resources in the
Netherlands (Wuijts et al., 2017). The answers to the questions were
delivered in writing and then clarified further during carousel discussion
sessions with the MAP coordinators. Both questionnaires can be found in
the supplementary material.
Thirdly, the data were aggregated per principle and per country for
further analysis. All the questionnaires that were filled out were collated
in a spreadsheet, one for each directive studied, containing the results of
all the individual questions, and clustered for the different OECD principles. Consequently, the results of the individual questions were first
combined into a synopsis for the different directives, but separately for
the different case studies and countries. Subsequently, the results were
aggregated into a summarising text for each of the principles covering all
of the case studies. Two researchers from different countries in the
FAIRWAY project carried out the aggregation of results individually and
subsequently compared and discussed the results to avoid interpretative
errors. The results of the analysis were reported back to the MAP coordinators for feedback and discussion.
Finally, the answers for the different countries were summarised into
one concluding answer for each question, leaving room to highlight
differences and similarities in implementation strategies between directives and countries that might affect effectiveness. These results were
reported back to the experts and stakeholders involved for feedback and
discussion. The different stages of the data collection and analysis are
depicted in Fig. 1.

Questionnaires
The national implementation and the resulting local-regional
governance arrangements in the case studies served as the unit of our

Table 2
OECD Water Governance Principles (OECD, 2015b) that are included in the analysis of the criteria consistency, coherence and, mode of implementation and the
attainment of objectives at local level.
Dimensions and Principles
Analytical framework (OECD, 2015b)

Criteria for analysis

Effectiveness

X

Efficiency

Trust and
Engagement

Capacity
Policy coherence
Appropriate scales within basin systems
Clear roles and responsibilities
Regulatory frameworks in place and
enforced
Data and information
Trade-offs across users, areas, and
generations
Stakeholder engagement
Integrity and Transparency

Consistency of EU
regulation

Coherence across sectors and
levels
X
X
X
X

X
X

Attainment of objectives at local
level
X
X
X
X
X
X

X
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Fig. 1. Data-collection and analysis.

authorities was reported as being in place and working more or less for
all the countries studied. The issue of governance at the appropriate
scale within basin systems or other relevant scales, is not regarded as a
major issue affecting effectiveness for the countries studied. More
difficult is the involvement of different sectors, government departments
and administrations, in addressing water quality issues from agriculture
at different institutional levels and scales (e.g. Greece, Germany). At
river basin and catchment level, good collaboration was reported too (e.
g. Denmark, France and Norway) but not for all countries. In these
collaborations, farmers’ organisations are represented in several cases.
The level of direct collaboration with individual farmers, however, differs between the countries studied.

Limitations and uncertainties
Data for this study was collected through interviews and questionnaires. Policy documents and (grey) literature on the case studies were
used as additional source of information. Using this methodology meant
that the results relied strongly on the level of expertise of the interviewees. Information not provided by an interviewee could thus be
lacking in the analysis. Checks and balances were included in the process
of data analysis to overcome this potential bias, by requesting that the
questionnaires were filled out by pairs or groups, by complementing the
questionnaires with group discussions with experts from other countries
and cases, by analysing the data-set in parallel for countries other than
your own and by asking the MAP coordinators to reflect on the final
dataset.

Principle: capacity (towards objectives)
Authorities in most cases have the capacity to lead, monitor and
evaluate the execution of policy plans. Lack of staff and finances was
frequently reported as an obstacle to carrying out all responsibilities (e.
g. Germany, especially at the legislative level, and England). A decrease
in these resources cascading from the national level to the regional/
catchment level can be identified in some countries according to the
interviewees (e.g. Greece, Netherlands), but it can also be the other way
around: lack of staff at the top, national level, and sufficient staff at the
bottom, e.g. providing farm advice (Germany).

3. Results
In accordance with the central question of this analysis, this section is
structured around three elements: (1) consistency of EU regulations, (2)
coherence across sectors and levels, and (3) mode of implementation
and the attainment of objectives at local level. The responses to the
questions that are relevant to these elements are described here.
The total results of the aggregated questionnaires are summarised in
the supplementary material.

Principle: stakeholder engagement
Stakeholders involved include public authorities, water companies,
farmers’ organisations, industry associations, NGOs and experts, such as
agricultural advisors and consultants. Several institutional levels are
involved in the attainment of objectives at local level and interaction
with stakeholders does not take place at all levels. In the case studies,
farmers and local citizens are given the opportunity to be engaged. For
some countries the stakeholder engagement set-up for the MAP in the
case study is reported as a new way of collaboration (e.g. Slovenia,
Romania and Greece).
Stakeholders in the MAPs of the case studies were engaged based on
their interest in clean water, local knowledge, knowledge on best
practices, such as catchment advisors (e.g. England, Portugal), sources
of pollution (e.g. Slovenia, Netherlands, Germany, Denmark, Norway),
established networks (e.g. Northern Ireland, Germany, Portugal) and the
means and power to act (e.g. Slovenia, Romania, Denmark). Norway
reports that commercial private actors have not yet been included in the
river basin committee because of their primarily economic focus.
However, the importance of their role in the process has been
acknowledged and dialogue is being channelled through other meeting
arenas. Other reasons for restrictions are group size (to allow discussions) and costs (advisors), and England reports that some stakeholders
are reluctant to speak if the regulator is also part of the stakeholder

Consistency of EU regulations
Consistency manifests itself in the degree to which commonly agreed
policy objectives are recognised at different levels by different stakeholders and within different policy arenas. They must not contradict
each other and this requires clarity about roles and responsibilities, and
management across scales.
Principle: clear roles and responsibilities towards objectives
All the countries studied have transposed the relevant EU directives
into national law. The allocation of roles and responsibilities for each
directive is clearly demarcated at national level in the planning phase,
although assigned to different ministries. For the regional/catchment,
local and farm level, the division of these roles and responsibilities for
(strategic) planning for water quality ambitions often becomes less clear
from the perspective of the respondents, although in all of the countries
studied, farmers have to prepare a plan for the use of fertilisers.
Principle: appropriate scales within basin systems
In most countries studied, except in the UK, different ministries are
responsible for agricultural policy and environmental protection. The
collaboration at national level between ministries and between water
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group.
Some countries report that different authorities from different
institutional levels participate in the case study (e.g. Germany, Norway,
France). Others report that there is a disconnect between the different
levels (e.g. Greece) or a single layer governance approach (Slovenia).
This may also differ for different case studies and regions in a country (e.
g. Germany).
All countries stress the importance of environmental information,
although socio-economic implications may play a major role in the
decision-making when stricter measures need to be implemented (Germany). Citizen engagement has only been used in a limited way so far in
the process of decision-making regarding the protection of drinking
water resources. In Germany, there is a citizen science initiative which is
collecting water samples and analysing nitrates from private groundwater extraction points and from surface waters (ähttps://www.Xn–vs
r-gewsserschutz-wqb.de/nitratbelastung/, last accessed January 14th,
2021) and an initiative which is working on the methodology and
publishes manuals in order to improve the validity of nitrates analysis
(https://uol.de/aktuelles/artikel/stickstoffverbindungen-und-die-neu
gier-an-der-wissenschaft-3775, last accessed on January 14th, 2021). In
England, citizen science is considered a fundamental opportunity for
understanding and promoting local engagement in the Catchment Based
Approach (https://catchmentbasedapproach.org/learn/citizen-sciencevolunteer-monitoring/, last accessed January 12th, 2021). Other factors mentioned as relevant in the process of decision-making are the
overriding interest of the right to drinking water (Slovenia) and the costs
for providing good quality drinking water (France).

can have detrimental impacts on water quality. The ND and SUPD limit
agricultural pressure in intensively farmed catchments. However, in
more marginal upland catchments they enable farmers to operate above
the carrying capacity of the soil by including marginal land, cleared of
rushes, in the total farm organic N loading calculations required for the
ND. However, in practice, this livestock is often concentrated on the
small number of higher-quality grazing fields on the farm, resulting in
higher nutrient loads.
Furthermore, receipt of the Basic Payment Scheme (BPS) of the
Common Agricultural Policy (CAP) is a vital income source for cattle and
sheep farmers in upland catchments. In 2017/18, the cattle and sheep
sector in Northern Ireland would have operated at a loss if the income
from the BPS had been removed (DAERA, 2019b). Farmers are under
pressure to maximise the eligible area for the BPS on their farm, the
main driver for the control of rushes using MCPA. At the same time this
hampers the sustainable preservation of drinking water resources.

Coherence across sectors and levels
Coherence elucidates the extent to which laws and policies systematically reduce conflicts and promote synergies between, and within,
different policy areas to achieve the outcomes associated with jointlyagreed policy objectives (Nillson et al., 2012), imposing demands on
regulatory frameworks, roles and responsibilities, decision-making and
management across scales.
Principle: clear roles and responsibilities
The tools reported which facilitate collaboration in water quality
management at a specific level (horizontal collaboration) are: (1) a
pesticide forum that brings together a range of organisations and is
highlighted as having a key role under the national action plan in
providing stakeholder interaction (England), (2) incentives from cross
compliance and enforcement to adherence of good agricultural practice
(Slovenia, Portugal and Germany), (3) interdepartmental committees
and county offices (Romania and Norway), (4) advisory boards for river

Experiences with consistency in the derg catchment case study
TextboX 1 outlines how the inconsistencies between EU directives
and its application at farm level can negatively impact water quality in
the Derg catchment case study (Republic of Ireland – Northern Ireland);
a study which highlights the complexity of the interactions between
European and national agri-environmental legislation, EU subsidy payments and catchment characteristics. In some cases these interactions

Textbox 1
Consistency agricultural and water quality policy in the Derg catchment.
The poorly drained, acidic and nutrient-poor soils in the Derg catchment provide ideal conditions for the proliferation of rushes (Juncus sp.),
which easily outcompete grasses in the absence of preventive management (Kaczmarek-Derda et al., 2019). At present, mapping indicates that
rushes occupy approXimately 5% of agricultural land in the catchment, which reflects efforts to suppress rushes and maintain grass cover
(Cassidy 2018). These efforts are driven by targets set by both intensive and extensive farms in the catchment. In an intensive dairy system the
control of rushes is driven by production and nutritional targets, while in part-time low intensity beef and sheep systems the main driver is to
maximise the land area classed as “actively farmed” and eligible for area-based payments under the common agricultural policy (CAP) basic
payment scheme (BPS). As such maintaining and maximising the eligible area, is a priority for both intensive and extensive farms in the
catchment.
The eligible agricultural land area declared under the BPS is also used to calculate the organic N loading for each farm under the EU Nitrates
Directive (ND) (91/676/EEC). The ND sets a limit of 170 kg organic N/ha which equates to a stocking rate of 2 Livestock Units (LSU)/ha.
EXceeding this limit is only permissible if the farm applies for a derogation.
While farmers are required to apply the Code of Good Agricultural Practice for grazing (DAERA, 2008) in order to prevent inter alia compaction,
poaching and erosion, in practice stocking rates are often higher that suggested by estimates of grazing capacity. For example, based on the 2018
returns from the farm census (DAERA 2019), the current average stocking rate in the catchment is 2.4 LSU/ha. This figure indicates that the
overall stocking rate in the catchment is above the carrying capacity of the soil and can only be maintained through measures such as the
installation of artificial drains and the intensive management of land through nutrient applications, liming, grazing, cutting, harvesting and
reseeding.
In addition, the use of herbicides, particularly 2-methyl-4-chlorophenoXyacetic acid (MCPA), to suppress rush growth is widespread. Because
there are only a limited number of fields available to produce high dry matter forage crops, farmers will periodically apply MCPA to these fields
to reduce the risk of rushes or other broad leaf weeds impacting silage quality. In less intensively managed areas, while stock numbers are low,
spraying of MCPA offers farmers a cost-effective and long lasting option for suppressing rush growth and maintaining grassland as ‘actively
farmed’, but with negative impacts on environmental quality. The combination of these measures to maintain stocking density can result in
significant negative impacts on water quality. A recent monitoring program in the Derg catchment showed that 32% of the abstracted water,
sampled every 7 h over an 8 month period in 2018, exceeded the drinking water standard of 0.1 μg/l for MCPA.
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basin management committees (Portugal), state regional representatives
(France), (5) water councils (Denmark) and (6) a leading role for water
agencies (Slovenia). Collaboration tools reported which facilitate policy
coherence are focused primarily at national or river basin level,
although there are exceptions.
In Germany for instance, joint working groups are meeting regularly
for coordination purposes at national, federal, and river basin levels for
both the WFD and the ND.
Obstacles to effective horizontal collaboration between different
authorities and agencies mentioned are: competing interests between
sectors and institutional levels (Norway, England, Germany, Romania,
Slovenia), municipal stakeholders being involved in the management of
water companies (e.g. England, Portugal), the lack of monitoring data
(Slovenia) or access to data (France, Germany), limited decision-making
powers or round table setting (Germany), lack of staff (Germany [at
national level] and France) and citizen engagement (Portugal).

Principle: transparency and integrity in decision-making
Conflict prevention and resolution are addressed in different ways.
For example, Northern Ireland refers to the communication plan in The
Rivers Trust for the Source To Tap project as a means, Germany (Lower
Saxony) to Round Tables for Agriculture and Water Protection and the
Netherlands to the agricultural advisor as arbiter. Legal procedures are
rarely used in practice for conflict resolution regarding nitrate and
pesticide pollution e.g. caused by difficulties related to control and proof
of an offence (Germany).
Mechanisms reported to support conflict management and resolution
are the arbiter role of the municipal agricultural advisor and MAP
coordinator (Norway, Netherlands), cross-compliance (Portugal),
financial incentives (Germany: Farmer-waterworks cooperation),
compensation and land consolidation (Denmark), agricultural support
(France, Germany), public consultation and the role of civil initiatives
(Slovenia).

Principle: appropriate scales within basin systems
The issue of management at appropriate scales is not regarded as a
major issue hindering coherence for the different countries studied but
the involvement of different sectors working in the field of agriculture
and water quality is considered to be more relevant (e.g. Germany and
Greece). River basin management committees (Slovenia, Netherlands,
France and Denmark) and sub-basin committees (Norway) are reported
as successful bridging mechanisms between different sectors. Similar
examples are given for protection zones and nitrate vulnerable zones.
The whole of Slovenia, because of its size, has been designated as a nitrate vulnerable zone and all issues are, therefore, addressed at national
level. A similar approach has been followed by Austria and the
Netherlands. This choice however, sets demands to the monitoring of
nitrates in order to identify agricultural contributions (91/676/EC,
Article 5.6) and develop appropriate nitrate action programmes (ECJ
case law (C-481/18, C-197/18)). Germany cites a working group for the
sustainable use of pesticides implementation (participated in by national
and federal governments) as a good example of the bridging between
administrative borders.

Experiences with coherence in the Lower Saxony case study
The Lower Saxony case study (Germany, see TextboX 2) describes
how parallel policy objectives regarding biogas production and fertilisation can result in negative impacts on water quality. Increasing
amounts of manure and biogas by-products create a bottleneck in their
application in regions with high livestock densities, resulting in rising
nitrate levels in groundwater. To remediate this development, manure
treatment and export to other regions and federal states are increasing
(Landwirtschaftskammer Niedersachsen 2020). In regions with a focus
on arable farming and little livestock breeding, there is potential to
substitute part of the mineral fertilisers with manure from the intensive
animal breeding regions. However, there are many factors which
hamper application in practice such as: (1) the limited nitrogen surplus
which is legally acceptable according to the German Fertilisation Ordinance (2017, 2020) and the possibility of exceeding this limit when
using manure or other organic fertilisers; farmers in arable regions
under this condition tend to use mineral fertilisers, (2) obstacles to
improving the nitrogen efficiency of fertilisation by the timely supply of
baseline data (Nmin-values in spring) to farmers by farm advisors and
delays in the national implementation of new techniques, (3) the possibility of health risks related to untreated manure caused by limited
hygiene standards for farmyard manure in the Fertiliser Ordinance
(2012) and (4) the lack of manure storage capacity in arable farming
areas, as local authorities hesitate, or even refuse, to grant building
permits for storage facilities. Due to pressure from the European Commission, the duty to set up a nitrogen soil surface budget and the necessity of not exceeding a certain level of nitrogen surplus was abolished
and replaced by the duty to record the fertilisers applied (Fertilisation
Ordinance, 2020).

Principle: policy coherence
Instruments which were reported to promote policy coherence
relevant to horizontal collaboration in water quality governance,
include: multi-sectoral conferences (e.g. Germany, Greece, Norway),
conferences for transboundary river basins (Portugal, Romania), interdisciplinary workshops (Netherlands), inter-agency programmes for
specific issues (Northern Ireland, Portugal and Norway), information
sharing with the agri-food-industry (Northern Ireland) and guidance on
best practices (England). Some countries reported limited horizontal
communication (e.g. France, Greece) and lack of clarity in responsibilities (water and agriculture).

Mode of implementation and the attainment of objectives at local level
The role of the mode of implementation and the attainment of objectives at local to regional level comes forward most explicit in the
questions related to the principles ‘Appropriate scales within basin
systems’, ‘Policy coherence’, ‘Capacity’, ‘Data and information’, ‘Regulatory frameworks in place and enforced’ and ‘Trade-offs across users,
rural and urban areas and generation’.

Principle: regulatory frameworks in place and enforced
Regulatory frameworks and enforcement play an important role in
achieving jointly-agreed policy objectives, although there are different
views regarding the right balance between voluntary and legally-based
measures to support these objectives. Some countries rely primarily on
legally-based measures (e.g. Portugal, Germany) and thus have a strong
role for enforcement, other countries are more committed to voluntary
measures and enforcement plays a less important role in practice (e.g.
Netherlands, France), or there is a miX of both types of measures (e.g.
Denmark and Norway). Economic incentives, such as compensation,
play an important role in relation to both voluntary and mandatory
measures (e.g. Denmark, Germany and Norway). Norway refers to the
information provided by the municipal agricultural advisor, the MAP
coordinator and research projects as an incentive, for instance in cases
where there is disagreement about the cause of a problem.
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Principle: appropriate scales within basin systems
Management instruments to support drinking water pollution control are used by all the countries studied, but different strategies are
chosen by individual countries to facilitate use across levels and scales.
England and Germany report a high degree of advice and guidance for
farmers at catchment and farm level to support the implementation of a
high level of regulation cascading from national and regional levels.
Slovenia, Germany and Portugal stress the strong role of enforcement
and cross-compliance. Other countries refer to the importance of
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Textbox 2
Coherence water, fertilisation and energy policy: case study Lower Saxony (Germany).
Since 2000, the installation of biogas plants has been subsidised as a result of the passing of the German Renewable Energy Act (EEG, 2000,
2004, 2008). The law was adopted in 2004 and 2008, each time with more favourable conditions for the electric energy produced by cogeneration units of biogas plants. From the beginning of 2009, biogas plants operating with >30% manure received even higher subsidies. As a
result, the number of biogas plants installed increased from 600 in 2010 to 1174 in 2018 (3N Kompetenzzentrum, 2020) and, in turn, increases
the total amount of organic fertilisers (Meergans and Lenschow, 2018). The German Fertilisation Ordinance (2007), and the national implementation of the Nitrates Directive (1991), could not block this development, as the 170 kg/ha limit it prescribed for organic nitrogen in the
national implementation only referred to N from animal manure. Consequently, after years of decreasing concentrations of nitrates, since
2011/2012 in the north-western region of Lower Saxony, the trend for the average yearly concentration of nitrates in groundwater of selected
wells reversed and showed a marked increase in 2017 exceeding nitrate standard of 50 mg/l (Roskam 2018).
To counter this development, Lower Saxony issued a ministerial decree (ML, MS, MU, 2015), which obliged biogas plants to provide references
to prove that the biogas residues they produce would be used according to the good agricultural practice defined in the national Fertilisation
Ordinance.
In the adapted German Fertilisation Ordinance (2017), the 170 kg/ha limit also includes other types of organic and organic-mineral fertilisers
and soil conditioners besides manure such as biogas residues, compost and sewage sludge.

by doing’ (adaptive capacity) to improve the effectiveness of
interventions.

monitoring and reporting and the development of programmes of
measures from the WFD (e.g. France, Norway, Denmark). For Greece, a
large variation was reported between management instruments used for
the different directives. In Norway regional drinking water authorities
are invited to comment on municipal spatial planning.
The designation of safeguard zones around drinking water resources
was frequently put forward as a successful instrument for protection.
Other (mandatory) instruments mentioned are the use of monitoring to
support the evidence base and the development of programmes to support a sustainable use of pesticides (education on use by farmers, e.g.
Portugal, Norway, Germany and UK [‘Get Pelletwise’ Campaign]) and
manure (nitrate vulnerable zones, Greece).

Principle: regulatory frameworks in place and enforced
The role of legally based measures varies strongly between countries,
but this does not provide any indication as to the mode of implementation at the local level. Countries may have opted for a larger
proportion of voluntary based measures and yet have attained the objectives at local level. The link between voluntary measures and water
quality improvement is more ambiguous, because other interests, from
farmers or other stakeholder groups, may play a more important role.
Legally based measures on the other hand, should be achievable,
enforceable and capable of reducing emissions to the levels required (e.
g. ECJ case law C-266/99, C-165 to 167/09, C-237/07). This level of
scrutiny is required in all environmental compartments, according to the
European Commission (EC 2017).

Principle: policy coherence
Vertical coordination across different levels of governance in relation
to nitrate usage is reported as limited for several countries. Obstacles
reported are data protection at farm level (Germany), a disconnect between national policy and bottom-up initiatives (Netherlands, England),
fragmentation of policy objectives (Norway), overlapping responsibilities (Greece) and a lack of funding for local collaboration
(Greece, Slovenia).

Principle: Trade-offs across users, rural and urban areas, and
generations
The role of trade-offs in costs, benefits and distributional effects of
various alternatives in agreed service level decisions, is dependent on
how many of the measures that need to be taken are legally based.
Portugal for instance, which has a strong legal base for the measures that
need to be taken, uses the ‘polluter pays’ principle, which is anchored in
the legal framework. For other case studies, which rely more on
voluntary based measures, a balanced trade-off between costs and
benefits for farmers, is much more prominent in the selection of measures (e.g. Denmark, Netherlands, Northern Ireland and Norway).

Principle: capacity (at the local level)
Several governance measures were adopted by countries to build
capacity to deliver water policy measures. Collaboration with the private sector (public authorities, private water companies and the agrifood industry) is reported. In England, the agency called Natural England (a non-departmental public body, sponsored by Defra) has teams
of catchment advisors. This organisation enhances collaboration further
by contracting private consultants to deliver water advice to farms. The
Environment Agency makes Catchment Base Approach (CaBA) grants
available to host catchment’s partnerships. Some countries report the
blocking role of GDPR (General Data Protection Regulation, EU/2016/
679) for data sharing between local projects.

Experiences with mode of implementation and objectives’ attainmentin the
Axios case study
The AXios case study (Greece) (see TextboX 3) shows how the
introduction of the MAP can serve as a bridging mechanism to promote
coherent policy implementation and objectives’ attainment at local
level. So far, complicated and fractured legislation, unclear or overlapping responsibilities, the lack of rules for verification and validation,
the distribution of financial means across institutional levels and the
limited use of instruments for compliance and enforcement have been
reported as factors hampering the realisation of water quality ambitions.
Farmers are often not very aware of their legal obligations regarding
water quality. Most of the farms in this part of Greece are family businesses with small capital and no long-term plan. Farmers would,
therefore, need incentives such as capacity building and starting grants
for every single change in their production, but the continuity of such
incentives is a point of concern.

Principle: data and information
Most countries studied report that measures taken are based on
knowledge of issues, interventions that could be enabled, and the opportunities offered by the legal framework which vary from country to
country as their legal frameworks differ. Several countries rely on
voluntary based measures where interventions may be linked less
explicitly to nitrate and pesticides reduction and may be driven by
economic motivations as well. Knowledge is based on scientific studies
and best practices in other areas. Agricultural advisors play an important
role. Not enough feedback has been received about the use of ‘learning
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Textbox 3
Mode of implementation and objectives’ attainment in the AXios case study (Greece).
The ruling of the European Court of Justice (ECJ, C-149/14) that the implementation of the ND in Greece lacked any targeted action programmes has resulted in the development of Nitrate Action Programmes in the Nitrate Vulnerable Zones, but their implementation is taking
place at a slow pace. In this process, a disconnect can be identified between the policy making at national level and the realisation at regional or
local level.
The local discontent regarding the overlapping legislation, the multitude of institutions and government services responsible for planning and
implementation, and the pressure from the European environmental legislation, have led to the establishment of the Directorate of Environment,
Industry, Energy and Natural Resources of Central Macedonia Prefecture that cooperates with the local directorate of development and environment of the Kilkis Prefecture.
This rearrangement created a more centralised approach in the management of water resources, leading to a better and higher funding opportunity for large waterworks and a top-to-bottom implementation of rules and legislation from the EU and the establishment of directorates
for water management in every region. In this way, the legislation became somewhat clearer at local to regional level and the problems for each
region became apparent. But the small and everyday issues are not addressed this way, so the role of regional water utilities and water councils
should be strengthened.
To this end, a multi-actor approach (MAP) was set up in the AXios case study area to address groundwater pollution. The MAP aims to involve
farmers, companies providing advice, regional government, water boards, the pesticide industry, farmers, contractors, public authorities, and
consumers and inform them about the monitored effects of their practices on water quality objectives and facilitate action.
So far the interest shown by farmers and other stakeholders in being part of the developed MAP has been higher than expected. The financial
crisis of 2012–2020, brought dramatic changes. Young farmers, permanently living in the area, take over from past generations and introduce
new ideas. The farmers are keen to be informed on new legislation, funding opportunities and they actively and consciously connect environmental quality to their quality of life and their products’ quality. Nevertheless, they feel detached from the decisions of the main government
and they have special, localised and differing needs in different parts of the country, even in the case study area.

4. Discussion

et al., 2012; Duncan et al., 2014; Jacobsen et al., 2017). For instance, the
allocation of roles and responsibilities differs between directives which
means cross-sectoral collaborations take place across different institutional levels. Some of these differences can be explained by the evolution
of EU legislation over time, caused by a greater understanding of water
systems and societal and economic developments. The more explicit role
of the subsidiarity principle in the WFD means that decision-making on
waterbody-specific objectives and measures takes place at regional or
local level, whereas implementation of the ND primarily takes place at
national level (Kastens and Newig 2007; Hüesker and Moss 2015; Van
Rijswick and Keessen 2017).

This study analysed the implementation of EU regulations in 11
different European countries and their effectiveness in 13 local governance arrangements for the protection of drinking water resources
against agricultural pressures. We focussed on lessons that could be
learnt regarding the coherence and consistency of the implementation of
EU directives and their effects at local level. A summary of the results
can be found in Table 3. The OECD Principles on Water Governance
(OECD, 2015b) were used as our analytical framework (see Table 3).

Complexities and inconsistencies of the european legal framework

Coherence of cross-sectoral connections at different levels

At EU level, regulations and policies for agriculture and the protection of drinking water resources are explicitly linked (Platjouw et al.,
2019). For instance, the Nitrate Directive (91/676/EEC) links to the
objectives of the Drinking Water Directive (98/83/EC) and the WFD
(2000/60/EC) forms an overarching framework for EU directives
regarding specific water functions (e.g. drinking water, shellfish waters,
bathing water), the use of chemicals and their effect on the environment
and the state of Europe’s waters themselves. Although the directives are
linked, their implementation produces collateral effects that hamper the
effective protection of drinking water resources. The rules on the
application of fertilisers, for example, are not always beneficial to
groundwater and drinking water quality.
The implementation of the EU Directives often takes place along
parallel tracks, and frequently under the responsibility of different
ministries. Inconsistencies in agricultural policy that hamper an effective protection of drinking water resources, may therefore not manifest
themselves at first sight and at all institutional levels. EXamples reported
of these inconsistencies are a disconnect between water quality standards and application rules for manure and pesticides, the issue of scale
for evaluation, side effects of land use subsidies and incentives on water
quality and the role of hydrogeology and geochemistry in the effects of
land use policy (Platjouw et al., 2019). Earlier studies confirm that
existing legal frameworks are insufficient to adequately protect drinking
water resources from agricultural pollution (Keessen et al., 2011; Doody
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The collaboration tools reported primarily focus on the national or
river (sub)basin level. In the countries studied, river basin management
committees and sub-basin committees are reported to be successful
bridging mechanisms between different sectors although the involvement of different sectors (e.g. agriculture, retail) can be difficult.
Multi-sectoral conferences and workshops, inter-agency programming for specific issues, information sharing with the agri-food-industry
and guidance on best practices came forward as successful instruments
for horizontal collaboration. Yet they all focus on the national or river
basin level. At local or regional level, competing interests between
different sectors manifest themselves more explicitly, while decisions
need to be made on actual measures at these local scales. Similar experiences regarding collaboration at different levels and scales have
been described for other countries or regions (Andersson et al., 2012;
Blackstock et al., 2014).
Mode of implementation and attainment of objectives at local level
Individual countries have opted for their own strategies to facilitate
the implementation of EU directives across levels and scales. Various
authors describe the differences in the mode of implementation between
countries and the effects this may have on achieving policy objectives
(Keessen et al., 2010; Giakoumis and Voulvoulis 2018). These studies
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Table 3
Summary of results for the criteria coherence, consistency and the attainment of objectives at the local level, structured by the principles of the OECD framework
(OECD, 2015b).
Dimensions and Principles
Analytical framework (OECD, 2015b)

Consistency of EU regulation

Effectiveness

Authorities mostly have the capacity to
lead, monitor and evaluate. Others lack
staff. Finance is reported frequently as an
obstacle at different levels.

Capacity

Policy coherence

Appropriate scales
within basin
systems

Clear roles and
responsibilities

Efficiency

EU directives are implemented on a sectorby-sector basis. Good collaboration
reported at national level. Cross-sectoral
collaboration can be more difficult at the
lower levels. Scale is not considered a
major issue for effectiveness.
All countries have transposed EU
directives into national law. All countries
identify clear roles and responsibilities at
national level for the planning stage. Less
clarity exists at lower levels and during the
realisation of policy objectives.

Regulatory
frameworks in place
and enforced

Coherence across sectors and levels

Instruments reported for policy coherence
relevant to horizontal collaboration include
multi-sectoral, transboundary,
interdisciplinary conferences, inter-agency
programmes for specific issues, information
sharing with the agri-food-industry and
guidance on best practices.
Similar to consistency of EU regulations, the
issue of scale not regarded as a major issue
for coherence in the different countries
studied. The involvement of different
sectors is considered to be more relevant.
Collaboration tools for policy coherence
focus on national or river basin level,
although there are exceptions. Obstacles
reported: competing interests across levels
and sectors, access to data, limited decisionmaking powers, lack of staff.
Regulatory frameworks and enforcement
play an important role in achieving jointly
agreed policy objectives. Different views
exist on the balance between voluntary and
legal based measures.

Data and
information

Trust and
Engagement

Trade-offs across
users, areas, and
generations

Stakeholder
engagement

Mode of implementation and attainment
objectives at local level
Several governance measures have been
adopted to build capacity to deliver water
policy measures, such as public-private
collaboration.
Limited vertical coordination across
different levels of governance for several
countries is reported because of the
fragmentation of policies, disconnected
bottom-up and top-down initiatives and
data-protection at farm level.
All countries use management instruments
to support drinking water pollution control
across scales, yet strategies differ. E.g.
advice, participation, protection zones,
special programmes.

Strong variation between countries on the
role of legally-based measures and
enforcement. Some countries have more
voluntary based measures and yet have
realised objectives at local level. Other
interests, from farmers or other stakeholder
groups may, therefore, play a more
important role.
Measures are based on knowledge of issues,
effects and possibilities of legal framework.
Some voluntary measures are less linked to
water quality improvement and may be
linked to economic motivations as well.
For countries that rely on voluntary based
measures, the selection of measures is
usually a balanced trade-off of costs and
benefits for farmers. There is, however,
little focus across generations.

Stakeholder interactions do not occur at all
levels. Motivations for engagement or not
are: established networks, means and
power to act, group size and costs.
MAPs are a new way of engagement for
some countries.

Integrity and
Transparency

Conflict prevention and resolution are
addressed in different ways. Legal
procedures are seldom used, as it is difficult
to prove an offence has been committed.

however, have often taken a sectoral perspective rather than a systemic
one.
Most of the instruments reported in this study can also be characterised as sectoral approaches that originated from individual directives
which developed along parallel tracks. This implies that, at local level,
these sectoral approaches have to all be put into practice together in
order to achieve coherency and to be effective in the achievement of
water quality objectives. This observation suggests that conditions of
governance regarding, for instance, capacity, authority, instruments and
means for all sectors at stake, need to be in place at local level if this is to
be achieved (Wuijts et al., 2017). For several countries, a lack of funding
for local collaboration was reported as one of the obstacles.
For the countries studied, the designation of safeguard zones around
drinking water resources was frequently mentioned as a successful instrument for protection, yet requires coherence in the implementation of
the different relevant directives in most of the countries studied. How
this coherence could be achieved might be different for different
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institutional levels. Buijze (2015) concludes that generic rules do not
function well under all circumstances, and at all levels and scales,
whereas instrumental rules are not necessarily problematic and sometimes essential, for instance, in the allocation of roles and responsibilities. Citizen engagement was reported by several countries as
an important driver for environmental protection policy.
Reflections on the analysis
The case studies used for this research focus on water quality issues
raised by the use of nitrates and pesticides originating from agricultural
emissions and leaching. However, emerging contaminants from agricultural practices (e.g. veterinary pharmaceuticals, antibiotic resistant
bacteria, zoonoses) are relevant threats to the quality of drinking water
resources as well. To include these in the analysis would require an
additional assessment of other EU Directives such as the Community
Code relating to veterinary medicinal products (2001/82/EC) and
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related directives. This could be an interesting avenue for future
research.
The analytical framework used for this study (OECD, 2015b) facilitates an understanding of the strengths and weaknesses of a governance
approach. The framework identifies twelve principles within three dimensions, i.e. effectiveness, efficiency and trust and engagement (see
Table 2). The structure of the framework suggests that there is a clear
division between the three dimensions which would allow for a separate
analysis of the principles related to one dimension. As the central
question for our study was to explore the effectiveness of EU regulations
on the local restoration and protection of drinking water resources from
agricultural pollution, our initial proposition was to study the principles
related to the ‘effectiveness’-dimension. However, the initial data
showed that the interlinked principles from the other dimensions had to
be taken into account as well. For this reason, the questionnaires were
followed up by interviews where additional questions focusing on these
other principles were put. The questionnaires developed for this study
may also be used to offer guidance on the use of the framework.
The methodology used for data collection involves the risk of a potential bias in the results. Information not provided by an interviewee
could be lacking in the analysis. The checks and balances included in the
process of data analysis proved to be of added-value in increasing the
quality of the data. Scientific literature to date has only described a few
examples of local-regional experiences, but other, more sectoral studies
on national implementation (Kastens and Newig 2007; Keessen et al.,
2011; Voulvoulis et al., 2017), show similarities in the results from the
questions on national implementation. The results provide an impression of experiences gained on the protection of drinking water resources
from agricultural pollution throughout Europe. These insights could be
established in greater detail if complementary case studies were made.
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5. Conclusions
This study aimed to identify lessons that could be learnt regarding
the coherence and consistency of European legislation to protect
drinking water resources from agricultural pollution at local level. The
results show that the complexities and inconsistencies of European
legislation become most explicit at local level where cross-sectoral
measures have to be taken and effects monitored. There they hamper
the achievement of water quality objectives. The upcoming revision of
the WFD should strengthen the links between the different directives
and their objectives in this field and reduce inconsistencies.
Case studies examined in this article show that, as implementation
often takes place along parallel tracks, cross-sectoral connections between water policy and other policy domains (e.g. energy, agriculture,
nature) often need to be achieved at regional or local level. But it is at
this level where a lack of knowledge on the legislative framework, the
complexity of water system’s responses and the role of different, and
often competing interests, block the formation of such connections.
In some case studies there is a plethora of arrangements at farm level
that cannot be (directly) linked to national and EU legislation. A more
facilitated cross-sectoral approach to policy application at local level
should be adopted to improve stakeholder networks, and between
institutional levels and hydrological scales, so that higher effectiveness
could be achieved.
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Abstract
The point of this review is the utilization of neighborhood materials (mortar, sand rises and date palm fiber) for the locale of southern
Algeria. By extend spaces of the utilization of these materials in the field of development. In spite of the enormous ament of gypsum, its
utilization is restricted to some auxiliary activities like coatings and brightening components. The sand rises and palm fiber, its utilization in
the development are exceptionally restricted. In this review, the sand rises and palm fiber was added to mortar, to discover the mortar that has
physical and mechanical properties that permit its utilization in development. The outcomes got showed that the expansion of date palm
filaments works on the physical properties (thickness, water assimilation, and so on) and mechanical properties (pressure strength, flexural
strength, and so forth)
Keywords: Plaster; Sand dunes; Date palm fibers; Compression strength; Flexural strength

Introduction
The Algeria, especially the South, is rich in natural materials,
which can then be used directly in the construction field he must
study their properties in order to extend their use. Among these
materials, which can be exploited, and that we will consider, plaster,
sand dune, and the fibers of the Palm. The use of vegetable fibers
in the reinforcement of building materials to improve certain
properties, it is the most used technology currently, because these
results and to expand the use of eco-materials. Algeria has
unlimited sources of vegetable fibers (of Palm, Alfa Abaca,
hemp, Cotton,...), but their use in the construction of the almost
non-existent field.
The incorporation of the fibers of date palm in the mortar
of plaster, is carried out in order to improve the tensile strength and
decrease its fragility. The major assumption that the fibers
allow the judgment of the cracking mechanism, delaying the start of
the crack and the controlling once it appears. In our study, we will
examine the effect of the addition of fibers of palm trees date
palm to the physical and mechanical properties of the Mortar plaster.
Where we are looking at the impact of the rate and length of the
fibers of date palm on the characteristics of mortar plaster, in the
short and in the long term.

Materials Used

Sand dunes used
In our study we used the sand dunes of GUERRARA
(GHARDAIA).
The physical properties of sand dunes used are represented in
Table 1.
Table 1: The physical properties of sand dunes.
The
apparent
volumic
mass  a
(kg/m3)

The
volumique
absolute
mass s
(kg/m3)

1489

2563

Module
Finesse

MF
1.19

Equivalent
of
sand
visual
ESp (%)

Equivalent
of sand to
the piston
ESp (%)

93.6

91.8

Mixing water
The used mixing water is the public drinking water of the network
of the city of Ghardaïa.

Lime
Air lime as a retardant of setting time of the plaster was used,
because it decreases the solubility of the latter and allows increasing
the time of employment. In addition it does not affect these
mechanical properties.

The materials used are those available at the local level:
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the University of Laghouat, the results of this technique are
presented on the diffractogramme below [1] (Figure 1).

A chemical analysis of the lime used was performed using the
method of diffractometer by X-rays in the lab. Physics at

Figure 1: Diffractogramme of the powder lime by X-ray.

Fibers
Table 2: Chemical analysis of the powder of fibers calcined at 400 °C.
SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

TiO2

P2O5

PAF

48.04

6.12

2.51

0.05

4.88

14.21

1.81

2.8

0.42

0.45

18.08

Table 3: Physical and mechanical properties of the fibers used
Apparent volumetric mass

a = 512.21 - 1088.81Kg/m3

Absolute volumetric mass

s = 1300 - 1450Kg/m

Tensile strength [MPa]

3

L=100mm

L=60mm

L=20mm

170 ± 40

240 ± 30

290 ± 20

Failure of deformation

d = 0.232 (diameter of fibers 8mm)

Humidity rate

w = 9.5 - 10.5 %

Rate of Absorption (after 24 H)

TA = 96.83 - 202.64 %

Diameter (fibers used)

d = varied between 0.2 - 1mm

The fibers used are vegetable fibers of DOKAR of date palm
in the region of Ouargla . The Spectrochemical Analysis of the
powder of the fibers after calcination at 400 °C gave the following
elements [2] (Table 2 & 3).

Plaster
The used plaster is a local product taken from the career
of
oasis in Ghardaïa. It is available in the market. The chemical
analysis is summarized in the Table 4.

The fibers used with the following characteristics [3].
Table 4: Chemical analysis of plaster.
Constituents

SiO2

AL2O3

Percentage (%)

0.70

0.10

Fe2O3

CaO

MgO

SO2

Na2O

KO

C
L

0.08

32.15

0.53

44.95

0.09

0.03

0.002

We can summarize certain essential properties in the Table 5, to identify the plaster.
Table 5: Essential Properties of plaster.
Apparent volumetric mass (kg/m3)

840-915

Absolute volumetric mass (kg/m )

1100-1300

Refusal of sieve 800µm

2.60%

3

Refusal of sieve 200µm

14.20%

Finesse following the method of Blaine in cm /g
2
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Beginning(min)

Setting time (E/P=0.6)

Flexural strength (E/P=0.6) [MPa]

Compressive strength (E/P=0.6) [MPa]

The determination of the composition of mortar plaster
reinforced with fibers of date palm, we used the same
composition with the classic mortar, so we take the following
composition:
We take the report E/(P+S) = 0,6;

b)

The report of S/P is set to the value 0,5;

c)

They add 6% limes air as retarding of setting time.

d) After the preparation of fibers of date palm, we respect
the recommendations of Kriker [2], for this, the fibers used
are treated in the water, then dried in the free area.
e)

The mixing is carried out in the following way:

f)

We are mixing first of all the Sand and fibers to sec;

15

1h

3.48

24 h

3.73

7 days

3.99

1h

8.51

24 h

9.27

7 days

10.11

a) First of all, we use the same composition of pate of
mortar base of plaster, which we have obtained in the step above.

Formulation of Plaster Mortar with Fiber

a)

7

End( min)

b)

As regards the fibers we tried to determine ,

i.
First of all the mass fraction optimal fiber to introduce
in the mortar of plaster using the fibers of the date palm to
a constant length L=10mm and by increasing the dosage of fiber
from 0% to 2% with a step of 0.5% by mass.
ii.
And then, the optimal length for the optimal fraction that
we found previous for each length, 10mm, 20mm, 30mm, et
40mm.
Laying all tests, that we were conducting, keep well the
workability of dough into court of setting time. Because the
addition of plant fibers to a mineral matrix leads to a decrease
in workability.
All the samples are retained in
laboratory until the age of 14 days.

g)
The plaster is added, while blending it well with the
sand and fibers;
h)
It adds the mixing water and lime and malaxant well the
mixture.

Confections of samples and storage conditions
After the mixing, it fulfils the mussels to reason of two layers
and vibrate the mortar using a rod to ensure a good distribution and
a proper orientation of the fibers, and finally grind and smooth
the surface of the mortar. The test pieces are assembled, they are
placed in the open air in the laboratory. After 24 hours, these are
removed and placed in free air at a temperature of (25
°C±1 °C) up to the time of the test, this procedure is made for all
the compositions and for all tests.

the ambient air of

the

Results and discussions
Variation of physical and mechanical properties of the
Mortar plaster reinforced by fibers of length of 10 mm
with different percentages
The results of the variation of physical and mechanical
properties of the Mortar plaster reinforced by various dosage of fiber
are.

The samples used are (4x4x16) cm3 for the following tests:
a)

Determining the density;

b)

Absorption of water ;

c)

Tensile strength ;

d)

compression strength ;

Composition of mortar of plaster reinforced by fibers
of date palm
To get a good composition of mortar plaster reinforced with
fibers of date palms, we follow the following steps:

Durability of Plaster Mortar...

Figure 2: Variation of density of mortar of plaster in function of
the percentage by mass of fibers.
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The density: From Figure 2, we notice that density
decreases slightly with increasing the dosage of fiber, which can
be explained by the increase in the volume of void created by the
incorporation of fibers where obtaining a less dense plaster
mortar. This result is in agreement with the research of Djoudi
[1].
The absorption of water: Figure 3 illustrates the evolution
of absorption of water for a mortar of plaster reinforced with fibers
of a date palm, it is clearly visible that the absorption of water
increases according to the increase in the percentage of the fiber
plant, this is due to the volume of the high vacuum created by
the addition of the fibers and by the nature of the fibers
themselves.

Compression strength: According to Figure 4, it can be seen
that between 0% and 1% a slight increase in the compressive
strength, then 1,5% an acute increase in the compressive
strength and after this percentage a Fall in compressive strength.
the increase in the compressive strength of mortar, plaster
reinforced by fiber of the palm, from the non fibré mortar can
be explained that the fibers in the percentage of fat play a role
in normal concrete aggregate, and the fall that occurred after this
increase, we can judge that the addition of fiber disruption the
mortar with mineral skeleton void inside the dough and increasing
its porosity, with minimal resistance. These findings are in
agreement with most of the research conducted, as Kriker [2], in its
research on the concrete reinforced by fibers of palm.

Figure 3: Variation of water absorption of mortar of plaster in
function of the percentage by mass of fibers.

Figure 5: Variation of the flexural strength of plaster mortar as
a function of the percentage by mass of fibers.

These results correspond to the results obtained by Djoudi
[1] in his research on concrete plaster reinforced with fiber
of date palm, it has been found that incorporation of fibers
increases the water absorption of concrete plaster.

The flexural strength: Figure 5 shows that the flexural
strength increases with increasing fiber dosage, reaches a
maximum value for the 1.5% fiber percentage. Beyond this
percentage, it drops and this is due to the poor distribution of
the fibers in the pulp due to an excess of fibers. This is the
same interpretation revealed by Hernandez-Olivares F [4] in
his research on plaster reinforced with sisal fibers. It can also
be said that there is a possibility of seeing the phenomenon of
slippage of the fibers between them in the course of this test.
Recapitulation: A quick review of the previous graphs, we find
that the percentage of 1.5% gives the best results from the
point of view of compressive and flexural strength, as well as
water absorption and density. And with regard to the workability of
plaster mortar, this percentage gives good workability and easy
implementation.

Variation of physical and mechanical properties of the
Mortar plaster reinforced by different lengths of fibers
for a percentage of 1.5% of fibers
Figure 4: Variation of compressive strength of mortar cast
according to the mass percentage of fibers.

Durability of Plaster Mortar...

The results of the Variation of the physical and mechanical
properties of the mortar of plaster reinforced by different length of
fibers are:
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The density: Figure 6 shows that the density decreases
rapidly with the increase of the length of fibers, this is due to
the fact that the incorporation of fibers in the pulp leads to
voids within the dough, and the percentage of voids is important for
wavelengths important for fiber. The most sought after
literatures reveal this observation.

Compression strength: We note, from Figure 8, the increase
in the length of the reinforcing fiber does not remarkably
develop the compressive strength of the mortar, which has been
observed from the results obtained. For our mortar there is a
slight improvement in the compressive strength of the fibers
with a length of 10mm and reaches a maximum for fibers with
a length of 20mm and then there is a slow decrease for fibers of
length 30mm and 40mm. This finding is due to the influence of
length of the fibers on the workability by their entanglements.
The various researchers agree that the fibers do not provide
appreciable improvement in compression In some cases, there is a
slight increase, in others a slight decrease. This decrease may be
caused by poor compactness due to excess fiber, or poor
composition. For example, Djoudi [1] found that the
incorporation of date palm fibers into gypsum concrete provides
a slight improvement when the percentage of fibers is low and a
decrease for the higher percentages.

Figure 6: Variation of density of mortar of plaster in function of
different fiber lengths.

The absorption of water: According to Figure 7, it can be
seen that the absorption of mortar water increases with increasing
fiber lengths, it is important for long lengths, this is due to the
high void volume created by the addition of fibers from which
maximum water absorption.

Figure 8: Variation in the compressive strength of plaster mortar as a function of different fiber lengths.

Figure 7: Variation of the water absorption of plaster mortar as
a function of different fiber lengths.

According to Guermiti [5], the percentage of water
absorption after 24 hours of immersion is of the order of 6.59 per
cent for the ordinary concrete, and increases for concretes of fibers
in function of the dosing and length arriving to (6.64 - 6.76%)
for the concrete which contains 0.5 to 1% of short fibers, (6.70 6.86%) for the concrete which contains 0.5 to 1% of long fibers.

Durability of Plaster Mortar...
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The flexural strength: Figure 9 shows the influence of the
length of the fibers on the flexural strength of fiber mortar. First
of all, we note clearly that The flexural strength considerable
increases with all the lengths of the fibers. A net improvement
for the fibers of lengths of 10mm and the resistance reaches the
maximum for the lengths of 20mm. After, a decrease in the resistance
for lengths 30mm and 40mm, which can be always translates by the
loss of manoeuvrability that due to a exercised of fiber and a poor
distribution of fibers in the pate increasing porosity and
consequently a decrease in the flexural strength.
By simulation, we find that the mortar of the plaster has the
same properties of the cement mortar. That appears in the research
on the cement mortar reinforced by strip of wood. It was found
that, for a mortar to 2% had a flexural strength that 3/10 mortar
witness that is to say three times more.
Recapitulation: The fibers of length 20mm give the best
results of resistance to compression and flexion. As these
fibers give acceptable results in the density and absorption of
water. As for the handling, the mortars reinforced by the fibers
of length of 20mm have a good workability and facilitates the
implementation.

Conclusion
After all those previous tests we’ve had. We can say that we
have achieved an optimal composition for a mortar of plaster
reinforced with fibers of date palm, which meet the different
mechanical and physical characteristics and the requirements
necessary for a building material, such as; the workability, to
compression and flexural strengths, water absorption and
density.

Durability of Plaster Mortar...

Our composition of mortar plaster reinforced with fiber, on
which we did durability testing, will be as follows:
a)

We take the report E/(P+S) = 0,6;

b)

The report S/P is set to the value 0,5 ;

c)

We add 6% air lime as a retardant of setting time.

d) For fibers: get the lengths L = 20mm fibers, and a
percentage mass equal to 1.5%.
The plaster mortar based on dune sand reinforced with date
palm fibers seems to have a great future in certain areas, the
technical and economic advantages of this material allow for an
important development for the future.
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Abstract

In oversaturated condition, traffic queues that are unavoidable persist from cycle to cycle and the queue management
capability is a critical feature in signal control. Inappropriate signal control and queue management strategies may lead to
spillover and starvation with serious disruptive consequences. Compared with minimizing delay and stops in uncongested
condition, the control policy in oversaturated condition comes to maximize system productivity and fully utilize storage
capacity. This paper describes one dynamic control model to adjust the green phase duration, offset and cycle length by
considering the saturation level, the queue length management and propagation along the arterial corridor. A VISSIM
simulation test of one arterial corridor in City of Edmonton is used to validate the efficiency of the proposed control model.

1. Introduction

High levels of traffic congestion during peak periods are regular in busy arterials of major metropolitan areas, because the
traffic demand approaches or exceeds the capacity of the arterial network. The realm of congested condition has been divided
into two major categories: saturated and oversaturated conditions (Lee, et al., 1975). The saturation condition exists when
queue has formed and/or is growing, but delay effect is local and no other intersection performance is affected by this queue.
Generally, the oversaturated condition exists when the demand exceeds the capacity. An oversaturated network exists when
the system is overloaded with heavy demand which exceeds the total capacity of the network. Oversaturated condition can
produce unstable queues that block intersections and reduce capacity when it is most needed, which result in suboptimal
utilization of the available
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facilities and degraded operational of efficiency. For example, it is already know that spillovers can cause the
creation of additional congestion, lead to gridlocks on networks with closed loops, and lead the entire system to
restricted mobility (Pignataro et al., 1978).
The identification of oversaturation and understanding of the characteristics are the prerequisite to manage
oversaturated traffic signal systems. However, using the precise definition based on demand/capacity ratio is not
an easy task in the real world by using the current data collection system. Previous research had developed
different measures to identify and quantify the oversaturation, such as the queue development (Gazis, 1964; AbuLebdeh & Benekohal, 2003) and green phase utilization (Luyanda et al., 2003). Recently, Wu, Liu, & Gettman
(2010) proposed quantifiable measures of the oversaturation by using high-resolution traffic signal data. The
temporal detrimental effect was characterized by a residual queue at the end of a cycle and the spatial detrimental
effect was referred to a spillover from the downstream intersection to upstream. Geroliminis & Skabardonis (2011)
proposed a methodology for identifying queue spillovers by using data from conventional surveillance systems.
The key idea was that queues discharge rate was smaller than the saturation flow when spillovers from a
downstream link blocked vehicle departures from the upstream signal line. The abovementioned research makes a
great contribution to developing signal control strategies under oversaturated condition, as different
oversaturation types and levels may require different mitigation strategies.
In oversaturated condition, typical traffic control strategies, such as SIGSET (Allsop, 1971) and MAXBAND
(Littke, 1966), do not work efficiently, since the control objectives need to be decidedly different when mobility
is restricted. For example, delay minimization strategy that provides user-optimal delay minimization in
uncongested condition can in some cases work not in favor of the minimizing total delay when system becomes
oversaturated (Longley, 1968). Early studies, such as Gazis & Potts (1963), Gazis (1964), Gordon (1969), Singh
& Tamura (1977), Pignataro et al. (1978), ITE (1988) and Rathi (1988), suggested that the objective function for
signal control strategies in oversaturated condition should no longer be to minimize delay or some closely related
parameter. Instead, the signal plans should be timed such that every green second should be serving traffic at its
maximum flow rate. As the primary congestion is unavoidable, the control strategy should be aimed at avoiding
or postponing the onset of secondary congestion. Mitigation of oversaturated condition also involves trade-offs
between the storage of queues from the oversaturated routes to other less saturated routes.
It is, generally, known that queue dynamic information is vital in determining timing plans under oversaturated
condition and queues should be taken into account either in the objective function or in the constraints. Over the
past several decades, a large body of literature has been devoted on this vital issue. A number of fixed-time
control strategies were establised based on the anticipated oversaturated condition during a pre-set time.
However, the anticipated traffic patterns, particularly in oversaturated condition, are seldom realized in the realworld exactly as they were planned. By the nature that fixed-time control strategies are basd on historical data,
they cannot adjust the signal timing dynamically with the queues and are not suitable to handle oversaturated
condition (Papageorgiou et al., 2003). The need and trend are clearly toward real-time adaptive strategies, which
are capable of optimizing signal control to satisfy the current traffic demand pattern. To take into account the
complex intersactons between traffic state evolution and key signal control parameters, a large number of
researchers (Gartner et al., 1983; Henry et al., 1983; Boillot et al., 1992; Mirchandani & Head, 2001; Lo & Chow,
2004; Cai et al., 2009; He et a., 2012) have proposed the simulation-based dynamic approach. Recently, Li (2010)
and Liu & Chang (2011) proposed the lane-based dynamic control model, which took into account complex flow
interactions among different lane groups.
Parlis & Recker (2004) classified the simulation-based dynamic approach into three generalized categories: 1)
store-and-forward models (SFM), 2) dispersion-and-store models (DSM), and 3) kinematic wave models (KWM).
DSM has been empirically validated in several urban areas and is generally considered to be able to represent the
realistic traffic flow in signalized networks, relatively. However, the accurate calibration of the dispersion model
parameters is critical (Rakha & Farzaneh, 2006). KWM can describe the traffic flow dynamics more accurate;
however, it seems it has a limited significance in interrupted traffic network flow, in contrast to the uninterrupted
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freeway traffic flow (Parlis & Recker, 2004). The major disadvantage of KWM is that the creation of large
dimensional state vectors results in high computational requirements. Hu et al. (2011) mentioned that it was hard
for these approaches to be widely accepted and implemented by traffic engineers because of the complexity,
although most of the methods were technically reasonable. Therefore, they proposed a simple forward-backward
procedure to manage oversaturation.
SFM enables the mathematical description of the traffic flow process without use of discrete variables, so it
allows for efficient optimization and control methods in real-time control for large-scale network. It has been
used in various works notably for signal control (Diakaki et al., 2002, 2003; Aboudolas et al., 2009, 2010). SFM
is unable to provide more accurate representation of traffic dynamics; however, oversaturation can be treated as
deal with this event is to adjust current signal timing to relieve traffic
congestion as soon as possible (Hu et al., 2011). This paper proposes one SFM-based dynamic control model to
minimize the risk of oversaturation and the spillover of link queues. The phase duration is decided at regular time
intervals and meters traffic at intersections servicing oversaturated approaches to stabilize queue length. The
coordination of signals along the arterial corridor is determined by considering the queue length ratio control and
an ideal offset. One single cycle time is considered here to increase the corridor capacity as much as necessary to
control the saturation level along the corridor. Finally, A VISSIM simulation test of one arterial corridor in City
of Edmonton is used to validate the efficiency of the proposed control model.
2. Model Development
2.1. Phase Duration Control
The SFM allows only for split optimization, while cycle time and offsets must be delivered by other control
algorithms. The signal phase duration meters traffic at oversaturated approaches to control and stabilize queue
lengths over time. The following describes the traffic flows and queues on all links to obtain a measure of traffic
conditions. Considering two intersections connected by one link (Figure 1), the traffic flow dynamic on the link is
expressed as:
(1)
Q(i 1,i ) (k 1) Q(i 1,i ) (k) T[I(i 1,i ) (k) O(i 1,i ) (k) S(i 1,i ) (k) D(i 1,i) (k)]
Where, Q(i 1,i ) (k) is the number of vehicles within link (i-1,i) at the time kT ; I(i 1,i ) (k) and O(i 1,i ) (k) are the
inflow and outflow, respectively, in the sample period [kT , (k 1)T ] ; T is the discrete-time step and k 0,1,... is
the discrete-time index; S(i 1,i ) (k) and D(i 1,i ) (k) are the exit flow and the demand within the link, respectively.
The SFM assumes that vehicles entering a link are either stored at the end of this link in case of red signal, or
further forwarded to downstream links with spare storage capacity. Therefore, Q(i 1,i ) (k) also represents the
number of vehicles in the queue within link (i-1,i) at time kT .
S(i 1.i )

D(i 1.i )

i

i 1
Vehicle Queues

Fig. 1. A link Connecting Two Intersections i-1 and i
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The outflow O(i 1,i ) (k) equals to the saturation flow S(i 1.i ) if the link has the right of way, and equals to zero
otherwise. The major characteristic of SFM is a critical simplification that the discrete-time step T is equal to C,
which is the cycle length (Aboudolas et al., 2009). It results in a continuous average outflow, although the model
is not aware of short-term queue oscillations due to the green-red switching within a cycle. The average outflow
for each period is given by
O(i 1,i ) (k) (G(i 1,i ) (k) l(i 1,i) ) S(i 1,i) / C
(2)
where G(i 1,i ) (k) is the green phase duration and l(i 1,i ) is the lost time.
The inflow I(i 1,i ) (k) is given by
I(i 1,i ) (k)

(G(i

2,i 1)

(k) l(i

2,i 1)

) S(i

2,i 1)

C G(i

tw

2,i 1)

(k ) l w

( i 2,i 1)

Sw

(3)

i1

C
C
Where tw is the turning rates from the links that enter the intersection i-1.
i 1

i1

Replacing Equations (3) and (2) to (1), we can get
Q
(k 1) Q
(k ) T[ (G(i 2,i 1) (k) l(i
(i 1,i )

(i 1,i )

(G(i

l(i
1,i ) (k)

1,i ) ) S(i

1,i )

2,i 1)

C
/ C S(i

) S(i

2,i 1)

tw
i 1

D(i
1,i ) (k)

1,i) (k)]

C G(i

2,i 1)

(k ) l w

( i 2,i 1)

Sw

i 1

C

(4)

From Equation (4) it is obvious that only green phase duration is the control variable in SFM. Offset ad cycle
time have no impact within the SFM and must be either fixed or updated in real-time independently. In this paper,
the control model aims to maintain a stable queue, whichh implies that Q(i 1,i ) (k 1) Q(i 1,i ) (k) . Then it reveals
that the determination of the green phase duration at an intersection depends on the duration of the green phase at
the upstream and downstream intersections. Thus, the computation of phase durations in the control model cannot
be viewed as intersection-specific parameters.
There are other three constraints for green phase duration control. One constraint is to avoid secondary queue,
as shown in Equation (5). Another constraint is that the maximum queue length certainly must not exceed the
available block length, as shown in Equation (6). Equation (7) introduces the constraint of minimum green time.
G(i 1,i ) (k) l(i 1,i )
(5)
S(i 1,i ) Q(i 1,i ) (k)
C
(6)
0 Q(i 1,i ) (k) Qmax
( i 1,i )

G(i 1,i ) (k)
where Q

max
( i 1,i )

g

min

(7)

( i 1,i )

is the maximum admissible queue length and g

min
( i 1,i )

is the minimum permissible green time.

2.2. Offset Control
According to the LWR theory (Lighthill & Whitham, 1955), shock waves are generated by the traffic signal,
which cause congested conditions to develop near the stop line during the red interval and capacity conditions to
occur in the period during which the queue discharges at the saturation flow rate. When the queue has dissipated,
the rest of the platoon that arrives during the green time crosses the intersection stop line with no interference
from the traffic signal. Figure 2 is a space-time diagram displays queue propagation under oversaturated
condition. At the beginning of effective green T(i ) (m) , the front of this residual queue begins to discharges at the
saturation flow rate and a discharge shockwave 1 moves propagating upstream from the stop line of intersection
i . At time T(i 1) (m) , the platoon from intersection i 1 entering the approach (i 1,i) encounters a residual queue
Q(i 1,i ) (k) at intersection i . A backward-moving shock wave 2 is created by the stoppage caused by the residual
queue. Therefore, subsequent entering vehicles encounter stoppage. Whether these two shock waves 1 and
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2 could intersect with each other depends on the the discontinuity between the saturated discharging traffic flow
at intersection and the traffic arrival from intersection
A new residual queue Q( 1, ( 1) is formed
sometime after the start of the red light of the next cycle when the queuing shock wave
meets the traffic
arrival. The shock waves and queue dynamic described above will repeat from cycle to cycle.

TM

Q(
Q(

,

1,

(

1)

( )
1

L( 1, )

2

S

V

kw

T j t

Fig. 2 Shock wave Profile and Queue Dynamic under Oversaturated Condition

Intuitively, the offset need to be designed to control the interaction between incoming platoons and residual
queues in order to use the available storage capacity and maximize throughput. It depends on the input output
flow balance and queue length control on each oversaturated approach at every cycle. As shown in Figure 2
stoppage should be avoided. In addition, queue spillover blocks intersections and starvation has the tardy arrival
of traffic at the stop line, which both waste green time and should be avoided (as shown in Figure ). One
objective of the dynamic control model is to avoid the abovementioned phenomena and achieve continuous
saturated flow rate and maximization of throughput. The dynamic model can control the input out balance and
queue length value at the optimal value.
T ME

TIME

A

Q

T ff
F w

T ff
F w

B

Fig.

Spillover and Starvation under Oversaturated Condition

294

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

From Figure 2 we can see that if the discharged platoon from intersection i 1 joins the tail of the downstream
residual queue at the time when the tail has reached its free flow speed, there will be no stoppage and starvation
(Girianna and Benekohal, 2003). This ideal signal offset allows the leading vehicle in the incoming platoon to just
avoid encountering with the residual queue, yet allows it to reach the stop line one headway after the last vehicle
in the residual queue discharges, thereby avoiding stoppage and starvation.
This offset can be calculated as the following equation.
L(i 1,i )
(v(i 1,i )
1)
ideal
(k )
Q(i 1,i ) (k )
v(i 1,i ) 1
v(i 1,i )
(8)
L(i 1,i )
(v(i 1,i )
1 )r(i 1,i ) (k )
1
v(i 1,i )
1
( i 1,i )

where L(i

1,i )

is the link length; v(i

1,i )

is the mean speed of the leading vehicle of the incoming platoon;

r(i 1,i) (k) is the residual queue length ratio.
The value of

(i 1,i )

(k) can be either negative or positive. The negative value means the green start time at

intersection i 1 is leading the green start time at intersection i and corresponds to a smaller queue length, while
the positive value means the green start time at intersection i 1 is lagging the green start time at intersection i
and corresponds to a heavier queue length. We define the direction from intersection i 1 to intersection i as
the primary direction. As we can see from Equation (8) the calculated offset is related to the residual queue
length ratio, it is possible to control the residual queue lengths ratio on all links at an optimized value in order to
satisfy the objective of maximizing productivity. With the abovementioned analysis, the relationship of the two
offsets depends on the magnitude of queue length along the primary directions. The problem comes to how to
balance the queue ratio control for the two directions. These issues will be discussed later.
2.3. Cycle Length Control
We assume that the cycle lengths of all intersections are same at any time step, which is a quite usual
assumption for offset coordination. Typically, a longer cycle time increases the intersection capacity because the
proportion of the lost time gets smaller accordingly. Recently, the concept of fundamental diagram was applied to
urban road networks as well (Gartner & Wagner, 2004; Daganzo & Geroliminis, 2008; Keyvan-Ekbatani, et al.,
2012). As shown in Figure 4 (Aboudolas et al., 2010), the y-axis reflects the total network flow or the total flow
of vehicles reaching their respective destination, while the x-axis reflects the number of vehicles present in the
network. The green line reflects the uncongested traffic condition. The traffic states on the yellow horizontal line,
which reflects the network flow capacity, may be subject to change via different signal settings. The red line
reflects that oversaturation condition, in which link queues start spilling back and blocking upstream intersections.
When traffic states move to state yellow and red line, the split control strategy is needed to balance the link
queues so as to reduce the risk of spillover.
In oversaturated condition, the objective of cycle length control is to increase the capacity of intersections as
much as necessary to limit the maximum saturation level in the corridor. In this paper, the following equation is
used to find the cycle length based on the saturation level of all links.
C(k) Cmin

(Cmax

Cmin )

1
n

n
i 1

Q(i

1,i)

(k) /Q max

(i 1,i )

where Cmin and Cmax are the minimum and maximum permissible cycle times, respectively;
parameter, the value of which affects the intensity of the control reactions.
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Fig. 4. Fundamental Diagram for Urban Arterial Network

2.4. Control Framework
From the abovementioned analysis we can say that separate, yet interdependent control treatments can be
developed for computing signal offsets, green phase durations and cycle length. Within each signal cycle, the
control strategy is firstly performs the cycle length estimation by using Equation (9). Then it adjusts the green
phase durations every cycle for preserving the ideal signal offsets along the arterial. Instead of providing for
forward progression of vehicle platoons, the signal timings at an upstream intersection are determined by the start
of green at downstream. The backward control framework is explained as follows.
Step 1: Within each signal cycle C(k) , the control framework firstly performs estimates of queue lengths near
the beginning of the green phase on each arterial approach.
Step 2: In order to maximize the throughput, any available green time from side streets is used to discharge
more vehicles. Within each signal cycle, the control policy adjust cross-street minimum green phase durations
to ensure that the cross-street demands are serviced adequately. In this step the green phase duration
Gmax (k) at last intersection N is calculated.
N

Step 3: The green phase duration at each intersection except the last intersection N are adjusted to meter
traffic, so that queue ratio on the saturated approaches can remain close to their respective ideal value. The
phase duration G(i 1,i) (k) is calculated by solving Equation set of (10), (11), (12) and (5), (6), (7).
Step 4: From next cycle length, the offset will keep at their ideal value. The phase duration Gmax (k ) is
N

updated by solving Equations (10) and (12). This recursive adjustment of green phase durations supports and
maintains the traffic flow environment that is associated with the calculated ideal signal offsets in step 3.
Step 5: The coordination will be refreshed based on updated traffic conditions at intervals. If the system state
has changed significantly, the signal coordination will be refreshed, subject to minimum update interval
constraints.
(G(i 2,i 1) (k) l(i 2,i 1) ) S(i 2,i 1)
C G(i 2,i 1) (k) lw
ideal
Qideal (k 1) Q (k) T[
tw
Sw
(10)
C
C
(G(i 1,i ) (k) l(i 1,i ) ) S(i 1,i ) / C S(i 1,i ) (k) D(i 1,i ) (k)
( i 2,i 1)

( i 1,i )

i 1

( i 1,i )

i 1

ideal
( i 1,i )

(k)

L(i
v(i

Q

1,i )

(v(i

v(i

1,i )

L(i

1,i )

v(i

1,i )

ideal

1,i)

1

1

)

Qideal (k)
( i 1,i )

1,i)

(v(i

1

1,i )

1

)rideal (k)

(11)

( i 1,i )

1

(k 1) Q

(i 1,i )

ideal
(i 1,i )
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3. Model Validation
The VISSIM is used to create a simulated real-time test platform. A two-way arterial network (Figure 5) along
Yellowhead Trail in City of Edmonton was used for model validation and to demonstrate the implementation of
the proposed control model. Yellowhead Trail is one of the busiest transportation corridors in the City of
Edmonton. Three intersections along the busiest and most congested area between 97 Street and 127 Street are
selected as the simulation test model.

Fig. 5. Schematic Diagram of the study corridor

A series of studies was undertaken to compare the performance of the proposed control model and
SYNCHRO on this test arterial. A 2-h simulation was performed. As shown in Figure 6, this study began and
ended with uncongested traffic volumes. To create oversaturation, we increased demand for one hour and
returned it to normal traffic demand for the rest hours. This created large oversaturated condition. The central 60minutes period was oversaturated in the two directions of the major road and all cross-street approaches were
uncongested through the 2-hours study.

Fig. 6. Variations of Demand Volumes Over Time

VISSIM simulation run time for oversaturated condition was for 1 hour. During the first half an hour of the
oversaturated condition, the signal timings in the VISSSIM are set as same with those in SYNCHRO, so
oversaturation is expected to occur and queues are accumulated on signal approaches. The purpose of simulation
during the first half an hour is to generate the initial oversaturated conditions. At the end of this generation period,
the number of vehicles stored in queue, vehicles discharged, and speed are recorded in next half an hour. The
next step is to execute the proposed model with the initial conditions created by VISSIM during the first half an
hour.
The proposed control model was compared with SYNCHRO in VISSIM simulations. The total vehicles
discharged obtained from VISSIM and SYNCHRO is compared. Table 1 shows the results of a paired t-test for
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the total link vehicles discharged and the weighted average speed that resulted from VISSIM and SYNCHRO
The paired test considers the null hypothesis (NH) against the alternative hypothesis (AH). For vehicles
discharged, NH claims that there is no significant difference between the total number of vehicles discharged that
resulted from VISSIM and those that resulted from SYNCHRO. From results, we can see that there is a little
improvement difference between the throughput and the average speed.
Table 1. Paired t test for MOEs at Aggregate Link Level
No

VISSIM
(veh)

1
2

18,314
18,452
18,242
18,423
18,346
18,323
18,120
18,263
18,213
18,223

4
6
7
9
10

Paired t test
18292
Average
t tat
4.41
p value
0.001
t critical at
1.833
%

Vehicles Discharged
SYNCHRO
Differences
%
(veh)
(veh)
18,102
18,296
18,366
18,152
18,019
17,946
17,856
18,186
17,734
17,856

212
156
124
271
327
377
264
77
479
367

1.51
3.02
2.59
2.98
3.24
3.15
4.73
3.88
2.05
0.36

18051

VISSIM
(mph)

Average Speed
SYNCHRO
Differences
%
(mph)
(mph)

10.36
10.92
9.76
9.26
9.82
9.65
9.61
9.23
9.76
9.38

9.76
9.8
9.03
9.63
9.32
9.12
9.23
8.94
9.3
8.92

9.78

9.31

0.01
0.54
0.82
0.49
0.05
0.04
0.68
0.23
0.01
0.11

0.01
4.95
9.08
5.3
0.55
0.41
7.11
2.58
0.1
1.17

3.976
0.002
2.262

Figure 7 compares the performances by using mean speed as the metric. The speeds obtained by use of the
proposed control model exceeded those obtained by SYNCHRO. These show the pronounced improvement in a
congested environment.

Fig 7 Comparison of Network wide Speeds for each time period

4. Conclusion
A dynamic traffic control model designed for two way oversaturated arterials corridor has been presented in
this paper The control model has the ability to adjust signal offset and signal phase duration in response to
observed changes in the approach flow and queue length ratio. To evaluate the performance of the proposed
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control model, several performance measurements are compared with those provided by existing software
SYNCHRO. The proposed control model appears to provide a little improved service to traffic. In this research,
the effect of turning movements on the quality of traffic progression is not accounted for. Further research on
ideal offsets with the existence of turning movements is needed. How to identify of oversaturation and transition
to oversaturation state is also needed to be included.
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ABSTRACT
Ordinary Portland Cement (OPC) as the main constituent of conventional concrete is the most widely
used
cementitious
material
in
the construction industry [1]. OPC production has major environmental
disadvantages, such as high energy and natural resources consumption, as well as carbon dioxide (CO2) emissions [2]. As
for the production of 1 ton OPC, approximately 0.73-0.99 ton CO2 would be released [3]. On the other hand, climate
change due to global warming is one of the most severe environmental issues that has been receiving significant attention
in recent years. Greenhouse gas emissions, CO2 in particular, is the main contributing factor to global warming
[2]. The production process of OPC accounted for 7 to 10% of global CO2 emissions [4].

1. INTRODUCTION
In recent years, geopolymers have been introduced as environmentally friendly cementitious materials capable of reducing
the negative environmental impacts associated with OPC. In 1978, Davidovits introduced geopolymers as a new class of
binders
belonging to inorganic polymers. Geopolymers are inorganic alumino-silicate materials produced from raw
materials, rich in silica (SiO2) and alumina (Al2O3), in combination with an alkaline activator solution [5]. GeoPolymer Concrete (GPC) possesses better chemical and mechanical properties compared to Portland Concrete (PC),
such as higher mechanical strengths [6], enhanced durability [7], higher resistance to elevated temperatures and fire
[8], lower permeability, improved resistance to solvents and acids [9] and lower creep effects [10]. Depending
on the required properties, cost, and availability of materials, raw materials for the production of geopolymers
could be natural materials such as zeolite, synthetic materials such as metakaolin, or waste industrial materials such as fly
ash and Granulated Ground Blast Furnace Slag (GGBFS) [11]. Usage of industrial by- products in GPC not only
helps to reduce environmental pollution but also alleviates the storage costs of these materials [12].The alkaline
activator solution is another
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pillar of the geopolymerization process playing an
important role in the formation of crystalline structures of
Si and Al, which is typically a combination of sodium
hydroxide (NaOH) or potassium hydroxide (KOH) and
sodium silicate (Na2SiO3) or potassium silicate (K2SiO3)
[13]. However, the most widely used alkaline solution is a
combination of NaOH and Na2SiO3 [14]. Xu et al. [15]
also used NaOH and KOH without using silicate solution
and found that KOH would result in better compressive
strength. Most of these researchers pointed out the crucial
role of the alkaline activator solution in the polymerization
reaction and revealed that the addition of a silicate solution
to the NaOH and/or KOH solution would promote the
polymerization rate. Palomo et al [16] reported that using
a combination of NaOH and Na2SiO3 solutions would
result in higher compressive strength than using KOH and
K2SiO3.Regarding the influential factors on the
compressive strength of fly ash-based geopolymer,
Sharma et al. [17] and Parveen et al. [18] reported that by
increasing the NaOH concentration up to 16 M, the
compressive strength increased, but with a further increase
to 18 M, no significant change was observed.Contrary,
Patel et al. [19] found that by increasing the NaOH
concentration up to 12 M, the compressive strength would
increase, and beyond that, the compressive strength would
decrease. In another study, Petrus et al. [20] studied the
impact of the Na2SiO3/NaOH weight ratio on the
compressive strength of silicate and bentonite-based GPC.
They concluded that by increasing the weight ratio of
Na2SiO3/NaOH from 1 to 1.5, the compressive strength of
GPC would increase. The highest compressive strength
was recorded for the weight ratio of 1.5 and by raising the
ratio from 1.5 to 2.5, the compressive strength decreased
significantly. Sanni et al. [21] showed that increasing the

weight ratio of Na2SiO3/NaOH up to 2.5 would result in a
compressive strength increase for fly-ash-based GPC.At a
lower extent than compressive strength, tensile and
flexural strengths of various GPC configurations and
corresponding parameters have been studied. Rajiwala et
al. [22] showed that a KOH active alkali solution would
yield higher tensile and flexural strengths than NaOH in
fly ash-based GPC at different ages. Limited research has
been conducted so far regarding the effects of influential
alkali solution parameters on tensile and flexural strengths
of GPC. Wang et al. [23] showed that for Metakaolinbased GPC, an increase of NaOH concentration from 4 to
12 M would increase flexural strength. Mishra et al. [24]
concluded that NaOH concentration increase will improve
tensile strength for fly ash-based GPC. Regarding fly ashbased GPC, Morsy et al. [25] concluded that the increase
of Na2SiO3/NaOH weight ratio from 0.5 to 1 and 1 to 2.5,
would increase and decrease flexural strength,
respectively. Contrarily, Sanni et al. [21] showed tensile
and flexural strength increase of Na2SiO3/NaOH weight
ratio up to 2.5.Since the reported results regarding the
impact of the alkaline solution on the mechanical strengths
of GPC are not uniform, this study aims at investigating
the influences of alkaline activator solutions on the
compressive, tensile, and flexural strengths and also, water
absorption and acid resistance of metakaolin-based GPC
to provide insight into its developing practical
applications. In previous research [13], effects of
simultaneous usage of KOH and NaOH solutions were
investigated, and results showed that simultaneous usage
of KOH and NaOH solutions decreased 3-, 7- and 28-day
compressive strengths of GPC due to the interference in
Na+ and K+ reactivity. In this paper, a novel method to
solve the mentioned problem was studied.

2. MATERIALS AND METHODS
MATERIALS
The X-Ray Fluorescence (XRF) chemical analysis of the
metakaolin used in this study is given in Table 1. NaOH
with 98% purity, KOH with 90% purity, and liquid
Na2SiO3 with SiO2/Na2O molar ratio of 2 were used to
prepare the alkaline activator solution. Table 2 represents
the chemical analysis of the Na2SiO3, NaOH, and KOH
substances. Aggregates with granular sizes of 7-10 mm
were used as coarse aggregate (sand) and < 4 mm sized
aggregates were used as fine aggregate. Fine and coarse
aggregates were sieved according to ASTM C33 [26]. SSD

specific gravity and water absorption tests were conducted
on the coarse and fine aggregates using the ASTM C127
[27] and ASTM C128 [28] procedures, respectively,
gathered in Table 3. The fineness modulus (using ASTM
C136 [29]) and sand equivalent (using ASTM D2419 [30])
values of the fine aggregates were measured equal to 3.01
and 73, respectively. To reduce water content and improve
the workability of concrete, polycarboxylate-based Super
Plasticizer (SP) was incorporated.

Table 1. Physical and chemical properties of Metakaolin used
Content
SiO2
Al2O3
TiO2
Fe2O3
ZrO2
K2O
Na2O
MnO
L.O.I
SiO2/ Al2O3
Specific Gravity
Fineness
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Result
54
31.7
1.41
4.89
0.1
4.05
2.32
0.11
1.41
1.71
2.67
21400
301

Unit
%
%
%
%
%
%
%
%
%
g/cm3
cm2/g
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Table 2. Chemical analysis of NaOH, KOH, and Na2SiO3 solutions
NaOH
Result

Chemical sub
stance
NaOH
Na2CO3
1
NaCl
Fe
6
SiO2

Na2SiO3

KOH
Unit

98

Chemical sub
stance
KOH
K2CO3
KCl
Fe
NaOH

%
%
ppm
ppm
ppm

200
15.7

Result

Unit

90.7
0.3
0.006

%
%
%

1.2

%

2

Chemical sub Result
stance
SiO2
30
Na2O
14.5
Water
55.5

Unit
%
%
%

ppm

Table 3. Specific gravity and water absorption of aggregates
Material

SSD Specific gravity (gr/cm3)

Water absorption (%)

Coarse aggregates
Fine aggregates

2.62
2.59

1.3
3.2

EXPERIMENTAL PROGRAM
Mix Designs
To conduct the first part of the study, focusing on
investigating the influence of different alkaline solutions
on the compressive, tensile, and flexural strengths of GPC,
5 alkaline solutions were prepared, as given in Table 4.
The concentration of all the NaOH and KOH solutions was
12 M and the weight ratios of Na2SiO3/NaOH and

Na2SiO3/KOH and Na2SiO3/KOH+NaOH was set to 1.5.
Furthermore, the weight ratio of the alkaline
solution/metakaolin and fine/coarse aggregate ratio in
preparing the first series of specimens were 0.9 and 1,
respectively. Table 5 represents the mixed design of
specimens for the first part of the study

Table 4. Composition of the alkaline solutions
Alkaline solution ID
N
K

NaOH 12M (%)
100

KOH 12M (%)
0

0
T-K50N50
3-K50N50
6-K50N50

0
3
6

100
50
50
50

50
50
50

Addition Time delay (min)

Table 5. Mix design of specimens (kg/m3)
Mix design ID
N
K

metakaolin
400
400

NaOH 12M
144
0

KOH 12M

Na2SiO3

144

216
216

0

Coarse
aggregate
850
850

Fine
aggregate
850
850

Extra
water
10
10

SP
8
8

T-K50N50
3-K50N50

400
400

72
72

72
72

216
216

850
850

850
850

10
10

8
8

6-K50N50

400

72

72

216

850

850

10

8

Initially, NaOH and KOH solutions with a concentration
of 12 M were prepared. Afterward, to prepare the mix
designs N, K, and T-K50N50, these solutions were added
to the Na2SiO3 solution 24 hours before conducting the
experiments. The “T” prefix indicates the simultaneous
addition of KOH and NaOH solutions into the mixing
process. To prepare the GPC specimens, dry components
including metakaolin, coarse and fine aggregates were
mixed for 3 min. Then the alkaline activator solution,
including NaOH (mix design N) or KOH (mix design K)
or NaOH+KOH (mix design T-K50N50), Na2SiO3, and
SP were added to the dry mix and mixed for a further 10

min. For the 3-K50N50 and 6-K50N50 mixtures, The
KOH and Na2SiO3 solutions with SP and dry components
were mixed. Then, NaOH solution was added to the
mixtures after 3 and 6 min of mixing; this was done to
evaluate the effect of time delay in adding the NaOH
solution on the compressive strength of GPC. The “3” and
“6” prefixes in the mix design IDs indicate 3- and 6-minute
delay in the NaOH addition to the mixing process,
respectively. Like other mixtures, the total duration of
mixing time for the 3-K50N50 and 6-K50N50 mixtures
was 10 min.

Testing
In the preparation process of the specimens, after
completion of material mixing, the GPC specimens were
molded. Each GPC mix was batched to produce 3 cube
specimens (100x100 x100mm) for compressive testing.
Alkaline Activator for Geo-Polymer Concrete...
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Based on previous research studies [13], the
GPCs were dry-cured at 90
for 24 hours
allowed to set at ambient temperature.
compressive tests on 7- and 28-day specimens

prepared
and then
After that,
were
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procedures. For this purpose, 3 compressive cube
specimens were considered for N, T-K50N50, 3-K50N50,
and K mix designs. For water absorption capacity, the 28day specimens were initially placed in a 105 ˚C oven to
reach a stable dry weight and then weighted (m0). The
specimens were then placed in a water tank for 3 days.
They were then taken out and after drying the surface
water, were weighted again (m). The 3-day water
absorption capacity (W) is calculated by Eq. (1):
Eq. (1)

conducted according to BS1881: Part116 [31]. For tensile
strength tests, 3 cylindrical specimens (300x150mm) were
produced for each mix design and tested at 7- and 28 days
according to the indirect tensile strength testing method of
ASTM C496 [32]. As for flexural tests, 3 beam specimens
(500x100x100mm) were considered for each mix design
and tested according to ASTM C293 [33] 3-point bending
test protocol. The water absorption capacity of the GPC
specimens was studied following the ASTM C642 [34]
W=(m-mo)/mo×100

at pH equal to 1 for 28 days. Then, a weight-loss test was
taken from specimens.

Also, to test the chemical resistance of GPC specimens, the
28-day specimens of N, T-K50N50, 3-K50N50, and K mix
designs were placed in a solution of water and sulfuric acid

3. RESULTS AND DISCUSSION

compressive strengths belonged to the mix T-K50N50,
showing 40.4 and 49.7 MPa, respectively. The obtained
results indicate that the strength gaining of the mix N after
7 days of curing was better than that of all other mixes
(92%). For the mix K, 74% of the 28-day compressive
strength was obtained after 7 days of curing. On the other
hand, the rate of strength gaining for the mix K from 7 days
to 28 days was the most significant one amongst all, i.e.
around 31% growth

The 7- and 28-day compressive, tensile and flexural
strengths of specimens are represented in Table 6 (along
with corresponding coefficients of variation) and gathered
ted in Figs. 1- 3, respectively. As it can be seen, the highest
initial (7-day) and lateral (28-day) compressive strengths,
equal to 84.3 and 93.7 MPa, respectively, were recorded
for the mix 3-K50N50, in which the NaOH solution was
added to the mixture after 3 min of adding KOH and
Na2SiO3 to the dry components. The lowest 7- and 28-day

Table 6. Compressive, tensile and flexural strength and corresponding coefficients of variation values
Mix ID

Tensile strength (MPa)

Flexural strength (MPa)

7-days

28-days

7-days

28-days

7-days

28-days

24.2±0.5

26.4±0.8

1.5±0.1

1.7±0.2

2.8±0.3

3.1±0.4

T-K50N50

16.9±0.2

18.9±0.4

1.06±0.1

1.2±0.1

1.9±0.2

2.2±0.2

3-K50N50

29.8±0.6

33.5±1

1.9±0.3

2.2±0.2

3.4±0.4

3.8±0.3

6-K50N50

26.4±0.7

31.7±0.4

1.7±0.2

2.1±0.1

3.1±0.3

3.6±0.2

22.3±0.4

29.1±0.8

1.4±0.3

1.9±0.2

2.4±0.2

3.3±0.2

N

K

Compressive strength (MPa)
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40

Compressive strength (MPa)

28-day

31.7

29.8

30
25

7-day

33.5

35

29.1

26.4

26.4

24.2

22.3

20

16.9

18.9

15
10
5
0

N

T-K50N50

3-K50N50

6-K50N50

K

Mix ID
Figure 1. 7-day and 28-day compressive strengths GPC specimens

The tensile and flexural test results show a similar pattern
to compressive strengths. The simultaneous and equal
incorporation of KOH and NaOH solutions (mix TK50N50) displayed the lowest values of tensile strength,
i.e. approximately 29 and 37% lower than the N and K
single solution mix designs, respectively. On the other

hand, mix 3-K50N50 showed the highest tensile strength
(approximately 28, 16, and 84% higher than the N, K, and
T-K50N50 mix designs), indicating the significant
beneficial effect of 3-minute time delay in KOH addition
to the mix. The same general aforementioned trends are
followed in the flexural strengths too.

3.8

4

3.6

3.4

3.5

3.1

3.1

Flexural strength (MPa)

3
2.5
2

7-day

28-day
3.3

2.8
2.4
2.2
1.9
1.5
1
0.5
0

N

T-K50N50

3-K50N50

6-K50N50

K

Mix ID
Figure 2. 7-day and 28-day flexural strengths GPC specimens

Figs 3 and 4 represent the influence of time delay in the
addition of NaOH to the fresh mixes, i.e., T-K50N50, 3K50N50, and 6-K50N50, on the compressive, tensile, and
flexural strengths of corresponding GPCs. As it is evident,
the addition of NaOH by intervals of 3 and 6 min resulted
in higher 7- and 28-day compressive, tensile, and flexural
strengths than the simultaneous addition of NaOH, KOH,
and Na2SiO3 to the dry components of the mix designs.

Alkaline Activator for Geo-Polymer Concrete...

The highest initial and lateral compressive, tensile and
flexural strengths were achieved by the addition of NaOH
to the mix, 3 minutes after adding KOH and Na2SiO3, for
which 77% and 6% for compressive, 84% and 5% for
tensile and 73% and 6% for flexural strength increases
were observed, respectively. By increasing the delay time
to 6 min, both 7- and 28-day compressive, tensile and
flexural strengths showed a decreasing trend; however,
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they still displayed higher values than the results for the
simultaneous addition of NaOH and KOH. Thus, it can be
concluded that in the case of using a combination of NaOH
and KOH alkaline solutions, the delay time of 3 min,

which is equal to the 1/3 the total mixing time, is the
optimum interval for adding NaOH to the mix, leading to
the highest initial and lateral compressive strengths for the
metakaolin-based GPC.

Compressive strength (MPa)

7-day

33.5

35

28-day
31.7

30
29.8
25
26.4
20

18.9

15

16.9

10
0

3

6

Time of addition (min)
Figure 3. Impact of time of addition of NaOH solution on the compressive strengths of T-K50N50, 3-K50N50, and 6K50N50 mixes
7-day flexural strengh
28-day flexural strength
7-day tensile strength
28-day tensile strngth

3.5
3

2
1.5
1
0.5
0
0

2.2

2.5

3.6
2.1

3.1

1.9

2

1.7

Flexural strength (MPa)

2.5

3.8
3.4

2.2

1.5

1.9
1.2
1.06

1

0.5

0
3

Indirect tensile strength (MPa)

4

6

Time of addition (min)
Figure 4. Impact of time of addition of NaOH solution on the flexural and tensile strengths of T-K50N50, 3-K50N50, and
6-K50N50 mixes

To explain the observed trends, the performance
mechanism of the alkaline solutions should be considered.
By using KOH, more geopolymers are produced, leading
to a stronger and more compact microstructure, which will
result in low 7-day compressive, tensile, and flexural
strengths, slow hardening, and high 28-day compressive
tensile and flexural strengths in comparison with NaOH.
On the other hand, at the same concentration, NaOH is
capable of dissolving more inorganic components than
KOH, which leads to a faster reaction rate for Na+ than for
K+. Due to the higher reaction rate of Na+, higher initial
compressive strength and more rapid hardening would be
observed by using NaOH. However, simultaneous

Alkaline Activator for Geo-Polymer Concrete...

inclusion of NaOH and KOH would reduce the
compressive, tensile, and flexural strengths of GPC
noticeably. This could be attributed to the different
performances of NaOH and KOH during the
geopolymerization process. The high reactivity of Na+
could not be balanced with the tendency of K+ towards
condensation reaction. However, as it can be seen for the
mixes 3-K50N50 and 6-K50N50, by the addition of NaOH
with 3- and 6-min intervals, both K+ and Na+ would have
enough time to form bonds in appropriate directions,
resulting in the formation of larger amounts of geopolymer
gel and a denser geopolymer cement matrix. Fig 5
illustrates the results of water absorption and weight loss
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absorption capacity and weight loss in an acidic condition
of 3-K50N50 mix design were less compared to other
specimens, mainly due to the higher density of the
geopolymeric matrix structure in this mix design.

under acidic condition tests of GPC specimens. The water
absorption capacity of N, T-K50N50, 3-K50N50, and K
mix designs were measured approximately 6.2, 6.6, 5.3,
and 5.8%, respectively. As well as, weight loss under
acidic condition N, T-K50N50, 3-K50N50, and K mix
designs were measured approximately 3.8, 4.3, 3.5, and
3.6%, respectively. By observing the results of fig 5, water
Water absorption
6.6

Weight loss under acidic condition
5

6.2

4.5

5.8

6
5.3
4.3
5

3.8

Water absorption (%)

4
3
2

4
3.5

3.5

3.6

3
2.5
2
1.5
1

1

0.5

0
N

0
T-K50N50

3-K50N50

Weight loss under acidic condition (%)

7

K

Mix ID
Figure 5. Water absorption and weight loss under the acidic condition of N, T-K50N50, 3-K50N50, and K mixes

4. CONCLUSION
In this comprehensive experimental study, a novel type of
alkaline activator for GPC Based on metakaolin, was
studied. The following conclusions can be drawn based on
the results of the current experimental studies
 Incorporation of the KOH alkaline solution with
Na2SiO3 would result in higher 28-day compressive,
tensile, and flexural strengths than using NaOH with
Na2SiO3 solutions.
 Simultaneous application of NaOH and KOH with
Na2SiO3, as the alkaline solution, decreased
compressive, tensile, and flexural strengths of
metakaolin-based GPC due to the interference in the
Na+ and K+ reactivity. Nevertheless, time delay in the
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addition of NaOH solution to the fresh mix resulted in
higher compressive strengths. In this study, the addition
of NaOH to the mix after 3 min of mixing KOH and
Na2SiO3 with dry components (1/3 of the total mixing
duration) resulted in the highest compressive, tensile,
and flexural strengths amongst other cases.
 The addition of NaOH to the mix after 3 min of mixing
KOH and Na2SiO3 with dry components (1/3 of the
total mixing duration) resulted in the lowest water
absorption and weight loss under acidic condition.
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Abstract
Soundness and dewatering are significant and need in mining works, and water driven and hydrogeological studies are inescapable
in mining locales. Particularly in open pit mining, the presence of surface and groundwater in avalanche and incline float
triggers soundness issues. In this review, it was intended to appraise the groundwater circumstance and level in the locale for an
open coal mineshaft slant investigation in Keonjhar area. For this reason, general pressure driven hydrogeological
information like environment, vegetation, streams, water focuses, porousness of the dirts have been incorporated, precipitation
bowl, boundaries of the sub-bowl where the mining region, seepage networks not really set in stone, and taking care of
releasing has been assessed. Groundwater map was made, and water stream headings were drawn utilizing 70 water wells that
were bored in the district and their stream rates went from 2 L/s. to 64 L/s. The state of the groundwater not set in stone from
the pre-arranged guide, cross-segment, and theoretical models, and it was seen that it is underneath the momentum working levels
and the outcomes were utilized in slant soundness investigation.
Keywords: Open pit mine; Slope dependability; Underground water level; Conceptual model

Introduction
Outcrop or near-surface mines are usually mined by the open
pit method. To reach the mine, temporary or permanent inclined
surfaces, namely slopes, are created in the soil, rock or ore. It is a
priority for these slopes to stop safely, that is, to be stable. On the
other hand, it is to keep the final slope angle as steep as possible in
order to minimize the amount of waste material or cover material.
In terms of engineering economics, optimum slope design is
required to ensure acceptable steepness and adequate safety
[1]. The presence of groundwater in excavation sites in open
pits causes a change in pore water pressure, which is one of the
parameters controlling the shear strength of soil or rock material.
The change in the pore water causes a change in the effective
stress in accordance with the relationship defined by Terzaghi [2].
This relationship has an important place in the stability analysis
of slopes [3]. The most important problem with groundwater is
the effect of water pressure (crack and pore water) on the slope
angle. Water pressure at discontinuities in a rock mass (i.e., joints,
fractures, bedding planes, etc.) reduces the effective stresses
on such discontinuities and the consequent shear strength [4].
In general, whether the slopes are safe or stable is expressed
as the safety factor, or in other words, the ratio of the moments
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or forces that resist slipping, known as the safety factor, to the
shearing moments or forces, and if this ratio is greater than 1, the
slope is stable if it is less than 1. is defined as unstable. In today’s
temporary slope projects (with minimal risk of damage), the
recommended safety coefficient is at least 1.3, while for long-term
slopes (under the risk of significant loss of property/life), the
safety coefficient of at least 1.5 is required [5]. The shear stress or
strength of the material on the slope is calculated using the MohrCoulomb failure criterion as in equation (1) below:
τ = c + σ tanϕ

[1]

In Equation 1; τ: shear stress (kPa), σ: normal stress (kPa), c:
cohesion (kPa) and ϕ: internal friction angle (° ). When the pores
are filled with water in the environment, pore water pressure (u)
is formed and it takes the form of effective normal stress (σ - u) by
affecting the normal stress negatively, and therefore the value of
the shear stress becomes as in equation 2.
τ = c + (σ - u) tanϕ

[2]

Again, the pressure created by the water in the tension cracks
in the environment works in the direction of the sliding forces and
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works in the direction of decreasing the safety factor. As stated
above, the presence of water on the slopes of open pit mines not
only reduces the shear strength, but also reduces the strength of
the rock or soil material by playing a role in the increase in the
load in the environment and the weathering and degradation of
minerals.
In slope analysis, the topography, geological or conceptual
model of the study area, the rocks/soils in the environment and
their permeability, shear, pressure strength, internal friction angle,
cohesion, and external loads, as well as groundwater conditions
and conditions should be considered in detail. Incomplete or
incorrect interpretation of one of these parameters and failure of
slope analyzes will inevitably result in loss of life and property.
Unfortunately, in some projects, the work that should be done at
the beginning is not carried out and generally, problems caused
by groundwater are encountered after the mine is opened, which
makes it difficult to solve the problems or it is delayed. It is necessary
to reveal the groundwater situation by conducting hydraulic and

hydrogeological studies of the field, especially during the mineral
exploration phase, and this should be added to the regulations. In
this study, general hydraulic-hydrogeological data such as climate,
vegetation, stream, water points, permeability of units, recharge,
discharge, water budget of the region were compiled within the
scope of the slope analysis project for a coal field in the AmasyaMerzifon region. Groundwater map was created using water well
data in the close region of the mine site, water flow directions
were drawn, and the effect of water saturated and dry condition
on slope stability was determined.

Materials and Methods
Study Area
The study area is located in the Çorum-Amasya coal basin. The
mine site is located near Küçükçay village, 47 km and 35 km away
from the cities of Amasya and Çorum, respectively (Figure 1).
The depth of the quarry has reached 50m in the mine site, where
production is currently carried out by truck-excavator method.

Figure 1: View of the study area on Google earth.

Geology of the study area
The geology of the study area and its surroundings was
investigated by a state-owned mine investigation and exploration
institute-MTA. In the study, five different geological formations
were defined stratigraphically from young to old or from top to
bottom, namely the Alluvial fan (Qay), Degirmen formation (plQd),
Beynamaz volcanic member (Temeb), Yoncalı formation (Tey)
and Çalarasın Formation (Kça). The geological map of the region,
including the license area and the operation area, was modified
from the geological map (G34 map) prepared by MTA and shown
in (Figure 2). The coal formation extends from the southwest
to the northeast and is located within the marl, siltstone and
sandstone units called the Eocene aged Yoncalı formation. There
is conglomerate, sandstone, siltstone, claystone, mudstone, slope
debris and alluvial fan materials of approximately 50 m thickness
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on the coal seam, which is approximately 25 m thick. As a result
of the frequent landslides of these materials in the region, the
area was marked as a landslide zone area on the 1/25000 scale
topographic map [6].

Hydrology and Hydrogeology of the Study Area
Climate
A transitional climate prevails between the Black Sea climate
and the continental climate in Amasya and its districts. Summers
are not as dry as continental climate and not as rainy as Black Sea
climate. The winters are not as mild as the Black Sea climate and
as harsh as the continental climate. Black Sea climate prevails in
this region. The summers are hot and dry, and the winters are
rainy. Spring is the season with the most precipitation. Merzifon,
Suluova, Gümüşhacıköy and Hamamözü districts reflect the
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general climatic characteristics of the region. Central district,
Taşova and Göynücek districts show more continental climate
characteristics. In the meteorological measurements made in
the city center since 1937, the annual average precipitation has
been measured as 436.7 mm, 418 mm in Merzifon, 458.3 mm in
Gümüşhacıköy, 400.0 mm in Taşova, 427.6 mm in Gönücek. In the
city centre, the annual average temperature is 13.6 °C, the annual
average relative humidity is 61%, the highest temperature was
45.0 °C on 30.07.2000 and the lowest temperature was -20.4 °C
on 23.02.1985. July and August are the driest months, and spring
is the rainiest season. The annual average number of frost days
is 50. The prevailing wind direction throughout the province is
the northeastern wind. However, due to the topographic structure

of the city center, the 1st degree prevailing wind direction is
northwest. The average wind speed is 1.8 m/s, the annual average
number of strong windy days is 65 days, the annual average
number of stormy days is 12 days. The strongest wind was
recorded as 36.0 m/s from the northwest on 24.09.1996. A warm
and temperate climate prevails in and around Merzifon district,
as in Amasya province. In winter, there is much more rainfall
in Merzifon than in summer. According to Köppen-Geiger, the
climate is Csb (warm in winter, hot summer and dry climate). The
annual average temperature of the Merzifon district is 11,5 °C and
the annual average precipitation is 418 mm. The climate table of
Merzifon province is shown in (Table 1).

Figure 2: Geological map of the study area [6] (modified from MTA map).
Table 1: Long-term climate characteristics of Merzifon district [7].
Climate table for Merzifon

Jan.

Feb.

March

Apr.

May.

June

July

August.

Sept.

Oct.

Nov.

Dec.

Ave. temperature (°C)

0,9

2,5

5,7

11,1

15,4

18,7

21,0

20,7

17,7

13,2

7,8

3,1

Min. temperature (°C)

-2,5

-1,5

0,6

5,4

9,4

12,3

14,4

14,0

11,1

7,4

3,1

0,0

Max temperature (°C)

4,3

6,6

10,9

16,9

21,5

25,2

27,6

27,5

24,3

19,0

12,6

6,3

Precipitation (mm)

38,0

31,0

36,0

46,0

59,0

49,0

18,0

13,0

23,0

30,0

35,0

40,0

Vegetation
Merzifon is located in a region rich in natural vegetation [7].
Approximately 35% of the district’s lands are covered with forests
and heaths. In these tree communities, there are conifers as well
as deciduous species. Leaves are usually located in not very high
sections. Examples of these are oak, ash and linden. Species such
as Scotch pine, larch and fir can be seen at altitudes exceeding
1000 meters. The vegetation of the high areas is mixed forest.
In these sections, spruces are concentrated in places. There are
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no forest areas mentioned in the operation area and its vicinity.
In the area where the study area is located, there are meadow
pasture vegetation and cereal fields in some areas, while irrigated
agriculture and fruit growing are carried out in the plain area
towards the town of Alicik.
Streams
The most important stream of Amasya, Yeşilırmak, arises from
Köse Mountain of Sivas and merges with the 256 km long Çekerek
Stream in Kayabaşı locality within the border of Amasya. Amasya
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Ezinepazar and Zara Streams flow into Çekerek Stream originating
from Yozgat. Before joining Yeşilırmak with Çekerek Stream, it is
called Tokat or Tozanlı Water. Tersakan Stream, which comes out
of Ladik lake and joins with Gümüşsuyu in Suluova, flows into
Yeşilırmak in Amasya. Yeşilırmak passes through Taşova district
and flows into Black Sea from Çarşamba District of Samsun.
Yeşilırmak is important for Amasya and is used for irrigation. In
addition, electricity is produced from the hydroelectric power
plants built on Yeşilırmak and its branches. There is Köseler
Stream 5 km north of the operation area. There are seasonal dry
streams extending from south to north in and around the mine
site. Three main dry streams, from which seasonal waters pass
through the operation area, pass through the boundaries of the
operation area, and these streams were derived and flowed out
of the pit.
Water Points-Water Cells
The drinking water need of the Merzifon district is provided
by 11 boreholes and the attractive waters coming from the Musruf
stream and Şırgayip springs. Approximately 92% of the water fed
to the district network is provided from wells. 236 L/s of water is
supplied to the district’s mains line, 218 L/s of which is supplied
from groundwater and the remaining 8% from 18 L/s spring
water. In Gümüşhacıköy district, 20% of the water drawn for
urban water supply is spring water and 80% is drilling water. In
the villages of Amasya province, 5500 L/s of water was supplied
from the drilling and 11250 L/s of water from the springs to be
used in 2014 [8]. While there is no continuously flowing source
within the operation and license area, it is stated that there are
seasonal cells in the settlements.

as 4.184.180 m³. Considering the geological units in the region, if
the precipitation infiltration rate is taken as 0.35, the groundwater
recharge of the entire basin from the precipitation is estimated
as 24.099.999 m³/year. Similarly, groundwater recharge from
the sub-basin, which includes the operation site and its vicinity,
was calculated as 1.464.463 m³/year. Thus, it can be said that
6% of the groundwater in the large basin where the water wells
are located is fed from the sub-basin, which also includes the
operation area. According to the continuous water withdrawal
from all the wells drilled in the plain section, the annual water
discharge amount was calculated as 35.805.974 m³/year, using
the flow data obtained from the 7th Region of DSI and if it was
operated for 6 months. According to these calculations, it is seen
that the recharge from precipitation does not coincide with the
discharge, and it shows that approximately 11,705,975 m³/year
groundwater flows from other side basins to this basin. Excluding
water resource discharges, it can be evaluated that the state of the
water balance meets the recharge and discharge in the region.

Results and Discussion
Groundwater Situation and Groundwater Level in the
Mine Area
Water Wells

The geological formations in and around the operation
area were explained in detail in the previous paragraphs. The
formation units are composed of conglomerate, sandstone,
siltstone, claystone and marl units, as can be seen in situ in the
field investigations. These units do not show continuity in the
mine area and show cross transitions in the form of an alluvial
fan. Claystone and marl from these units are hydro geologically
impermeable and retain water, while conglomerate, sandstone
and siltstone are hydro geologically permeable units.

The part of Amasya within the Yeşilırmak basin is divided
into 7 sub-basins/plains, namely Merzifon-Gümüşhacıköy plain,
Suluova, Taşova, Geldingen plain, Göynücek plain, Mecitözü
stream valley and Aydınca plain, considering the hydrogeological
characteristics. The Hamamözü Stream Valley sub-basin, which also
includes the Hamamözü district, and the Devret valley sub-basin,
which stretches along the northwest of the Gümüşhacıköy district,
are also within the Kızılırmak basin. Merzifon-Gümüşhacıköy
plain is the region where the most groundwater level changes are
experienced in the groundwater basins in Amasya [8]. There is
no water well in the operation site and its vicinity. However, in
the northern part of the field, in the settlements of Ovabaşı, Çitli,
Diphacı, Koç, Bulak and Alicik sub-districts, a total of 70 water
wells of varying depths have been drilled for use and irrigation,
44 of them by DSI 7th Regional Directorate and 26 of them by
individuals. The locations of these drillings and the perspective
view of the operational site boundaries are shown in (Figure 3).

Groundwater Recharge and Discharge

Groundwater Level Map and Flow directions

In our study, the following data were calculated. The large
basin, which belongs to the State Hydraulic Works (DSI) and is
fed by private water wells, has been calculated as approximately
16,473 hectares. The operating area and the upper precipitation
recharge sub-basin is approximately 1001 hectares. The longterm precipitation average of Merzifon Meteorology Station
was measured as 418 mm/year. Accordingly, the amount
of precipitation falling in the large basin was estimated as
68.857.140 m³. Similarly, the amount of precipitation falling in the
sub-basin, which also includes the operation area, was calculated

Information such as flow rate, groundwater level and depth
of water drillings made in the region were obtained (DSİ, 2015).
According to the data obtained, the volume of water wells
drilled at 630-850 m elevations in the plains ranges from 2 L/s
to 64.32 L/s. Groundwater depth varies between 10 cm and 60
m, and well depths vary between 48 m and 350 m. The closest
water drilling to the coal operation license area, which has the
lowest base elevation of 845 m, is the well no. Ş_11, which was
opened at a distance of 3 km. The mouth elevation of this well is
776m and the static water elevation is 741m at 35m depth from

Hydrogeological Features of Overburden Materials
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the mouth elevation. In this case, the quarry floor elevations are
104m above the nearest groundwater level. On the other hand, the
underground water map of the region was created by using the
existing water well elevations in the plain. The precipitation basin,
license boundaries, water wells, topography, groundwater level
map and water flow directions of the region are shown in (Figure
4) collectively. The A-B section in the south-north direction

passing through the quarry is shown in (Figure 5) and the C-D
section in the southwest-northeast direction is shown in (Figure
6). When the sections are examined, it is seen that the operation
elevations of the mine site are quite above the groundwater level.
However, since there are no water wells in the vicinity of the mine
site, this interpretation is made according to the water well data
in the plain area.

Figure 3: Distribution of water drillings in the operation site (blue line), the large basin, the operation sub-basin and the southern plain.

Figure 4: Topographical map of the region, large recharge basin and sub-feeding basin of the mine site, water well locations, Groundwater
level and flow directions map.
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Figure 5: Sectional view of the topography and groundwater level in the south-north direction.

Figure 6: Sectional view of the topography and groundwater level in the southwest-northeast direction.

The Effect of Groundwater Condition On Slope Stability Analysis

Figure 7: The relationship between the number of benches and the factor of safety for the marl unit saturated and dry condition.
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In the previous section, it was determined that the groundwater
level was well below the operating levels. However, since there
is no water well in the operation license area, there is no clear
information about the groundwater situation in this area. For this
reason, the mining direction is to the east, and slope analyses have
been made for the three units located in this direction, using the
project pressure geometry (width and height: 8 m, step slope angle
60°) on the coal for fully saturated and waterless condition with
groundwater. In (Figure 7), as an example, changes in the safety
factor calculated according to the Janbu simplified method for the
marl unit in the saturated and dry condition are shown. As can be
seen from the figure, according to the project step dimensions, the
safety factor or safety number for 10 benches is greater than 1 if
the environment is completely dry, while the safety number is less
than 1 if the environment is completely saturated with water. If
the safety factor is taken as 1.3 or 1.5, the number of stable steps
decreases to 4 in the saturated state. It is estimated that there is
a highly correlated exponential relationship between the number
of steps in the saturated and dehydrated condition and the safety
factor.

Conclusion
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compiled within the scope of a colliery slope stability analysis
project located near Merzifon in the Çorum-Amasya coal basin,
and the groundwater situation was revealed by using the water
well data drilled in the region. The flow rate of the water wells
drilled at 630-850 m elevations in the plain part of the region
varies between 2 L/s and 64.32 L/s, the groundwater depth
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elevations in the plain, the groundwater map and sections of the
region were created, and it was seen that the operation elevations
of the mine site were well above the groundwater level. However,
since there are no water wells in the vicinity of the mine site,
this interpretation was made according to the water well data
in the plain area. In the mine operation, the quarry is currently
progressing towards the east, and slope analysis were made with
the Janbu simplified method, using the project pressure geometry
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for the dry and fully saturated state of the lithological units in this
direction. Accordingly, according to the project step dimensions
for the marl unit, the safety factor or safety number for 10 steps
is greater than 1 if the environment is completely dry, while the
safety number is less than 1 after the 7th step if the environment
is completely saturated with water. If the limit value of the safety
factor is taken as 1.3 or 1.5, the number of stable digits decreased
to 4 digits in the saturated state. A highly correlated exponential
inverse relationship was estimated between the number of steps
in the saturated and dehydrated condition and the factor of safety.
In the observations made in the field, it is thought that the soil
flow and landslides occurring in the quarry are mostly due to
seasonal excessive precipitation. It is recommended to conduct
an appropriate number of water drillings in the quarry site to
determine the groundwater situation, especially in the direction
of mining production progress.

1. Hoek E, Bray JW (1981) Rock slope engineering. Third edition The
Institution of Mining and Metallurgy, Stephen Austin, Sons Ltd,
London, UK pp: 358.
2. Terzaghi K (1925) Earthwork mechanics based on soil physics.
Deuticke, Vienna, Austria.

3. Ekmekçi M (2015) The Importance of Hydrogeological
Conceptualization and Characterization in the Solution of
Groundwater Problems at Excavation Sites: Examples from Turkey.
MUHJEO 2015: National Engineering Geology Symposium, 3-5
September, KTU, Trabzon, 467-474.
4. Atkinson LC (2001) The Role and Mitigation of Groundwater in Slope
Stability. Slope Stability in B.C, Canada.

5. Hoek E (2000) Rock engineering. Course Notes, E. Hoek Consulting
Engineer Inc., North Vancouver, Canada.
6. MTA 2013. 1/100 00 Scale Geological Mapsf oTurkey, No:184,
ÇORUM G34 MAP, Mustafa Sevin & Mehmet Fuat Uguz, Department of
Geological Studies, Ankara. 24h.
7. https://tr.climate-data.org/asya/tuerkiye/amasya/merzifon-15863/

8. Anonymous (2017) Amasya Province 2017 Environmental Status
Report, Amasya Governorship Environment and Urbanization
Province DSI, 2015. 7th Regional Directorate, Samsun.

314

O. S. Patel et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Research

Synthetic DNA Crown Cells Kill Yeast
Subhranshu Kumar Muduli, Department of Mechanical Engineering, Aryan Institute of Engineering & Technology, Bhubaneswar,, s_muduli4@gmail.com
Binoda Bihari Sahoo, Department of Civil Engineering, NM Institute of Engineering & Technology, Bhubaneswar, bionod_bihari231@yahoo.co.in
Bijayalaxmi Behera, Department of Civil Engineering, Capital Engineering College, Bhubaneswar, bijayalaxmi759@gmail.com
Sidhanta Behera, Department of Civil Engineering, Raajdhani Engineering College, Bhubaneswar, sidhantabehera29@outlook.com
Abstract
DNA crown cells are artificial cells in which the outside of the membrane is coated with DNA. Synthetic DNA crown cells are readily prepared
from mixtures of sphingosine (Sph), DNA, and adenosine. and can multiply within suspensions of egg white, yielding cells that also are referred to as
DNA crown cells. To date, many kinds of both types of DNA crown cells have been prepared using various DNAs. However, it remains unclear
whether DNA crown cells are biologically relevant. During my studies of DNA crown cells, I showed that antibiotics are produced in co-cultures of
DNA crown cells with brewer’s yeast. This observation suggested that DNA crown cells may control the growth of yeast. In subsequent work to
clarify that issue, I showed that assemblies are formed in mixtures of synthetic DNA (Escherichia. coli) crown cells with Bacillus subtilis, resulting in
inhibition of the growth of B. subtilis. In the present work, synthetic DNA crown cells were generated using three kinds of DNA (E. coli,
Streptomyces sp., and akoya pearl oysters) and tested for effects on brewer’s yeast. The results showed that assemblies of yeast were formed in the
co-cultures of synthetic DNA crown cells and yeast, such that the yeast were unable to grow, meaning that synthetic DNA crown cells kill yeast.
Finally, I discuss the mechanism whereby the binding of synthetic DNA crown cells to yeast may result in the formation of yeast assemblies
and killing of the yeast cells.
Keywords: Synthesized DNA crown cells; Sphingosine-DNA; Killing of yeast; Assembly of yeast

Introduction
whether such DNA crown cells have some biological
functions. In previous experiments [8], it was reported that
antibiotics are produced in co-cultures of DNA crown cells
(prepared using DNA from Streptomyces griseus) with
brewer’s yeast, and that the growth of yeast that are cocultured with DNA crown cells is suppressed, although DNA
crown cells may continue to grow. Moreover, previous
experiments [9] demonstrated that synthetic DNA crown cells
were formed when mixed with Bacillus subtilis, such that these
crown cells suppressed the growth of B. subtilis. The present
experiments were carried out to clarify whether the formation
of cell assemblies and the suppression of B. subtilis growth,
which was observed in the combination of synthetic DNA
(E. coli) crown cells with B. subtilis, also was observed in
combinations of yeast with each of three kinds of synthetic DNA
(E. coli, Streptomyces sp., and akoya pearl oyster) crown cells. In
the start of the present study, three kinds of DNA crown cells
were synthesized with Sph-DNA-A-M mixtures as described
previously [10]. Then, the resulting synthetic DNA crown cells
were mixed with yeast. Following mixing, flat assemblies,
which consisted

There has been
significant
progress
in
the
generation of artificial cells. Recently, approaches for
generating fully operational (self-replicating) artificial cells
have been reported [1,2]. Such artificial cells consist of
membranes covered with DNA (named DNA crown cells) [3]
and are generated when these DNA-coated membranes are
incubated with egg white. DNA crown cells are readily
synthesized as follows: DNA is added to sphingosine (Sph).
After the heating of Sph-DNA mixtures, A-M compounds
(consisting of mixtures of adenosine and monolaurin) are
added to the mixtures. DNA crown cells prepared by such
methods are called synthetic DNA crown cells. On the
other hand, DNA crown cells that are prepared when
synthetic DNA crown cells are incubated with egg white are
called DNA crown cells. It may be important to distinguish
between DNA crown cells before multiplication (synthetic
DNA crown cells) and after multiplication (DNA crown
cells) because there may be differences in function between
the two types of cells. Several kinds of DNA crown cells have
been prepared, both before and after multiplication [4-7]. On
the other hand, there is no evidence
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of many yeast cells, were formed. Moreover, after the mixture of
synthetic DNA crown cells and yeast was incubated for 3 or 24
hours, respectively, at 37 °C, yeast viability was assessed. Notably,
no viable yeast was observed at either 3 or 24 hours, respectively,
suggesting that the yeast died. The formation of the assemblies and
killing of the yeast may be based on the binding of synthetic DNA
crown cells to yeast, given that such binding was observed when
these mixture were evaluated by microscopy. Thus, the present
experiments demonstrated that large flat assemblies consisting
of many yeast cells were formed when synthetic DNA crown cells
were mixed with yeast, leading to the killing of this yeast within
3 hours. The formation of the large flat assemblies with yeast and
killing of yeast were observed in mixtures of each of the three
kinds of synthetic DNA crown cells with yeast. Therefore, these
abilities may be general functions associated with synthetic DNA
crown cells. On the other hand, it is unclear whether synthetic
DNA crown cells live or multiply in the mixtures containing yeast.
In a previous report [8] on the mechanism of antibiotic production
in co-cultures of DNA crown cells (not synthetic DNA crown cells)
with brewer’s yeast, it was proposed that DNA crown cells may
multiply. Further potential functions of synthetic DNA crown
cells are expected to be identified in experiments testing whether
synthetic DNA crown cells multiply in mixtures containing yeast
and whether such cells kill yeast.

then was heated and cooled. These procedures were carried out
twice. Next, A-M compound (100 µL) was added, and the mixture
was incubated at 37 °C for 15 minutes. Then, 30 µL of monolaurin
were added and the mixture was incubated at 37 °C for 5 minutes.
The resulting mixture was used as a suspension of synthetic DNA
crown cells.
b.

The mixture of yeast with synthetic DNA crown cells

An aliquot (50 µL) of yeast suspension was added to 50 µL of
synthetic DNA crown cells and the combination was mixed. These
samples were prepared in duplicate, with one each incubated for
3 hours and 24 hours. At study start, a pre-study aliquot of each
mixture was removed and used as a sample without incubation.
The remainder of the mixtures then were incubated for 3 hours
or 24 hours at 37 °C.
c.

Microscopic observation

A drop of the synthetic DNA crown cells that had been cultured
with yeast for 0.5, 1.5. 3.0 and 24 hours, respectively, were placed
on a slide glass and covered with a cover glass. This slide then was
observed by light microscopy.
d.

Viable yeast in the mixtures of synthetic DNA crown cells

The following samples were tested.

Materials and Methods

a)

The sample after the incubation for 3 hours at 37 °C

Materials

b)

The sample after the incubation for 24 hours at 37 °C

The following materials were used:
Sph was obtained from (Sigma, USA, and Tokyo Kasei,
Japan). Three kinds of DNA were used, as follows. E. coli DNA (B1
strain) was purchased commercially from Sigma, USA. DNA from
Streptomyces sp. and from akoya pearl oysters was extracted
[5,8]. Adenosine (Sigma, USA, and Wako, Japan) and monolaurin
(Tokyo Kasei, Japan) were obtained commercially. A-M compound
was synthesized from mixtures of adenosine and monolaurin as
described previously [10]. Yeast was obtained as dry ale yeast
(Safale S-04) from Formentis, Bergy. For use in the experiments,
dry yeast was suspended in distilled water to a density of
approximately 108 cells per mL, as determined by counting with
a hemocytometer. The culture media for yeast were as follows.
Sanisupetsuk raw medium (Azuwan, Japan) was used to test
yeast viability. YM medium consisted of Difco YM Broth (Becton
Dickinson, MD, USA) supplemented with agar. Nutrient Agar (NA)
medium (Oxoid, UK) was used to separate yeast.

Preparation of DNA crown cells

Here, three kinds of DNA crown cells were synthesized
using virtually identical methods, albeit with slightly different
concentrations of DNA. Synthetic DNA crown cells were prepared
as described previously [9]. Briefly, l80 µg of Sph (10 mM) and 90
µL of DNA (approximately 1.7 µg/µL) were mixed, and the mixture
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At the indicated time points, 50 µL of each sample was spread
on agar plates and incubated for 18 hours at 37 °C. Colonies that
grew on these plates were counted and used to calculate viability.
e.
Attempt to isolate yeast from the mixtures with synthetic
DNA (Streptomyces) crown cells
An aliquot of 50 µL of synthetic DNA crown cells was added
to 50 µL of yeast and the mixtures were incubated for 24 hours
at 37 °C. A portion of the mixture then was transported to Techno
Suruga Lab, where the isolation of yeast from the sample were
performed under the following culture conditions (a and b):
a)

For 7~14 days at 27 °C in YM medium;

b) For 7 and 14 days at 27 °C and 37 °C, respectively, in NA
medium.

Results and Discussion

Methods
a.

c)
The sample after the incubation for 3 and 24 hours at 37
°C of yeast without crown cells.

Microscopic appearance of synthetic DNA crown cells
and yeast
Microscopic appearance of synthetic DNA crown cells
Three kinds of DNA crown cells were prepared using DNA
(obtained commercially) from E. coli and DNA extracted inhouse from Streptomyces sp. and from akoya pearl oyster. Each
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kind of DNA crown cells appeared similar in shape and size and
was similar to the microscopic appearance described previously
for synthetic DNA (E. coli) crown cells [11]. Therefore, synthetic
DNA (Streptomyces) crown cells and DNA (akoya pearl oyster)
crown cells were similar to the previously described phenotype.
Synthetic DNA (Streptomyces) crown cells are shown in Figure 1.
A typical single DNA crown cell is shown in Figure 1 (arrows a
and c). This cell was round in shape and seemed to be surrounded
by a cloud-like layer. The size of a typical cell was approximately
2~3 µm in diameter. Clusters consisting of multiple DNA crown
cells (approximately 8 cells) also were observed (Figure 1, arrow
b), as well as super-clusters consisting of several clusters of DNA
crown cells (Figure 1, arrow d). Most of objects shown in Figure
1 (not indicated by arrows) constituted single cells or clusters of
single cells. Synthetic DNA (akoya oyster pearl) crown cells ae
shown in Figure 2. Typical round cells are indicated by arrows a

and b. Also, a cell with a slender-like shape is indicated by arrow
c. The surface of the cells indicated by arrows b and c consisted
of cloud-like substances. Most of the objects shown in Figure 2
appeared to be DNA crown cell of various sizes with round or
slender profiles (Figure 2, arrow d). Here, two kinds of synthetic
DNA crown cells were introduced, and synthetic DNA (E. coli)
crown cells were as previously described [11]. Each cell appears
to possess a characteristic shape or size. On the other hand,
their characteristics in shape or size may be determined by the
conditions use to prepare such cells, such as the purity of DNA
or Sph, heating of Sph-DNA fibers, and so on. Accordingly, it may
be difficult to prepare cells that are consistent in size or shape
between experiments. However, the general resemblance among
different kinds of crown cells suggested a common structure in
which the outside of cells consists of Sph-DNA, regardless of the
condition used for preparation or the type of DNA.

Figure 1: Microscopic appearances of synthetic DNA (Streptomyces) crown cells.
A typical single synthetic DNA crown cell was observed (arrows a and c). It was round in shape and seemed to be surrounded by a cloud-like
layer. The size (diameter) of these cells was approximately 2~3 µm. A cluster that consisted of approximately eight cells also was observed
(arrow b), along with clusters of more than eight cells (arrow d).

Figure 2: Microscopic appearances of synthetic DNA (akoya pearl oyster) crown cells.
Typical round synthetic DNA crown cells are shown (arrows a and b). Also, short, and long cells of slender shape are shown (arrows c and
d).
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approximately 5~8 µm in size (estimated by scale bar, as shown in
Figure 11a). In this sample, a clump of yeast was observed (Figure
3. arrow b).

Microscopic observation of yeast
Yeast that was used in the present experiments are shown in
Figure 3. A typical cell (Figure 3, arrow a) was round in shape and

Figure 3: Microscopic observation of yeast.
A typical cell (arrow a) was round in shape and approximately 5~8 µm in size (diameter). A mass of yeast also was observed (arrow b).

The formation of assemblies in mixtures of synthetic
DNA crown cells with yeast
When yeast was added to the DNA crown cells, two basic
kinds of the assemblies (flat and fibrous) were observed. Figure 4
shows the appearance of the assemblies formed by mixtures of the
synthetic DNA (E. coli) with yeast after incubation for 90 minutes
at 37 °C. Assemblies of various sizes and shapes were observed
(Figure 4, arrow a). Here, such assemblies are designated flat
assemblies. The appearances of the assembly that was observed
after the mixture of synthetic DNA (akoya pearl oyster) crown
cells with yeast was incubated for 30 minutes at 37 °C is shown in
Figure 5 (arrow a). A slender assembly of free cells was observed
(as shown in Figure 5, arrow b). This assembly may consist of
a mass of cell-like slender domains. Here, such assemblies are
called fibrous assemblies. A free yeast was observed (Figure 5,
arrow d) and free round cells also were observed (Figure 5, arrow
c). For the culture of yeast, the flat assembly was observed more
frequently than the fibrous assembly. In previous reports [11,12],
it was noted that assemblies of various shapes and sizes formed
when synthetic DNA (E. coli and human placenta) crown cells were
added to B. subtilis. Based on their microscopic appearance, flat
assemblies appear to be formed via very simple and loose binding.
These results suggested that the makeup of the assemblies differed
depending on the combination of synthetic DNA crown cells and
bacteria used. On the other hand, large flat assemblies of various
sizes were observed consistently for all combinations of synthetic
DNA crown cells with yeast (Figures 4, 5 & 6). The assemblies that
were formed from mixtures of synthetic DNA (E. coli) crown cells
with yeast for 30 minutes at 37 °C is shown in Figure 6. Assemblies
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consisting of many yeast (Figure 6 arrow a) and of about eight
yeast (Figure 6, arrow b) were observed. A free yeast also was
observed (Figure 6 arrow c). The flat assembly that was formed
in mixed cultures of synthetic DNA (Streptomyces) crown cells
with yeast for 3 hours at 37 °C is shown in Figure 7, arrow a, Also,
a free yeast and a free synthetic DNA crown cell were observed
(Figure 7, arrows b and c, respectively). The flat assembly that was
formed in mixed cultures of synthetic DNA (akoya oyster pearl)
crown cells with yeast for 3 hours at 37 °C is shown in Figure 8
(arrows a and b). The assembly indicated by arrow a consisted
of many yeast cells, which were too numerous to count, whereas
the assembly indicated by arrow b consisted of approximately
thirty yeast. A free yeast also was observed (Figure 8, arrow c).
Because the large flat assemblies of yeast were obtained with
each of the three tested kinds of synthetic DNA crown cells, I infer
that synthetic DNA crown cells possess the potential to form large
flat assemblies. The formation of the large assembly appeared to
be influenced by culture (temperature), given that the formation
of assemblies was observed before incubation. Specifically, the
formation of the assembly occurred out as soon as the synthetic
DNA crown cells were mixed with yeast. The sizes of assemblies
were not assessed in the present set of experiments, given that
the exact size of assemblies may be not important. By the way, a
typical single yeast is 5~8 µm as indicated in Figure 11a.

Survival of yeast following mixed cultures with
synthetic DNA crown
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incubated at room temperature (approximately 20 °C) for 3~5
days. No viable yeast was observed from either culture (Figure
9). The same experiments were carried out using synthetic DNA
(Streptomyces and akoya pearl oyster) crown cells. Again, no
viable yeast was observed (Figure 10). The findings showed that
yeast cultured in the presence of synthetic DNA crown cells lost
viability. These results indicated that all of the yeast in large flat
assemblies died; presumably, synthetic DNA crown cells killed all
of the yeast incorporated into the assembly within 3 hours. To
confirm whether yeast in the mixtures with synthetic DNA crown
cells grow, further experiments were carried out at another site.
Specifically, synthetic DNA (Streptomyces) crown cells were mixed
with yeast and then incubated for 24 hours at 37 °C. The sample
was transported to Techno Suruga Laboratory Co., Ltd. (Shizuoka,
Japan). Here, yeast in the sample were observed by microscopy

(Figure 11a). Then, the number of yeast in the sample was counted
via hemocytometer, revealing the presence of yeast at a density of
approximately 1.3 x 108/ mL. Next, the mixture of synthetic DNA
(Streptomyces) crown cells and yeast was transferred to either
of two kinds of media. One portion was spread on YM medium,
and these plates were and incubated for 7 ~14 days at 27 °C. A
second portion was spread on duplicate NA medium plates, which
were incubated for 7~14 days at 27 °C or 37 °C. Before incubation,
the traces of spread cells were observed under the microscope.
As shown in Figure 11b, many objects that may have represented
single or multiple yeast cells were observed. Figure 11c shows
an image of an NA plate following incubation for 7 days at 27 °C.
Notably, no colonies were observed. In these all cultures, no yeast
colonies were observed, suggesting that all of plated yeast were
dead.

Figure 4: The assembly that was formed in a mixture of synthetic DNA (E. coli) crown cells with yeast.
The microscopic appearance of the assembly that was formed in a mixture of the synthetic DNA (E. coli) crown cells with yeast after 90
minutes at 37 °C. A flat-shaped homogeneous assembly was observed (arrow a). A free yeast also was observed (arrow b).

Figure 5: The assembly that was formed in a mixture of synthetic DNA (akoya pearl oyster) crown cells with yeast.
The observed assembly consisted of slender cells that formed in a mixture of synthetic DNA crown cells with yeast after 30 minutes at 37 °C
(arrow a). Free slender and round cell-like objects were observed (arrows b and c, respectively). A free yeast also was observed (arrow d).
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Figure 6: Microscopic appearances of large flat assemblies.
The observed assemblies were formed in a mixture of synthetic DNA (E. coli) crown cells with yeast after 30 minutes at 37 °C. The
assemblies consisting of many yeast (arrow a) or of about eight yeast cells (arrow b) were observed. A free yeast also was observed (arrow
c).

Figure 7: Microscopic appearances of large flat assemblies.
A flat assembly was formed in a mixed culture of synthetic DNA (Streptomyces) crown cells with yeast after 3 hours at 37 °C (arrow a). Also,
a free yeast and a free synthetic DNA crown cell were observed (arrows b and c, respectively).

Figure 8: Microscopic appearances of large flat assemblies
Flat assemblies were formed in a mixed culture of synthetic DNA (akoya pearl oyster) crown cells with yeast after 3 hours at 37 °C (arrows
a and b). The assembly indicated by arrow a consists of many yeast, whereas the assembly indicated by arrow b consists of approximately
thirty yeast cells. A free yeast also was observed (arrow c).
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Figure 9: Survival of yeast following mixed cultures of synthetic DNA crown cells with yeast.
After culturing of mixtures of synthetic DNA (E. coli) crown cells with yeast for 3 h at 37 °C, 50 µL of culture were plated and incubated for
3~5 days at room temperature (approximately 20 °C). A picture of one such plate is shown to the right. No growth of yeast was observed,
although a trace (white line) of the spread sample was observed on the agar. An image of a plate without cells is shown to the left.

Figure 10: Survival of yeast following mixed cultures of synthetic DNA crown cells with yeast.
The same experiment was carried out using synthetic DNA (akoya pearl oyster) crown cells. After culturing of synthetic DNA crown cells
with yeast for 3 h at 37 °C, 50 µL of culture was plated and incubated for 3 ~5 days at room temperature (approximately 20 °C). A picture
of one such plate is shown to the right. No growth of yeast was observed, although a trace (white line) of the spread sample was observed
on the agar. An image of a plate without cells is shown to the left.

Figure 11: Attempt to separate yeast from the mixed cultures of synthetic DNA crown cells with yeast.
Synthetic DNA (Streptomyces) crown cells were mixed with yeast and then incubated for 24 hours at 37 °C. Yeast present in the mixtures
were observed under the microscope (panel a). Individual yeast and assemblies were observed. Next, the trace of spread cells was
observed under the microscope. Many objects resembling single or multiple yeast cells were observed (panel b). A picture of the NA plate
after incubation for 7 days at 27oC is shown in panel c. No colonies were observed. Scale bar is 10 µm in a and 50 µm in b.
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Binding to yeast of synthetic DNA crown cells

Figure 12: Microscopic appearances of binding to yeast of synthetic DNA crown cells.
A drop of the mixture of synthetic DNA (akoya pearl oyster) crown cells with yeast, prior to incubation, was observed under the microscope.
A free DNA crown cell was observed (arrow d). A DNA crown cell bound to a yeast cell is indicated by arrows a and c. Also, a slender DNA
crown cell-like object bound to a yeast cell was observed (arrow b).

Figure 13: Microscopic appearances of binding to yeast of synthetic DNA crown cells.
A drop of the mixture of synthetic DNA (Streptomyces) crown cells with yeast, prior to incubation, was observed under the microscope. An
assembly was observed (arrow a), along with a free DNA crown cell (arrow d). Arrows b and c indicate two DNA crown cells, one round and
one slender, respectively, bound to a yeast.

It may be difficult to clarify the mechanisms of the assembly
formation, especially that of the large flat assemblies. To obtain
evidence, careful microscopic observation was carried out using
samples obtained from mixtures of synthetic DNA crown cells
with yeast prior to incubation. The microscopic appearances of
the mixtures of synthetic DNA (akoya pearl oyster) crown cells
with yeast are shown in Figure 12. A round object in the size
range expected for a free DNA crown cell was observed (Figure
12, arrow d). This cell was bound to a yeast, as shown in Figure
12, arrows a and c. Also, a slender cell-like object was seen bound
to a yeast (Figure 12. arrow b). Figure 13 shows the microscopic
appearances of the mixtures of synthetic DNA (Streptomyces)
crown cells with yeast. An assembly was observed in Figure 13,
arrow a. A round object in the size range expected for a free DNA
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crown cell was observed (Figure 13, arrow d). Arrows b and c in
Figure 13 indicate two DNA crown cell-like objects, one round and
one slender, respectively, both bound to a yeast. Figure 14 shows
the microscopic appearances of mixtures of synthetic DNA (E.
coli) crown cells with yeast. A free DNA crown cell was observed
in Figure 14, arrow e, and a free yeast was observed in Figure
14, arrow d. Another two DNA crown cells bound to a yeast were
observed (Figure14, arrow a). A DNA crown cell was observed
between two yeast cells (Figure 14. arrows b and c), suggesting
that yeast are linked via bridges consisting of DNA crown cells.
Thus, the present experiments demonstrated that flat assemblies
are formed between synthetic DNA crown cells and yeast, and that
synthetic DNA crown cells kill yeast within 3 hours of exposure. It
previously has been reported [10,12] that assemblies of various
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shapes and sizes are formed in mixtures of synthetic DNA (E. coli
and human placenta) crown cells and B. subtilis. Such assemblies
with B. subtilis may be constructed primarily with DNA crown
cells. On the other hand, when crown cells were combined with
yeast, homogeneous assemblies that are flat in shape are the
primary product and may consist primarily of the standard
cells (yeast). The facts suggested that there are assemblies that
are formed using DNA crown cells as the main material and
assemblies that are formed using bacteria (or yeast) as the main
material. The formation of the flat assemblies may begin from the

binding of synthetic DNA crown cells to yeast. As shown in Figures
12, 13 & 14, it is clear that yeast bind to three kinds of synthetic
DNA crown cells. On the other hand, the micrographs in Figure
14 showed what appeared to be two yeast cells bridged by an
object resembling a DNA crown cell. Now, although there was not
sufficient evidence to clearly show that yeast is bridged by DNA
crown cells, I conjecture that synthetic DNA crown cells form a
physical link between yeast cells, leading to the formation of large
flat assemblies.

Figure 14: Microscopic appearances of binding to yeast of synthetic DNA crown cells.
A drop of the mixture of synthetic DNA (E. coli) crown cells with yeast, prior to incubation, was observed under the microscope. A free DNA
crown cell was observed (arrow), along with a yeast cell (arrow d) and a DNA crown cell bound to a yeast (arrow a). Arrows b and c indicate
two yeast cells bridged by a single DNA crown cell.

A previous report [9] tested whether the growth of B.
subtilis is suppressed by synthetic DNA (E. coli) crown cells,
showing that only a small number of B. subtilis survived in such
mixtures. Regarding the mechanisms of growth suppression, it
was suggested that B. subtilis were enclosed within assemblies,
thereby suppressing growth of these bacteria. When synthetic
DNA crown cells were combined with yeast, no growth of yeast
was observed. This result indicated that all yeast incorporated
into large assemblies are killed by synthetic DNA crown cells
within 3 hours. These facts suggested that killing of yeast may
be associated with the assembly formation, and may begin with
the binding of synthetic DNA crown cells to yeast. Moreover, the
binding may occur between Sph on outside of synthetic DNA crown
cells and a component of the yeast cell wall. On the other hand, the
fate of synthetic DNA crown cells in mixtures with yeast remains
unclear. Initial studies on artificial cells [13] reported that SphDNA exhibits cytotoxicity against cultured L-M cells. In short, L-M
cells were destroyed when Sph-DNA particles were added to the
cells and viable particles (artificial cells) were generated [10,13].
If such a case also applies for yeast, as for L-M cells, it would
appear that synthetic DNA crown cells acquire living-ability after
destroying yeast, subsequently multiplying in the mixed cultures
with yeast. Thus, here, it was demonstrated that synthetic DNA
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crown cells kill yeast after 3 hours in mixed culture. The present
findings may indicate a potential function possessed by synthetic
DNA crown cells.
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Abstract

Standards aim to limit the transmission of the infectious disease rough drinking water. To determine that the drinking water is safe and
comply with the standards, information about the changes of the physicochemical parameters that occur during distribution was assessed in
Bhubaneswar City, Odisha. For this purpose, several samples from distribution network were taken at the consumer’s tap during the spring and
summer period of 2017/2018. The obtained values of each parameter of the 14 original physicochemical were compared with the standard values
set by Odisha standards. The results showed that concentration levels of chlorine free, temperature, magnesium, turbidity, nitrate, phosphate,
calcium exceeded the limits of Odisha standards in certain districts, while, pH, conductivity, sulfate, dissolved oxygen, permanganate index,
ammonium and nitrite were well within the limits. Signs of the presence of harmful germs and probably malfunctions in part of the equipment of the
treatment processing and distribution facilities were detected.
Keywords: Water Quality; Water Supply; Waterborne disease

Introduction
The parameters that control the evolution of the water
quality in the network are complex and have been the subject of
extensive research [1-7]. Quality is a universal health problem, it
is essential for life, but it can transmit diseases in the countries
of all continents from the poorest to the richest. The importance
of quality in distribution is based on evidence regarding the
frequency and extent of known quality changes and their impact
on human health. A significant proportion of recognized diseases
related to drinking water are related to deterioration in the
quality during distribution [8,9]. Many people world wild rely on
water supplied by tankers or other forms of vendor supplies [10].
The water in such supplies may come from hydrants connected to
utility supplies or may be drawn from alternative sources. In many
cases, the consumer will not be aware of the source of water and
there may be significant concerns about the quality of water [11].
The pollution of water resources is an important challenge facing
the developing countries, while pollution of water is attributed to
high population growth.

Physico-Chemical Characterization of Drinking Water...

Water can and does transmit disease, the most predominant
waterborne disease and diarrhea has an estimated annual
incidence of 4.6 billion episodes and causes 2.2 million deaths
every year [12,13]. Consumption of water contaminated by
disease causing agents (pathogens) or toxic chemicals can cause
health problems such as Cholera, Typhoid, Dysentery, Cancer and
Skin diseases [12,14]. In Algeria, water-borne diseases are well
known, among these infections: Typhoid fever, Cholera, Infectious
hepatitis, Dysentery, Poliomyelitis, etc. During 1986 [15], Algeria
experienced the largest cholera outbreak in recent history. More
than 475 deaths have been recorded. Tuberculosis occurs regularly
but does not reach endemic levels. Every summer, public health
authorities report limited occurrences of water-borne diseases,
such as typhoid. HIV/AIDS is a concern in Algeria. In August 2018
the Ministry of Health announced a cholera outbreak in northern
parts of the country in around Algiers province. A water source
was found contaminated with Vibrio cholerae [16,17]. The goal
of this paper is to characterize water supply quality of samples
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taken from different places in drinking water supply system in
Souk Ahras city, which will be useful for decision makers to take
proper initiative to prevent waterborne diseases and ovoid any
possibility of harmful consequences on the public health.

Methods and Material
Study Area
The case study was carried out in Souk Ahras city; it lies in
northeast of Algeria as shown the (Figure1). The area is supplied
from distribution tanks located at the following 12 sites: SNIC,
Clair Soleil, Faubourg, April 26, Rezgoun, University, Mezghich
1, Mezghich 2, Bendada 1, Bendada 2, Akli, Hospital. The volume
produced is estimated at 35 000 m3/day defined as the average
value for the year 2017 [15]. The distribution network covers a

distance of 270 km. The network consists mainly of PVC with 69%,
in the second position we find HDPE with 17%; concrete, Iron and
cast iron in the third, fourth and fifth positions respectively. The
pipes are from 63 to 160 mm in diameter as shown the (Figure
2). [18,19]. The system suffers from many problems, the most
notable of which is the lack of continuous service. The causes of
this situation are well known. They reside in the high rate of leaks
due to the general poor condition of the network. In the network,
some points offer an easy entrance of the microorganisms. This is
the case of leaks in the distribution system as shown the (Figure
3), and where the poorly protected openings can allow the
passage of dust or insects bringing contamination. Interventions
on the network (repairs, connections) and accidents such as
backflows or breaks can also be responsible for the introduction
of microorganisms into the network.

Figure 1: Sampling site from water supply system in Souk Ahras city.

Figure 2: Type of pipes used in water supply.
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Figure 3: Leaks in water supply network.

Sample Collection
To confirm the monitoring task and restrict any probably
anthropogenic effects, 201 samples of drinking water taken from
the water supply network of the city for one year (2018) previously
identified were measured in-situ and / or in the laboratory. The
samples taken successively during the summer-autumn 2017
and winter-spring 2018 periods are analyzed by the water
supply authority (ADE: Algerienne Des Eaux) laboratory of Souk
Ahras city. Water taps situated mostly in private and commercial
buildings were selected as sampling points, while sampling twice
on each point during the study period. The collection and storage
of water samples were carried out according to the Algerian
standards.

Sample Analysis
The results of 14 parameters, including chemical and physical
ones were determined in drinking water samples. To confirm the
monitoring task and restrict any probably anthropogenic effects,
201 samples of drinking water taken from the water supply
network of the city. Water samples analyzes were performed in
accordance with methods standardized by the laboratories health
agency and the Algerian authority for treatment and water supply
(Algerienne Des Eaux: ADE) of Souk Ahras. The parameters
measured are: pH (measured with pH Meter, type (WTW pH
330i/SET)), ammonium, nitrite, nitrate and sulfates (determined
by a colorimetric method using a UV/visible spectrometer
type (JASCO V-530) ), turbidity (measured by Nephelometer
using 0.02 NTU standards), temperature (measured on the
site using mercury thermometer), conductivity (using precalibrated conductivity meter model 611), permanganate
Index(ultraviolet-visible spectrophotometry), residual chlorine
(visual spectrometry), phosphates (using colourimetric technique
on photometer type palintest), dissolved O2 (using an oximeter
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Type HACH), magnesium and calcium (were measured by EDTA(Ethylenediaminetetraacetic-acid)- titration method).

Discussion
The analytical procedures followed throughout the analysis of
201 samples taken for the purpose of regular monitoring of the
drinking water quality in the supply system of Souk Ahras town
are characterized by 14 physicochemical variables as shown the
(Table 1). The pH of drinking water has no immediate effects on
human health but has some indirect health effects by bringing
changes in other water quality parameters such as solubility of
metals and survival of Pathogens [20]. According to Algerian
standards [21] the pH of drinking water must be between 6.5
and 9, the results in (Table 1) show that the pH is between 6.00
and 8.4, therefore the water quality of Souk Ahras city is within
the standards. The conductivity of the samples is very variable,
the results show that the measured conductivity of all water
samples ranges from 248 μS/cm to 1777 μS/cm, and the average
conductivity value is 525,48 μS/cm (Table 1), which explain the
variation of the water supply sources. According to Azrina et al.
[22], the wide differences among the values of the conductivity of
tap water are not yet known, in other hand Scatena [23] explained
these differences based on various factors such as agricultural
and industrial activities and land use, which affect the mineral
contents and thus the conductivity of the water. The conductivity
does not have direct impact on human health, it is determined for
several purposes such as determination of mineralization rate
(existence of minerals such as potassium, calcium, and sodium)
and estimating the number of chemical reagents used to treat
this water [3,14,24]. High conductivity may lead to lowering the
aesthetic value of the water by giving mineral taste to the water. In
all cases the conductivity values are within the acceptable limits.
A significant part of the chlorine being necessary to neutralize
the organic matter; a part called free residual chlorine remains in
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the water to treat possible subsequent contamination occurring
within the distribution network and domestic plumbing system
[2,7]. The concentration of free chlorine in treated water should be
according to the Algerian standards: 0.2 - 0.5 mg/l. The maximum
values recorded are located around the injection points - which

are in general the distribution tanks such as: Ain Dalia Mixture
Mris2, Mris3; in other hand, no concentration in free chlorine was
recorded in several points at the ends of the network. The average
value of the free chlorine is acceptable and within the Algerian
standards: (Max: 1,20mg/l, mean: 0.16 mg/l).

Table 1: Summary statistics for drinking water samples.
Nbr Valid

Nbr Missing

Mean

Median

Std. Deviation

Min

Max

Standard

PH

201

3

7,56

7,59

0,36

6,00

8,40

6,5 - 9

COND (µs/ cm)

201

3

525,48

487,00

167,91

248

1777,00

2800,00

Cl2 (mg/l)

200

4

0,16

0,10

0,19

0,00

1,20

0,2 - 0,5

T(C°)

201

3

14,59

14,00

4,56

6,00

29,00

25,00

O2 (mg/l)

201

3

0,16

0,15

0,04

0,05

0,29

5,00

Mg (mg/l)

201

3

41,89

43,00

10,82

17,49

68,00

50,00

SO2 (mg/l)

194

10

160,44

159,50

74,39

27,74

386,71

400,00

Turb (NTU)

201

3

2,08

1,34

1,99

0,33

12,00

5,00

IP (mg/l)

201

3

1,29

0,96

0,89

0,30

4,80

5,00

NO3 (mg/l)

201

3

0,55

0,00

4,70

0,00

52,00

50,00

NH4 (mg/l)

201

3

0,02

0,00

0,08

0,00

0,47

0,50

NO

198

6

0,01

0,00

0,03

0,00

0,12

0,20

PO4 (mg/l)

201

3

0,01

0,00

0,07

0,00

0,48

0,40

Ca (mg/l)

199

5

99,72

87,00

33,16

72,00

200,00

200,00

4



2



(mg/l)

A high temperature can favor unpleasant tastes. In addition,
it accelerates corrosion and influences bacterial growth; on the
other hand, any reduction in the dissolved oxygen content can
be interpreted as a sign of biological growth. The temperature
fluctuates on average from 6°C to 29°C (mean: 14.59 °C), the
small increase in temperature was recorded in the summer
period which is not far from the Algerian standards: 25°C; for the
dissolved oxygen the results are not in compliance with Algerian
standards: (5mg/l), the concentration in some tanks is ranged
from 0.05mg/l to 0.29mg/l, which require a bacteriological
analysis of all water tanks. Several epidemiological studies have
reported significant inverse associations between drinking
water magnesium concentrations and mortality from ischaemic
heart disease [25,26], but others have not [27]. The magnesium
levels in the water is extremely varied and related mainly to the
nature of the geological layers of Souk Ahras region. The excess
in magnesium gives a bitter taste to the water. In regions rich
in magnesium rocks, water can contain concentrations up to 50
mg/l. For Souk Ahras city the average is: 41.89 mg/l which is
lower than the Algerian standards: 50mg/l, on the other hand
several samples were recorded a high concentration, especially
for: Arrival Ain Dalia, Cite 1700 logts, Mezghiche reservoir,
Rhamna subdivision N° 04 and Snic tank. Sulfate is also belonging
to the standards limits. The sulfate dissolves in water comes from
certain minerals, in particular gypsum, where it appears from
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the oxidation of sulfurous minerals. No major negative impact
of sulfate on human health is reported [28]. The maximum
recorded is around 386.71 mg/l; although the upper limit is close
to the authorized limit, but it remains acceptable. Turbidity is
an indicator parameter for microbiological contamination of the
resource and can testify to malfunction in the processing and
distribution facilities reflecting the cloudy water due to suspended
solids. The waters of Souk Ahras can be classified as slightly
cloudy (Max= 12 NTU, mean: 2,08 NTU), more attention should
be paid to this parameter to avoid the harmful consequences of
the amount is increased. The presence of organic matter in water
causes the existence and proliferation of microorganisms which
can be pathogenic. Therefore, the determination of the content
of these organic matters is essential in monitoring of the water
quality. All permanganate index results are within the standards,
where they ranged from 0.3 mg/l to 4.8 mg/l, with an average
value of 1.29 mg/l.
Nitrate pollution is associated with leaching from industrial
and sewage effluents, fertilizers and treated distillery effluent for
crop irrigation are main responsible sources [29]. Its excessive
presence can cause a major public health problem such as
methemoglobinemia [30]; a slight overshoot is recorded for the
Amirat Sliman district with a concentration of 52 mg/l. The mean:
0,55 mg/l is within the permissible limits of the Algerian standards,
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For the nitrite, the (Table 1) shows that the concentration belongs
to the standard limits with less than 0.2mg/l. The presence of
ammonium in relatively high concentration in drinking water is
associated with many potential hazards. The ammonium stimulates
the growth of undesirable bacteria, like autotrophs [31]. Excessive
ammonium in drinking water may lead to bacterial contamination
of the water distribution system [32]; this is related to health risk
associated particularly with microbiological content of faecal
material. The value recorded for the Souk Ahras city was 0.47mg/l,
which is within the permissible limits of 0.5mg/l. Phosphates are
not toxic to people or animals unless they are present in very high
levels [29]. Digestive problems could occur from extremely high
levels of phosphate. The natural phosphate or orthophosphate
concentration is in the range of 0.1 to 0.4 mg/l. Phosphates are
generally responsible for the acceleration of the eutrophication
phenomenon. For all the samples the maximum value recorded
exceeds hardly the standards where this was recorded for a single
point in the Akli Reservoir, which may reflect lack of hygiene (Max:
0.48 mg/l, mean: 0.014 mg/l). A good quality of drinking water
has a limit of 200 mg/l of calcium. About 95% calcium in human
body stored in bones and teeth. The high deficiency of calcium in
humans may cause rickets, poor blood clotting, bones fracture
etc; and the exceeding limit of calcium produced cardiovascular
diseases [28]. The domestic disadvantage associated with high
concentration is calcium build-up in the pipes; on the other hand,
fresh water can cause problems of corrosion of the pipes. The
distributed water in Souk Ahras city is adequately complies with
the Algerian standards (Max: 200mg/l, mean: 99,72mg/l).

Conclusion
Based on the results discussed above the values of water
quality parameters such as pH, Conductivity, Sulfate, dissolved
oxygen, permanganate index, ammonium and nitrite were well
within the limits of Algerian standards; while concentration levels
of Chlorine free, Temperature, Magnesium, Turbidity, Nitrate,
Phosphate, Calcium exceeded the limits in certain districts. The
presence of the Ammonium and the low concentration of the
residual Chlorine combine with the state of the network can be
considered as signs of the presence of harmful germs and probably
malfunctions in part of the equipment of the treatment processing
and distribution facilities. A rough and continuous check is more
than necessary to preserve public health.
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Abstract
Composite material of glass fiber base is very promising material for future structures. It is possible to create
bridge span consists of steel main beams and GFRP deck, according for example ASSET system. The authorʼs
research is about parameters of composite material of bridge deck like alternative for concrete one.
Identification of kind of glass fiber and type of polymer matrix or type of adhesive with steel or concrete, there
are very interesting directions of searching line. The paper will be presented the results of DTA and
spectroscopy analysis of GFRP composite, according own paper authorʼs research. It will be described the
examples of bridges where GFRP deck have been constructed with main steel beams. The text will give horizon
of future authorʼs research of this kind of bridges. Future model stress and fatigue analysis will be showed by
main topics. Presented kind of bridges are good alternative for traditional structures by long durability,
anticorrosion, light deck with imposing stress parameters.
Keywords: Bridge structures, Steel main beams, GFRP deck, Pultruded GFRP material, Static and Fatigue testing

1. Introduction
GFRP bridge deck is the alternative to heavy popular concrete deck, which has got poor durability, for
bridges where there are steel main beams. Bridge deck has been made of fiber reinforced polymers (FRP) are
beneficial for maintenance purposes and case of the replacement of the deck to accommodate any increased
traffic demand. Many kinds of FRP decks can be found recently. Most of them can be classified into the
modular type or the sandwich type. The former consists of multiple unit modules. A unit module is typically
fabricated by the pultrusion process. The modules are bonded in the field to construct a bridge deck. The latter
consists of hard skins. In practice the modular type is more preferred than the sandwich type because it is easy
to carry such a type economically to construction site. The behavior of the modular types of the bridge decks
was tested by many researchers. Because of the characteristic of the pultrusion process, the deck is anisotropic
A composite bridge deck also provides greater durability and reduced maintenance costs over the life of the
bridge [6]. Compared to concrete and steel that have been used as bridge deck material in the past, FRP
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material has the advantage of light weight and anti-corrosion [7]. GFRP bridge decks have been thoroughly
tested in both laboratory and field settings. Static tests typically indicate an extremely high factor of safety for
strength, while fatigue test show little to no degradation after millions of load cycles. Field load tests
commonly verify in-place performance and validate the initial design assumptions. From coupon tests through
full-scale multi-beam assemblies, results consistently GFRP bridge decks high strength, durability and its
tendency to meet or exceed project requirements [5]. The perfect example of such a structure is Friedberg
Bridge is 21.5m long and consists of two steel beams covered by a new pultruded multicellular deck, see Fig 1.
The bridge elements are clad with a polymer concrete material to resist weathering. A big advantage of the
system is its low weight, so the bridges can be pre-assembled or prefabricated in far longer lengths than their
corresponding steel or concrete structures. German bridges that carry heavy traffic are subject to span
limitations, so to achieve the necessary load-carrying capacity, either carbon composite, which is expensive, or
a combination of glass fibre-reinforced polymer and steel can be used. The entire deck was prefabricated with
no cast in situ concrete edge beams for the anchorage of guard rails. The installation time was minimal and
there were no rest periods for curing of in situ concrete or wearing. The German bridge is a lightweight
structure that was assembled adjacent to the highway and then lifted into position with only the minimum of
disruption to traffic. The bridge deck has a frame structure, which meant that the cross-section of the
superstructure was able to be reduced and consequently the vibrations of the light bridge deck were reduced.
The reinforced fibre bridge deck has no cut-outs or holes for bolts (girders are bonded directly to the composite
material), which guarantees that its stiffness is not compromised and reduces the time for assembly and
installation [1],[2].

2. Parameters of GFRP composite material for bridge deck
The costs of GFRP products are higher than conventional materials, therefore it is sensible to restrict their
use to members that are susceptible to corrosion. For bridge superstructures, this means that decks can build out
of FRP, while the main girders are made of conventional materials such as steel. Available FRP decks can
generally be classified into two categories: pultruded hollow sections and hand lay-up sandwich panels.
Pultruded decks consist of a row of prismatic bars that are manufactured through an automatic process. These
hollow sections have a wall thickness that varies from 5 to 15 mm and an overall dimension of approximately
200 mm x 400 mm. Owing to the continuous manufacturing process, the fibre direction is mostly longitudinal.
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The panels are formed by adhesively bonding the bars together. The bars are connected to the slab during
assembly or previously at the factory in transportable sizes. The pultruded deck sections generally have a span
of 2 to 3 m between the main girders. Symmetric adhesively-bonded double-lap joints composed of pultruded
GFRP laminates bonded using an epoxy adhesive system were examined under axial tensile, compressive and
reversed fatigue loads. The pultruded GFRP laminates, supplied by Fiberline A/S consisted of E-glass fibers
and isophthalic polyester resin. The fiber architecture of the laminates is shown in Fig 2a (according own
author’s research). The laminate comprises two mat layers on each side and a roving layer in the middle, with a
thin layer of polyester veil on the outer surfaces of the laminate. An estimation of the nominal thickness of each
layer derived by optical microscopy is given in Fig 2b. The longitudinal strength and Young’s modulus of the
GFRP laminate were obtained from tensile experiments, according ASTM D3039-08, as being 307,5 ± 4,7
MPa and 25,1 ± 0,5 GPa respectively by Prof. T. Keller research [10]. Over time, the weather has taken its toll
on these reinforced concrete decks. Rainwater and de-icing chemicals applied to road-way surfaces during the
winter months have seeped through many concrete decks and cause corrosion of the internal reinforcing steel
and deterioration of the concrete bridge decks. Bridge decks out of pultruded fibre reinforced polymers (FRP)
are a promising new option for the construction of road’s bridges. The highly corrosion resistant material is
reducing maintenance costs and traffic interference due to construction and use. Fibre reinforced polymers
(FRP) seem to hold some advantages over known conventional material such as concrete deck (connected with
main steel beams), for example: low weight, high degree of prefabrication, short erection time through preassembly, easy handling on site, corrosion resistance. Paper author’s first part of research of GFRP bridge deck
(using ASSET composite modular system) took part at AGH University of Science and Technology in Prof. J.
Wasylak’s Laboratory of Glass Technology and Amorphous Coatings Department. The analysis consisted of:
 spectrometer analysis of chemical constitution of glass fiber in polymer matrix, using ICP-MS Elan
61000 by Perkin Elmer,
 identification of material according Fourier spectroscopy in infrared with FTS-60 MV Bio-Rad,
 electronic scan microscopy (SEM/EDAX) for estimate of morphology of composite, see Fig. 2,
 DTA analysis for estimation of physics and chemical transformation of glass fiber, as at Fig. 3.

(a)

(b)

Fig 2. Microstructure of GFRP panel deck: (a) cross section of composite; (b) independed fibre of GFRP in polymer matrix
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Fig 3. DTA curve for indvidual glass fiber from composite

3. Static and fatigue investigation of structure model – steel beams connected with GFRP deck
Stress concentrations due to concentrated wheel loads are critical for the thin walls of the GFRP deck. The
polymer concrete using for the surfacing of pavement can bear tension and shear stresses. The surfacing system
and the top flange of the FRP deck are assumed to be in composite action. Thus, the stress is distributed over a
larger area. In addition, the polymer concrete surfacing reinforces the FRP deck flange. This approach is similar
to the design concept for orthotropic steel superstructures. One of the main objectives of the research program
is to investigate the load bearing behavior of the steel – FRP composite girders and to determine the effective
width of the FRP deck acting as a compression flange to the steel girder.
Second interesting direction of investigation is searching if composite action between steel girders and
GFRP deck is achieved which reduces the vertical displacements by approx. 20% compared to the steel
stringers alone, according Prof. J. Knippers research [4]. Third point of future research is how to improve
mixture of polymer concrete in order to have better parameters of it in bridges applications. How to construct
surface of polymer concrete on bridge decks, by technology process to have less crakes in the future.
There are static and dynamic tests are planning (according paper author’s research) in laboratory at Opole
University of Technology (modern laboratory at Civil Engineering Faculty) in fatigue option and future
observation of destroyed material of GFRP deck and polymer concrete using X’Pert test machine at
Hochschule fur Technik in Stuttgart. The observation of effective connection between steel beam and GFRP
deck during static and dynamic tests are one of the most interesting matters of composite system. Comparison
of model analysis and numerical analysis is important two. Research of composite model, using GFRP panels,
on quasi-seismic load is unknown, now. There are many questions on filed how improve this system for future
all realizations [8-12].
4. Conclusions
The use of fibre composites has great potential in bridge building. The possibility of pre-assembling in the
hall allows for rapid installation on site [3]. For example in 2011 Karrebaksmide Bridge in Denmark with
GFRP deck and steel main structure of moving span was constructed. Many steel footbridges with light GFRP
deck were built in Denmark and Nederland, some of road bridges, in this system, were made in Great Britain,
USA, Canada. Traditional bridge decks are heavy and have poor durability but effective connection systems
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and better durability of pavement, which covered GFRP deck, at road bridge structures are very important
directions in searching scale. GFRP deck is good alternative for old steel bridges, which need to exchange
heavy old deck. Imposing stress and fatigue parameters of glass fiber polymer give possibilities of modern
shape of bridge structures using long-life material and coexistence traditional main part of bridge – steel girders
with light, anticorrosion deck.

Fig 4. Karrebaksmide Bridge in Denmark with GFRP deck and steel main structure of moving span

References
[1] Benmokrane B., Cousin P. : University of Sherbrooke GFRP Durability Study Report. April 2005.
[2] Benmokrane B., Chaallal O., Masmoudi R.: Glass Fibre Reiforced Plastic (GFRP) Rebars for Concrete Structures. Construction and
Building Materials, Vol. 9, No. 6, pp. 353-364, 1995.
[3] Berg A.C., Bank L.C., Oliva M.G., Russell J. S.: Construction and Cost Analysis of an FRP Reinforced Concrete Bridge Deck.
Construction and Building Materials. 7 April 2005.
[4] Knippers, J.: Innovative Design Concepts for Composite Bridges in Germany Proceedings of the COBRAE Conference 2005, EMPA
Düsendorf 2005.
[5] Moon D.Y., Zi G., Lee D.H., Kim B.M., Hwang Y.K..: Fatigue Behaviour of the Foam-filled GFRP Bridge Deck. Composites: Part B
40 (2009), pp. 141-148.
[6] Moon D.Y., Zi G., Lee D.H., Kim B.M., Hwang Y.K..: Fiber Reinforced Plastic Deck Profile for I-Girder Bridges. Composite
Structures 67 (2005) .
[7] Park K.T., Hwang Y.K., Lee Y.H., Kim S.M.: Performance Verification of a New Pultruded GFRP Bridge Deck-to-Girder Connection
System. Composite Structures 81 (2007), pp. 114-124.
[8] Pavese A., Bolognini D., Peloso S. Seismic Behaviour of R.C.: Hollow Section Bridge Piers Retrofitted with FRP. 13th World
Conference on Earthquake Engineering. Vancouver, Canada, August 1-6, 2004.
[9] Resing R.; Shahrooz B.; Hunt V.; Neumann A.; Helmicki A.: Performance Comparison of Four Fiber-Reinforced Polymer Deck Panels,
Journal of Composites for Construction May/June 2004, pp. 265-274.
[10] Sarfaraz R., Vassilopoulos A., Keller T.: Experimental investigation of the fatigue behaviour of adhesively-bonded pultruded GFRP
joints under different load ratios. International Journal of Fatigue 33 (2011), pp. 1451-1460.
[11] Stankiewicz B. GFRP applications in bridge structures. International Conference Concrete and Concrete Structures, Zilina, 15-17
October, 2009.
[12] Stankiewicz B. The examples of GFRP bridge decks. Glass & Ceramic, Warsaw, nr 1/2011, pp. 7-10.

Composite GFRP Deck for Bridge...

335

B. Panda et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Changes of the infrastructure and operation parameters of a
railway line and their impact to the track capacity and the
volume of transported goods
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Abstract
The railway transport is considered as a one of the most environmentally friendly type of transport. With future prediction of
increasing freight transport there are lines facing problems with demanded capacity. Increase of the track capacity could be
achieved by infrastructure constructive adjustments. The contribution shows how the travel time can be minimized and the track
capacity increased by changing some of the basic infrastructure and operation parameters, for example the minimal curve radius of the
track, the number of tracks, or the usable track length at stations. Calculation of the necessary parameter changes is based on the
fundamental physical laws applied to the train movement, and calculation of the occupation time is dependent on the changes of
controlling the traffic between the stations.
Keywords: track capacity; reconstruction; curve radius; speed; travel time; track mass capacity

Nomenclature
g
k

l
m
nmax

gravitational acceleration [m.s-2]
number of trains in a group/bunch [trains]
train passed distance [km]
mass [kg]
maximum (theoretical) volume of the track capacity [trains]
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i

n max
T
n max

p
max

maximum (theoretical) volume of the capacity on a i-section [trains]
resulted maximum (theoretical) volume of the capacity [trains]
superelevation of the rail track [mm]

pn

maximum normal superelevation of the curve rails [mm]

pt

theoretical superelevation of the rail track [mm]

r

curve radius [m]
minimal curve radius [m]

rmin
s
tocc

gauge [mm]
occupation time of the track rail per one train [min]

IA,IB

train travel time [min]
train speed [m.s-1]
subsequent meantime in the station A and B [min]

Lloc

length of the locomotive [m]

tt
v



Lwu

average length of a wagon unit [m]

max
Ltr

maximum train length [m]

Mloc

mass of the locomotive [t]

M max

maximum track mass capacity [t]

max

M axle

maximum permissible weight per the axle resulting from the track mass capacity class [t]

max
M goods

maximum volume of the transported goods [t]

max

M tr



maximum mass of the train [t]

M wu

average mass of the wagon unit [t]

/ wu
M goods

average of the mass payload per wagon unit [t]

loc
N axle

number of the axles of the locomotive [axles]

max/ tr
N axle

maximum number of the axles in the train [axles]

max/ tr
N i,wu
maximum number of wagon units in the train for the maximum number of the axles in the train,
max/ tr
N wu
T
N wu

maximum mass of the train and maximum length of the train [wagon units]
maximum transported wagon units in one train [wagon units]
maximum transported wagon units – the section performance [wagon units]

pmax

maximum transport capacity [t.km]

T
Tad

total calculation time - usually one day (1440 min.) [min]
surcharge for the acceleration and deceleration of the train [min]

Tmin

minimum train travel time [h]

Tper

time of period [min]

i
Tmin

minimum travel time in i-section [h]
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T
Tmin

total of minimum travel time of the train [h]

Vmax

maximum track speed limit [km.h-1]

T
Vmax

maximum admissible speed for the curve ride [km.h-1]

 A , B

period of the traversing in the railway stations A and B [min]

 AB , BA period of the subsequent drive in the railway stations A and B [min]

1. Introduction
The megatrend of the market globalization brings more and more requirements of transporting goods
for the medium and long distances. Nowadays, the most of the goods is transported by the road. Its result
is a major negative impact on the environment and a high value of external costs. This trend cannot be
sustainable from the long-term point of view. The railway transport is considered as an environmentally
friendly mode of the transport. Attempts are expected to move a large part of the freight transport from
the road to the railway in the future. There can be problem with the railway lines that they don´t have
a sufficient track capacity. UIC-GTC report, created by the Kessel + Partner Transport Consultants and
KombiConsult GmbH, expects many bottlenecks on the railway lines in the European countries by 2015,
especially in the western area, as can be seen in Figure 1. It is necessary to look for the possibilities how
to prevent the expected problems.

Fig. 1. Rate of railway line employment by 2015 (source: Study on Infrastructure Capacity Reserves for Combined
Transport by 2015)

The tracks capacity can be increased by changing various types of the infrastructure parameters
resulting from their modernization. The traffic capacity depends mainly on these two categories
of parameters:
 track parameters,
 train parameters.
The basic track parameters are:
 number of the track lines,
 track speed limit,
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traffic signaling system,
track leaning ratios,
minimum curve radius,
track resistance (slope, curvature, crossovers, tunnel).







The basic train parameters are:
load capacity (per axle, per usual loading meter),
maximum train weight,
maximum train length (in meters, in number of the axles),
train driver (driving style, driver skills),
pull force of the locomotive engine (indicated, circumference of the drive wheels, at coupler,
adhesion).

Fig. 2. The traffic capacity dependence parameters

Based on the basic knowledge about the examined railway infrastructure, we can derive these two
indicators:
 maximum volume of capacity ( nmax ),
 maximum capacity of the transported wagon units per track section ( N Twu ).
2. Dependence of the observed indicators on changes of the railway infrastructure parameters
Description of the main parameters, which are taken from the network chart edges analysis:
 minimal transport time ( Tmin ):
o maximum of the track speed limit ( Vmax ),
o minimum of the track curve radius ( rmin ),
 maximum capacity ( nmax ):
o number of the track rails ( TR ),
o minimum of the track curve radius ( rmin ),
o maximum of the track speed limit (Vmax )
 maximum capacity of the transported wagon units per track relay ( N Twu ):
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o
o
o
o
o
o

number of the track rails ( TR ),
minimum of the track curve radius ( rmin ),
maximum of the track speed limit (Vmax ),
maximum track mass capacity ( M max )
maximum train length ( Lmax
),
tr
tr
maximum number of axles ( N max/
),
axle

o maximum train weight ( M trmax ).
The change of the clearance profile can increase the total volume of the transported goods.
But the clearance profile is a very difficult measure for mathematical definitions. In this case we can
consider it as the right measure the total number of transported wagon units. Then we just recalculate the
total number of the transported wagon units to the transportation performance or the total volume
of the transported goods.
3. Evaluating the minimal transport time
3.1. Dependence on the maximum track speed limit
If we simplify the train drive just to a drive with a fixed speed and zero acceleration, then the travel
time is proportional to the train passed distance and inversely proportional to its maximum speed.
Tmin 

l

v

(1)

max

Than we can calculate the travel time for each track section and the total travel time on the passed track
by adding the partial travel times.
i
T 
(2)
T min

T

min

3.2. Dependence on the minimum curve radius
In the curve ride with the radius r (m) by a fixed speed v (m.s-1), we must add also the centripetal force
to the tractive force acting in the same direction as the curve tangent (Majerčák et al. 2008).
The centripetal force is directed into the curve center and it makes the trajectory curvature. Then the
dimension of the centripetal force is:
P 

m.v2

[N]

(3)

r

This force causes the vehicle response, which is equal to the size of the centripetal force but has
the opposite direction – centrifugal force. This force is reflected at the railway vehicle on its wheel flange
and gives the vehicle curvilinear movement. The centrifugal force and the vehicle weight together make
the resultant into three typical aspects:
 resultant cuts the drive plane in the middle of rails – the equivalence is stabilized,
 resultant cuts the tangent point between the vehicle wheel and head of the rail – the equivalence is
labile,
 resultant cuts the drive plane in general out of the rail track – the turnover of the vehicle:
o inside the curve – the track camber is abnormally high,
o from the outside of the track – the camber is abnormally low.
For the smooth curve ride and also the stabilized vehicle ride position we must eliminate the negatives
of the centrifugal force effect:
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sin 

p

(4)

s

The dimensions of the superelevation can be figured out of the resultant of the vehicle gravity and
the centrifugal force which is perpendicular to the drive plane and axis of it. The pressure on the rails is
the same.
The resultant R consists from centrifugal force P and the gravity force ( G  m.g ) which acts on the
ride plane.
v2
(5)
tg 
g.r

The angle a can be described also from the range of the liaison circles of the wheel set and
the superelevation
p
(6)
sin 
s

Fig. 3. The superelevation of the track in the curve (left: ideal situation; right: common situation)

Because the dimensions of angle a are too small, it can be written with the sufficient accuracy
sin   tg and than

(7)

p v2

s g.r

from this situation, the superelevation is
pt 

(8)

s.v2
g.r

For the railway needs better suits the using of the superelevation in mm and the speed in km.h-1.
We can describe this superelevation as theoretical and we mark it pt . The theoretical superelevation is
used for the ideal situation – all the trains travel at the same speed. Generally the trains don't ride
at the same speed, however, so this equation must be transformed (slower trains can damage the lower rail
in the curve superelevation). The transformation is made multiplying with

2

. This superelevation can be

3

denoted as normal and sign it pn .
2
s. V
2
3,62
2 s.v 2
2.s.V 2
pn  .
 .

3 g.r
3 9,81.r
381,41.r
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The superelevation of the curve rails can be stated by each country on its own decision. That's why we
can count the maximum speed in the curve ride in the general conditions
p nmax 

2.s.V 2 
381,41.rmin

V

T
max

max
r .p max
 381,41.rmin . pn
 13,81. min n
s
2.s

(10)

The next calculation will be made by (1).
4. Evaluating the maximum capacity volume
Maximum (theoretical) volume of the capacity is proportional to the calculated time and inversely
proportional to the occupation time of the track per one train.
T
(11)


n

tocc

max

The resulting track volume capacity is given by the volume of the capacity of the constraining section
(it is the section with the lowest capacity)
T
(12)
 min n imax 

n

max

5. Calculation of the occupation time tocc
5.1. Single track, simple, matched train diagram
RST A

RST B

tt

A

B

tt
TPER

Fig. 4. Single track line, simple, matched train diagram

t
t


occ
t

Tper



2.tt  A  B  Tad

2

(13)

2

 60.Tmin 

l

(14)

vmax

The next calculation will be made by (11).
5.2. Single track, grouped, matched train diagram

t
t


occ

t

Tper



2.k.tt  (k  1).( AB   BA )   A   B  Tad

2.k

 60.Tmin 

(15)

2.k
l

(16)

vmax

The next calculation will be made by (11).
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RST A

RST B

A

tt

tt

AB

BA

tt

tt

B

TGROUPPER
Fig. 5. Single track, grouped, matched train diagram

5.3. Single track, bunched, matched train diagram
RST A

RST B

IB

IB

tt

A
T

tt
BUN

IA

IA

B

PER

Fig. 6. Single track, bunched, matched train diagram
Tper

2.tt  (k 1).(I A  I B )   A   B  Tad

t  2.k 
l
t t  60.Tmin  vmax
occ

(17)

2.k

(18)
The next calculation will be made by (11).

5.4. Double track train diagram
(19)

T

 2.

n

tocc

max

(20)

I I

t

occ



A

B

2

(21)

n

max



2.T
 IA  IB
2



4.T
IA  IB

The next calculation will be made by (12).
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RST A

RST A

RST B

RST B

I

I

I

I

Fig. 7. Double track train diagram

6. Evaluating the maximum transported wagon units – the section performance
The basic calculation of the section performance is:
T

T

max/ tr
N wu  n max .N wu

(22)

7. Calculating the maximum volume of the wagon units in one train
The maximum number of wagon units can be limited by:
 the maximum number of the axles in the train,
 the maximum mass capacity of the train,
 the maximum length of the train.
7.1. Maximum number of the axles in the train
In general double axles wagon is one wagon unit, one bogie wagon (with four axles) are two wagon
units.
max/ tr  N loc
N axle
axle
2

max/ tr 
N wu

(23)

7.2. Limit of the maximum mass capacity of the train
M
max/ tr
N wu




max  M

tr



max

M wu  2.M axle

loc

(24)

M wu

max
M axle
(A – 16,0 t/axle;

B – 18,0 t/axle; C – 20,0 t/axle; D – 22,5 t/axle)

7.3. Limit of the maximum length of the train
(Lmax  L
max/ tr
N wu



tr


Lwu

)

(25)

loc

The final maximum number of the wagon units in the train is set by the minimal value of the maximum
number of the wagon units which depends on:
 maximum number of the axle in the train,
 maximum mass of the train,
 maximum length of the train.
(26)
N max/ tr  minN max/ tr 
wu

i,wu

The next calculation will be made by (22).
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8. Calculating the maximum value of the transported goods and the transportation capacity
For calculation of the maximum value of the transported goods and the transportation capacity we can
use calculation of the maximum value of the transported wagon units – performance section. For the
calculation we need:
 average used mass per the wagon unit,
 length of the section.
(27)
M max  N T .M  / wu
goods

p

max



wu

goods

(28)

max
M goods .l

Fig. 8. The example of the dependency between the transport capacity and the chosen infrastructure parameters
on the chosen 15 km long track section

9. Conclusion
In this century the sustainable transport can be further developed only with the continued support and
preference of the environmentally friendly transportation. The railway transport is the transport
with relatively low negative external costs to the environment. To remain competitive it must offer quality
services with a sufficient capacity. Some railway corridors in Western Europe are not able to offer
the required capacity because of the increased demand for the transport. Modernization of the railway
lines can change their parameters and increase their performance.
Changes could be made in the infrastructure and operation parameters. In this contribution calculations
of the track capacity and the volume of the transported goods are suggested, depending on the minimum
radius of curvature changes, the transport organization between stations and train parameters depending
on the characteristics of the line. Calculations showed that the same percentage change in the input
parameters of the track, train and operation brings a different magnitude of increased traffic capacity.
At the same time, the maximum increase of the traffic capacity is bounded above and cannot be
continuously increased without changing other parameters.
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Abstract
Sand fines (earth/sediment) and water/concrete proportion have been accounted for to be one of the reasons for shortcoming in
substantial strength. A review was led to decide the impact of fines content in sand and water/concrete proportion on certain
properties of cement. Fines content in sand of 2%, 4%, 6%, 8%, 10% and 12% just as water/concrete proportion of 0.55, 0.6 and
0.7 were utilized. The substantial were arranged utilizing the fundamental blend 1:2:4. Usefulness test on tissue concrete just as
pressure and parted rigid qualities were led as per BS 1881. The outcomes show that, functionality of cement diminished as fines
content increments. At similar degree of fines content, functionality increments when the W/C expanded. The concentrate again
uncovered that up to 4% fines content, compressive strength expanded as the fines content increments. There was a diminished in
the compressive strength with expanded in all W/C. A similar pattern was found for the malleable parting strength results.
Anticipating the impact of fines and W/C on work capacity and qualities of substantial utilizing relapse examination propose that,
more than 80% of the variety in the functionality and qualities were affected by fines and W/C. It was closed from the review that,
fines content of 4% in sand and water/concrete proportion of 0.55 is suitable for concrete for primary use.
Keywords: Sand Fines; Water/concrete Ratio; Workability; Strength; Concrete

Introduction
Concrete is a very important material in the construction industry
which is spearheading infrastructural development in Ghana leading
to the expected prosperity and growth of the nation. The quality of
concrete constituent materials controls its strength [1] which has also
been found to be one of the causes of building collapse all over the
world [2-4]. For this reason attention must be given to the factors
which affect the strength of concrete [5-7].
Among these factors are sand fines which are materials that
passes through the 75µm sieve. These fines are considered as an
impurity in building sand in the BS882:1992 [8]. The presence of
sand fines in concrete is likely to affect the workability, strength
and long-term performance of concrete [9]. To this effect, the
percentage limit of sand fines (clay/silt) is recommended by
various building standards in other to check their effects on the
strength of concrete. Some of which are the British Standards
(BS), and the American Standard for Testing and Materials
(ASTM) which recommends 4% and 10% of fines in building
sand respectively. Nonetheless, Ghana is yet to specify the limit of
fines (clay/silt) percentage in building sand for producing
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concrete. Moreover, it has been recommended by Danso and
Boateng [10] to investigate the quality of building sand used in the
Ghanaian construction industry which is yet to be realized.
Another contributing factor affecting concrete strength is the
water content used which in some cases are increased to improve
workability [11,12]. When the fines content in sand are excessive,
there is the need to add more water to the concrete mix in other to
improve the workability. That is fine particles such as clay and
cement interact with water in a physiochemical state which leads to
more absorption of water than that of fine and coarse aggregates.
Research have shown that higher amount of sand fines in concrete
results in poor workability. This eventually leads to the addition of
water to the concrete mix before or even during the unloading
process to improve workability [12].
Meanwhile, research have also shown that an increase in
water/cement ratio result to a decrease in the compressive
strength of concrete [13,14]. Additionally, the increase in sand
fines content has also been found to decrease the compressive
and tensile strengths of concrete [15,16]. Inadequate sand fine
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content also has adverse effect of the strength of concrete due to
poor adhesion. Researchers have therefore develop various
models for predicting the effect of sand fines and W/C on the
strength of concrete. However, there is a gap in literature for the
combined effect of sand fines and water/cement ratio’s effect on
the properties of concrete. This paper seeks to address this gap
in literature.

18 containing the various sand fines (clay/silt) replacement in
the fine aggregate with three different water/cement ratios.

Materials and Methods
Materials
The materials used were crushed granite as coarse aggregate,
natural pit sand, ordinary Portland cement and water. Physical
properties of the aggregates were analysed. These properties
included the specific gravity, water absorption, fineness modulus,
surface texture, particle shape and colour. The specific gravity
and water absorption were conducted in accordance with the ASTM
C128:1997 for fine aggregate and ASTM C127:2007 for coarse
aggregate.

Testing methods and procedures
Sample size: A total of 216 specimens were cast for
strength testing. Out of this, 162 were made of 150mm cubes for
compressive strength testing at 7, 28 and 91 days curing whereas 54
were made of 150x300mm cylinders for splitting tensile strength
testing. The number of concrete batches prepared was

Figure 1: Extraction of Fines (Clay/Silt) from Sand.

Mixing of concrete: Fines (clay/silt) were initially extracted
from sand using dry sieving (Figure 1). During this stage, the
sand was first spread and dried in air for some days and sieved with
the 600µm sieve. Sand passing through the 600µm was further
sieved with the 75µm sieve where the sand particles passing through
this sieve were collected for replacement of the sand content in
concrete. The sand particles retained on the 75µm sieve were
gathered, washed with water to remove left over fines and dried by
spreading in air for 7 days.

Table 1: Concrete Mix Proportion for Casting Specimens.
Fines (%)

Cement (kg)

Sand (kg)
(Fines)

Normal Sand

Coarse Aggregate (kg) (12 mm max. size)

2

15.789

0.632

30.946

63.156

4

15.789

1.263

30.315

63.156

6

15.789

1.895

29.683

63.156

8

15.789

2.526

29.052

63.156

10

15.789

3.158

28.42

63.156

12

15.789

3.789

27.789

63.156

Water Proportion in the Mix
Water/Cement Ratio
Amount (kg)

0.55

0.6

0.7

8.684

9.473

11.052

The amount of various materials needed for each mix
proportion which could cast 9 cubes and 3 cylinders were batched
for concrete mixing (Table 1). Different batches of concrete
consisting sand with fines content of 2%, 4%, 6%, 8%, 10%
and 12% with three constant water/cement ratios of 0.55, 0.60 and
0.70 were prepared for the study. The amounts of coarse
aggregate used were kept constant for all batches. The concrete
were mixed using 1m3 drum concrete mixer.

Figure 2: Test of Concrete Workability (Slump).
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Workability test: Slump measurement was taken immediately
after mixing each batch of concrete before casting them into
specimen moulds (Figure 2). The moulds were coated with oil just
before concrete casting. The concrete were cast in three layers into
the moulds and each layer was tamped 25 times
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with 16mm diameter rod to removed entrapped airs present in the
concrete. Excess concrete were cut away and the surface levelled
with the trowel.
Curing of specimens: The specimens were initially cured in air
for 24 hours. The moulds were then removed and were then
immersed into water in a curing tank for 7, 28 and 91 days.

was supported in a jig with plywood used as parking strips
conforming to EN 316. An automatic constant rate of loading
within the range of 0.04MPa/s to 0.06MPa/s was applied without
shock which increased continuously until splitting of specimen
occurred (Figure 4).

Results and Discussion
Physical properties of aggregates
Table 2: Physical Properties of Study Aggregates.

Figure 3: Test of Cube Specimen for Compression Strength.

Strength testing: Cube specimens for compressive strength test
were conducted in accordance with the BS EN 123903 [17]. The cube specimens were inserted into a universal testing
machine of which the surface of the cubes were aligned
perpendicularly to the platens. An automatic loading rate within
the range of 0.04MPa/s to 0.06MPa/s was applied to the specimen
until failure occurred (Figure 3). The capacity of the testing machine
was 2000kN maximum loading.

Property

Fine Aggregate

Coarse Aggregate

Fines (%)

13.91

-

Specific gravity

2.6

2.61

Water absorption (%)

1.4

0.5

Fineness modulus

2.61

2.5

Surface texture

Rough

Rough

Particle shape

Angular

Irregular

Colour

Gray

Imperial gray

Table 2 gives the physical properties of the aggregates that
were used for the study. The specific gravity of saturated surfacedry samples measured were 2.60 and 2.61 for fine and coarse
aggregates respectively. This indicates the aggregates used for the
study were within the accepted specified values for concrete
production in accordance with BS EN 1097-6 [19]. The water
absorption for the sand used was 1.4% which is below the
specification limit of 2%. This explains that, much of the water
used for mixing the concrete will be absorbed by the aggregate to
keep it at the saturated surface dry state and the rest for mixing
the concrete and hydration of cement. The water absorption of
coarse aggregate was 0.5% which was within the normal range
from0.1 to 0.6%.The fineness modulus obtained suggest that, the
aggregates used had an approximately average sizes of 600µm and
12.5mm for fine and coarse aggregates respectively. Thus, the
sand used was normal sand since it lies within Zone II of
geological grading.

Figure 4: Test of Cylindrical Specimen for Splitting Tensile Strength.

The cylindrical specimens for splitting tensile strength test were
conducted in accordance with the BS EN 12390-6 [18]. A
diametrical compressive force was applied on the cylindrical
specimens placed centrally with its axis horizontal between the
platens of the universal testing machine. The specimen
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Figure 5: Test of Cylindrical Specimen for Splitting Tensile Strength.

The particle size distribution conducted in accordance with
the BS882 were used to plot grading curve for the fine and coarse
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aggregates shown in Figure 5 & 6 respectively. The grading curves
and the physical properties given in Table 2 indicate the aggregates
used for the study were within the accepted range for producing
concrete.

Workability
Table 3 presents the result of workability test given the
slump values for the various mixing batches. It is noted that,
slump values decreased as the fines percentage in sand increased
whereas the slump increased as the water/cement ratio increased
agreeing with earlier reports [16,20,21]. The decrease in slump
value as a result of increase in fines percentage in sand can be
attributed to the fact that finer particles have larger surface area
which absorbs more water in concrete mix. Meanwhile, higher
water/cement ratio is able to disperse the concrete constituents
leading to a higher slump value. This result is again similar to the
reports by Alawode and Idowu and Olusola et al. [13]. The degree
of workability is explained in the Table 3 where concrete batches
with 0.70 water/cement ratio had better slumps ranging from
minimum of low to maximum of medium slump.

Figure 6: Grading Curve for Coarse Aggregates.
Table 3: Slump Values for Workability of Concrete.
Water/Cement Ratio (w/c)

Fines (%)

Slump (mm)

Degree of Workability

2

25

Low

4

15

Very low

6

13

Very low

8

12

Very low

10

11

Very low

12

9

Very low

2

35

Low

4

30

Low

6

26

Low

8

24

Very low

10

19

Very low

12

17

Very low

2

95

Medium

4

60

Medium

6

56

Medium

0.55

0.6

0.7

8

52

Medium

10

49

Low

12

47

Low

Table 4: Regression Coefficients for Concrete Workability (Slump).
Unstandardized
Coefficients
B

Std.
Error

Standardized
Coefficients

T

Sig.

Beta

Constant

-141.905

18.367

-7.726

0

Fines (F)

-235.714

52.989

-0.364

-4.448

0

Water/
Cement
Ratio
(w/c)

310.476

29.023

0.876

10.697

0

Regression analysis was conducted to predict the relationship
among the fines percentage in sand, water/ cement ratio and
workability of concrete presented in Table

Application of Sand Fines and Water/Cement...

4. The coefficient of multiple determination, R2 given as 0.899
(Adjusted R2=0.886) indicates fines percentage in sand and
water/cement ratio explains about 90% of the variations
in concrete workability. Moreover, the ANOVA suggest the
predicted equation is appropriate for determining the effects of
fines percentage in sand and water/cement ratio on concrete
workability (F = 67.111, p < 0.001). From Table 4, an increase
in fines content in sand by one percent resulted to a decrease
in concrete slump by approximately 236mm when all other
variables are kept constant. On the other hand, an increase in
water/cement ratio by one unit (0.01) resulted to an increase
in slump by approximately 310mm with all other variables kept
constant. The Beta values from the standardized coefficients
suggest that, an increase of the fines percentage in sand by a

349

S. K. Panda et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

standard deviation will result to a decrease in concrete slump on the
average by 0.364mm. Meanwhile, an increase in the water/
cement ratio by one standard deviation will result to an increase in
slump on the average by 0.876mm. Equation for predicting
concrete workability is hence given as:
Wc = -141.905 - 235.714F + 310.476w/c with R2 = 89.9%
(Eqn. 1)
Goodness of fit: R2=89.9% (Adjusted R2= 88.6%); F = 67.111,
p<0.001

Compressive and tensile splitting strength
The compressive strength of concrete cubes tested at 7, 28 and
91 days curing as well as splitting tensile strength tested at 28 days
curing are presented in Table 5. It can be noted that, the strength of
concrete (both compressive and tensile splitting)

increased to 4% fines content in sand beyond which the strength
decreased at constant water/cement ratio. The trend was found to be
consistent with the report by Seeni et al. ; Cho [16]; Dammo et al.
[22]; Iyappan and Manu [21]. Meanwhile, at constant fines content in
sand, the compressive and tensile splitting strength of concrete
decreased with an increase in water/cement ratio at all curing ages.
This trend again supported previous investigation [13,14,23]. The
reason may be that concrete with higher fines content in sand absorb
more water thereby living inadequate amount of water for the
hydration of cement leading to decreased strength. Moreover, higher
percentage of fines in sand will require higher amount of water to
make the concrete workable which intend result to lower strength of
concrete. Thus, higher water/cement ratio disperse the concrete
constituents resulting to less bridging of calcium-silicate-hydrate of
cement hydration rendering weaker strength of concrete.

Table 5: Average Results of Concrete Compressive and Tensile Splitting Strength.
Water/Cement Ratio

Compressive Strength (N/mm2)

Fines (%)

7 Days

28 Days

91 Days

28 Days

15.73

20.83

22.86

1.89

4

18

21.69

24.18

2.03

6

16.11

21.25

23.28

1.85

2

0.55

0.6

0.7

Tensile SplittingStrength (N/mm2)

8

13.9

20.8

22.46

1.61

10

12.91

20.38

21.66

1.51

12

12.88

19.32

21

1.51

2

14.16

18.96

20.82

1.71

4

15.62

19.93

21.45

1.83

6

12.98

19.57

20

1.75

8

12.12

15.78

18.99

1.69

10

12.09

15.77

17.47

1.62

12

11.61

13.23

15.77

1.5

2

12.08

14.68

18.49

1.37

4

12.47

16.05

18.58

1.44

6

12.3

15.06

18.32

1.35

8

12.06

14.04

16.29

1.32

10

11.37

13.49

15.34

1.31

12

11.13

12.19

14.96

Computing regression analysis as shown in Table 6 for
predicting compressive strength of concrete at 28 days curing, the
ANOVA indicates appropriate prediction using the model (F
= 41.998, p < 0.001) however is valid for concrete with 4% fines
and beyond. The coefficient of multiple determination, R2 = 0.848
(Adjusted R2 = 0.828) explains that fines percentage in sand
and water/cement ratio explains about 85% of the variations in
the compressive strength of concrete. The unstandardized
coefficients indicates that an increase in fines content in sand
by one percent will result to a decrease in compressive strength by
37.1N/mm2 when all other variables are kept constant. On
the other hand, an increase in water/cement ratio by one unit
(0.01) will cause a decrease in the 28-day compressive strength

Application of Sand Fines and Water/Cement...

1.2
2

of concrete by 41.1N/mm keeping all other variables constant. Table
6 again indicates that an increase in fines percentage in sand by one
standard deviation will cause a decrease in compressive strength of
concrete cube on the average by 0.408N/mm2. The water/cement
ratio when increased by one standard deviation will also decrease the
compressive strength of concrete on the average by 0.826N/mm2.
The predicting equation is therefore given as:
fcu,28 = 45.4357 - 37.143F - 41.136w/c with R2 = 84.8% (Eqn.
2)
Goodness of fit: R2 = 84.8% (Adjusted R2 = 82.8%); F =
41.998, p < 0.001
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Table 6: Regression Coefficients of Compressive Strength.
Unstandardized Coefficients

Standardized Coefficients

T

Sig.

14.313

0

B

Std. Error

Constant

45.357

3.169

Beta

Fines (F)

-37.143

9.142

-0.408

-4.063

0.001

Water/Cement Ratio (w/c)

-41.136

5.007

-0.826

-8.215

0

Table 7 also presents the regression analysis for the tensile
splitting strength of concrete. The coefficient of multiple
determination, R2 indicates that, fines percentage in sand and
water/cement ratio explains about 84% (Adjusted R 2 = 0.814)
of the variations in the tensile splitting strength of concrete. More
so, the test statistic from the ANOVA suggest adequate prediction
using the regression model developed (F=38.191, p<0.001) also
valid for concrete with 4% fines and beyond. The unstandardized
coefficients therefore indicate that, an increase of the fines
content in sand by one percent will cause a decrease of
3.195N/mm2 in the tensile splitting strength of concrete when all
other variables are kept constant. On the other hand, by

keeping all other variables constant and increasing the water/
cement ratio by one unit (0.01) will result to a decrease in tensile
splitting strength by 2.798N/mm2. Meanwhile, the standardized
coefficients indicate that, an increase of fines percentage in sand
by one standard deviation will cause an average decrease in tensile
splitting strength of concrete by 0.485N/mm2. An increase in
water/cement ratio by one standard deviation also decreased the
tensile splitting strength of concrete on the average by
0.775N/mm2. This explains that water/cement ratio contributes the
highest effect on concrete tensile splitting strength. The model
predicting the tensile splitting strength is hence expressed as:

Table 7: Regression Coefficients of Tensile Splitting Strength.
Unstandardized Coefficients
B

Std. Error

Constant

3.532

0.239

Fines (F)

-3.195

0.689

Water/Cement Ratio (w/c)

-2.798

0.378

Standardized Coefficients

T

Sig.

14.78

0

-0.485

-4.635

0

-0.775

-7.409

0

Beta

fct,28 = 3.532 - 3.195F - 2.798w/c with R2 = 83.6%
(Eqn. 3)

ascertainment of the causes of building failure and collapse in Nigeria.
Mediterranean Journal of Social Sciences 3(1): 313-322.

Goodness of fit: R2 = 83.6% (Adjusted R2 = 81.4%); F =
38.191, p<0.001

Conclusion
This study showed that, compressive strength of a cube
specimen made from the basic 1:2:4 mix proportion using cement
class of 32.5R is expected not to be less than 20N/mm2. On this
note, it was concluded from the study results that, sand fines and
water/cement ratio beyond 4% and 0.55 respectively significantly
weakens the strength of concrete. It is recommended that sand
used in Ghana for producing concrete should have fines limited to
4% maximum. Admixtures are also recommended to be used
to improve workability instead of increasing water content with
no recourse to cement addition during concrete production.
Moreover, the chemical and biological composition of fines are
recommended to be investigated to determine their influence on
concrete properties.
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a b s t r a c t
Refrigerators, heat pumps, and power plants all utilise supercritical and trans-critical
carbon dioxide cycles, with heat exchangers as major components. This paper
examines heat exchangers for cooled supercritical carbon dioxide (SCO2) flows, in
which CO2 is nearing its critical point and so is anticipated to experience heat
transfer deterioration or enhancement due to drastic changes in thermo-physical
parameters. The be-nefits of SCO2 heat transfer were first noted. Second, the
features of SCO2 heat transfer in heat exchangers were studied in depth, including
an experiment, CFD modelling, dynamic response, and SCO2 heat excha-nger
design. Finally, the benefits of SCO2 heat transfer enhancement were discussed.
The heat transfer enhancement methods that may be potentially applicable to SCO2
heat exchanger design were assessed and selected based on performance
evaluation criterion and enhancement efficiency, as well as MATLAB optimization,
and an approach for representing SCO2 thermo-physical and transport property
constants versus temperature was proposed. It was shown that a Gaussian
probability density function polynomial can quantitatively depict the variation of
SCO2 thermo-physical property constants with temperature and may be employed
in SCO2 heat exchanger design and thermal dynamic response analysis. The
protrusion, rough element, and twisted tape insert approaches, as well as nanocoating methods, may be more effective heat transfer enhancement methods for
SCO2 when Reynolds numbers Re = 1.9104-2.55105, however nu-merical and
experimental validation is necessary. For the project, preliminary guidance on
design, optimization, and experimentation of SCO2 cooling heat exchanger is
provided.
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is usually heated by water (Xu et al., 2015; Li et al., 2016b)
or other liquids (Jeon et al., 2016; Shi et al., 2020; Kim et al.,
2016b) or gas (Seo et al., 2020) at a higher temperature, and the
temperature of SCO2 rises after leaving the exchanger. Various
printed circuit heat exchangers (PCHE) may find potential applications in this kind of heat exchanger, and computational fluid
dynamics (CFD)-based PCHE flow channel optimization can be
found in Figley et al. (2013), Kwon et al. (2016), Meshram et al.
(2016), Kim et al. (2016a), Saeed and Kim (2017), the very recent
comprehensive review of SCO2 PCHEs is referred to Kwon et al.
(2020) and Chai and Tassou (2020). For the SCO2 heat exchanger
in heat pump system, the SCO2 is cooled by water or another
liquid in the exchanger. Note that the recuperator and the heat
exchanger to pre-cool the SCO2 before the compressor in the
Brayton cycle fall this category (Kruizenga et al., 2011). The SCO2
air or gas cooler in refrigeration system is a heat exchanger where
the SCO2 is cooled by air or a gas (Pettersen et al., 1998; Ge et al.,
2015; Li et al., 2017; Vojacek et al., 2019; Chai et al., 2020).

1. Introduction
1.1. Problem
Cooling is essential for data centres, food and medicine industry, refrigerated warehouses and vehicles, offices and residential
buildings, being one of the key energy consumers. For instance,
cooling consumes up to 14% of the UK’s electricity, and the cooling demand is predicted to grow by about three times the current
generating capacity by 2030 in the UK (Anonymous, 2015). As
a result, cooling sector is also one of the key carbon emission
contributors.
In addition to the carbon emissions associated with the energy
consumption of the refrigeration systems, most of the current
synthetic refrigerants, Chlorofluorocarbon (CFC), Hydrochlorofluorocarbons (HCFCs) are also green house gases with high Global
Warming Potential (GWP). They will be gradually phased out in
the next couple of decades. The refrigeration industrial sector will
have to transit to working fluids with low or zero GWP. As a
result, there is renaissance of research and development in the
natural working fluids such as ammonia and carbon deoxidate for
refrigeration applications.
Since CO2 has a relatively low critical temperature at 31.11 ◦ C,
trans-critical CO2 cycle refrigeration systems are more common
than subcritical CO2 cycle systems that could only operate with
an ambient temperature much lower than 31.11 ◦ C. Therefore, the
heat exchanger at the high-pressure side for heat rejection, a gas
cooler or condenser, will operate around the critical point.
It is well known that turbulent convective heat transfer
to/from supercritical fluids (e.g., SCO2) is strongly affected by the
significant variation of thermo-physical and transport properties
in the region near the critical point, where its density, viscosity,
and thermal conductivity undergo a significant drop, while its
enthalpy and entropy undergo a sharp increase. Despite numerous tests of the heat transfer coefficient of supercritical fluids in
the past decades, heat transfer of SCO2 is far from being fully
understood.
To better understand state-of-the-art of heat transfer of SCO2
and to identify design methods for SCO2 heat exchangers, a
literature review of SCO2 cooling heat exchangers, especially heat
transfer enhancement approaches, was launched. The aim of this
review is to provide a preliminary guidance to the design and
assessment of SCO2 cooling heat exchanger for a project.

1.3. Literature reviews on heat transfer enhancement
A detailed comparison was made in thermo-hydraulic performance and heat transfer mechanisms among various heat transfer
enhancement methods, namely, fin array, dimpled surface, rib
turbulators and swirl chambers (Ligrani et al., 2003). Twisted tape
inserts, wire coils, ribs, fins and dimples are the most commonly
used passive heat transfer enhancement tools. A review is performed on twisted tape inserts in laminar and turbulent flows,
wire coils in laminar and turbulent flows, other inserts such as
ribs, fins, dimples, etc. (Dewan et al., 2004). A similar review is
referred to Admane and Patil (2013). The heat transfer enhancement performance of various twisted tape inserts in tubes with
ordinary fluids was summarized and discussed based on recent
studies (Hasanpour et al., 2014; Varun et al., 2016; Yousif and
Khudhair, 2019; Man et al., 2014), but the performance of the inserts in tubes with nanofluids was reviewed (Ahmad et al., 2020).
Numerical and experimental investigations into heat transfer enhancement in laminar and turbulent flow regimes, especially in
corrugated tubes by using corrugation techniques, were reviewed
extensively (Kareem et al., 2015). Experimental and numerical
works done on twisted tape insert, wire coil, ribs, conical nozzle,
conical ring and swirl flow generator since 2004 to enhance the
thermal efficiency in heat exchangers were reviewed, and it was
found that twisted tape inserts can enhance heat transfer better
in laminar flow than in turbulent flow, but the other methods
are more efficient in the turbulent flow than in the laminar
flow (Liu and Sakr, 2013). Experimental studies on twisted tape
inserts for enhancing heat transfer in heat exchanger, air conditioning, chemical reactors and refrigeration systems in turbulent

1.2. Classification of SCO2 heat exchangers
SCO2 heat exchangers can be classified into three categories,
as shown Fig. 1. The SCO2 heat exchanger in the Brayton cycle
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Fig. 1. A classification of SCO2 heat exchangers.

2. SCO2 heat transfer features

regime were reviewed and the most efficient type of twisted
tape was discussed (Hasanpour et al., 2014). A comprehensive
literature survey on the thermo–hydraulic performance of liquid
flow and heat transfer in pipes with internal integral-fins, twisted
tape inserts, corrugations, dimples, and compound enhancement
techniques was conducted (Ji et al., 2015). A critical review of
published works relevant to heat transfer surfaces with various
vortex generators was performed, and types of vortex generator,
experimental techniques and numerical methods were presented,
flow and heat transfer phenomena associated with vortex generators mounted on heat transfer surfaces were discussed, and
the thermo-hydraulic performance of flat plate, finned circulartube, finned flat-tube and finned oval-tube heat exchangers with
various vortex-generators was summarized (Chai and Tassou,
2018).
Nano-coating is a new surface technique that has emerged
since 2000’s. In the technique, a thin film of carbon nano tube
(CNT) or other materials (Raimondo et al., 2017) is coated on a
substrate to improve chemical or/and physical property of the
substrate. Commonly, the film is subject to great micro surface area and superhydrophobic as well as large contact angle
compared with the plain substrate. In heat transfer and fluid mechanics context, a nano-coating film can enhance heat transfer in
boiling (Khan et al., 2018; Mogra et al., 2020), condensation (Lara
and Holtzapple, 2011a,b; Hu et al., 2015), icing (Wang et al.,
2012a; Boinovich and Emelyanenko, 2013) and forced convection (Rajput and Kulkarni, 2014; Pungaiya and Kailasanathan,
2018) and reduce drag in liquid flows (Rothstein, 2010; Moaven
et al., 2013).
The background on trans-critical SCO2 Rankine cycle in lowgrade heat conversion is introduced, and a comprehensive summary of heat transfer mechanisms and criteria is presented but
heat transfer enhancement is not discussed in detail (Zhang et al.,
2020).
Obviously, there do have been a number of review articles on
SCO2 heating heat exchangers, gas-cooled SCO2 heat exchangers,
heat transfer enhancement, and CO2 Rankine cycles etc, however,
the review of SCO2 cooling heat exchangers with heat transfer
enhancement has not been seen in the literature so far.
In the following sections, heat exchangers for SCO2 in cooling
state will be reviewed to provide a useful guidance to design,
heat transfer enhancement and optimization of the heat exchange
in a heat pump system in a funded project. In Section 2, the
SCO2 heat transfer features will be outlined. These features were
gained experimentally by using tube-in-tube heat exchangers. A
couple of comprehensive reviews of SCO2 heat transfer based on
tube-in-tube heat exchangers have existed in the literature. Thus,
SCO2 heat transfer within tube-in-tube heat exchangers will no
longer be repeated, but the investigations with special tube-intube heat exchangers or other types of SCO2 heat exchanger will
be summarized in Section 3. SCO2 heat transfer enhancement will
be illustrated in Section 4. The important issues such as selection
of type of SCO2 cooling heat exchanger for the project, SCO2
variable property handling in design and targeted enhancement
methods are elucidated in the discussion section. Finally, major
findings will be highlighted in the conclusion section.
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Interest in heat transfer to fluids near the critical point originates from developments in steam plant, nuclear reactors, and
rocket motors in 1950’s. Two formal surveys on that issue are
referred to Hall et al. (1967) and Hendricks et al. (1970) which
came to exist in 1960’s-1970’s. Since then, the number of studies
on the issue has grown rapidly.
2.1. Heat transfer deterioration
Heat transfer mechanisms in thermal boundary layer of SCO2
in heating by a wall were reviewed in terms of experiment (Jackson, 2013), both experiment and CFD (Yoo, 2013; Pizzarelli, 2018).
The forced convective heat transfer near the critical or pseudo
critical point is enhanced but deteriorated off the point due to
the rapid change in the thermo-physical property of SCO2 across
the point as shown in Fig. 2. The heat transfer deterioration near
the wall is related to the buoyancy effect, which depends on the
ratio of the wall heat flux qw to the mass flux G as well as SCO2
flow orientation against the gravity.
Heat transfer characteristics of fluids such as water, SCO2
and hydrocarbon fuels flowing in smooth tubes and enhanced
(ribbed, coiled, curved) tubes at supercritical pressures were surveyed (Huang et al., 2016). Thermo-physical properties of fluids at
supercritical pressures and other effects caused by mass flux, heat
flux, pressure and flow orientation on heat transfer performance
were illustrated. Mechanisms for heat transfer deterioration and
flow acceleration as well as correlations predicting the deterioration are discussed. The buoyancy criteria between forced
convective and mixed convective heat transfer proposed in the
literature were assessed with experimental data available.
2.2. Correlations of Nusselt number and friction factor
Correlations of Nusselt number and friction factor for SCO2
cooling in macro- and micro-channels were analysed and reviewed, meanwhile experimental studies on heat transfer and
pressure drops of SCO2 cooling were compared among different
research groups (Cheng et al., 2008). A review was focused on the
heat transfer and pressure drop characteristics of heat exchangers
using SCO2 as working fluid, and the effects of parameters such
as tube shape and size, mass flux, inlet temperature and pressure,
type of process (heating or cooling) on heat transfer and pressure
drop were discussed. Further, the empirical correlations available
for heat transfer published before 2016 were summarized (Rao
et al., 2016). A comprehensive review of correlations and experimental studies conducted before 2017 for determining the heat
transfer coefficient of SCO2 flowing in tubes in different geometries (horizontal, vertical and inclined, closed-loop, and mini-size)
and dimensions was made (Cabeza et al., 2017). It was shown
that there is a lack of unique universal correlation. The heat
transfer characteristics and correlations of SCO2 in heating and
cooling states in horizontal and vertical tubes in the experimental
studies made before 2018 were reviewed under turbulent flow
condition and variable operating parameters such as inlet SCO2
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Fig. 2. The thermo-physical property of SCO2, Cp -specific heat capacity, h-specific enthalpy, k-thermal conductivity, Pr-Prandtl number, β -thermal expansion
coefficient, µ-dynamic viscosity, ρ -density.

pressure, mass flux, temperature, and heat flux. Additionally,
pressure drop, effect of buoyancy, heat transfer deterioration and
wall temperature distribution were discussed (Ehsan et al., 2018).
Thirteen existing heat transfer correlations were reviewed and
evaluated with 297 experimental data for tube-in-tube SCO2
cooling in smooth tubes. Then a new correlation was developed
based on these experimental data and potentially can be applied
in SCO2 heat exchanger design. The correlation includes a number
of effects such as Reynolds number, Prandtl number, temperature
profile in the tube cross-section and temperature variation along
the tube. The correlation reads as follows (Fang and Xu, 2011):

(
)
(
(f /8) Reb − 20Re0b.5 Pr
qw )
( 2/3
) 1 + 0.001
Nu =
G
1 + 12.7 (f /8)1/2 Pr
−1

friction factor of SCO2 in a tube, is expressed as (Fang and Xu,
2011)
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where ρf is the SCO2 density at film temperature Tf , Tf =
0.5 (Tb + Tw ), ρpc is the SCO2 density at pseudo-critical temperature Tpc ; µw is the SCO2 dynamic viscosity at Tw ; fiso is the
SCO2 friction factor at constant temperature; ε is the equivalent
sand roughness of the tube; d is the tube inner diameter; fac is
the friction factor due to temperature variation along the tube,
i.e. flow acceleration effect; L is the length of the tube; ρb1 and ρb2
are the SCO2 densities at the tube inlet and outlet, respectively.
A general approach for deriving empirical correlation of heat
transfer coefficient was proposed based on the simplicity of physical phenomena in the heat transfer of supercritical fluids in

(1)

where Reb is SCO2 Reynolds number based on the velocity vb ,
density ρb and dynamic viscosity µb at bulk temperature Tb ,
Reb = vb d/µb ; Pr is the mean Prandtl number in the tube, Pr =
Cp µb /kb , kb is the SCO2 thermal conductivity at bulk temperature,
Cp is SCO2 average specific heat at constant pressure, Cp =
(hb − hw ) /(Tb − Tw ), hb and hw are SCO2 specific enthalpy at bulk
temperature and wall temperature Tw , respectively; f is the real
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3.1.4. Static mixer as SCO2 heat exchanger
The static mixer is a device to generate a flow radially towards
the pipe walls and back to the centre with helical mixing elements. The performance of a static mixer as a heat-transfer device
SCO2 was tested and compared with conventional tube-in-tube
heat exchangers at pressures 8–21 MPa, temperatures 283–323 K,
and mass flow rates 2–15 kg/h. The heat fluxes in the static mixer
are one order of magnitude higher than the tube-in-tube heat
exchanger under the same operating conditions (Simoes et al.,
2008).

tubes. A single dimensionless number, i.e., acceleration number was introduced to correct the deviation of heat transfer
from its conventional behaviour. Importantly, the new correlation structure eliminated wall surface temperature in Cp and,
consequently removed possible numerical instability. The new
correlation has demonstrated a reasonably good accuracy over a
wide parameter range and the ability capturing the heat transfer
deterioration (Cheng et al., 2009). This method is meaningful to
establishing new empirical correlations of heat transfer for SCO2.
3. SCO2 heat transfer in heat exchangers

3.2. CFD simulation

3.1. Experimental heat transfer

The thermal efficiency of a static mixer used to pre-heat SCO2
at high pressure is simulated by using CFD software Fluent. It was
shown the RNG k–ε model is better than the standard k–ε and k–
ω turbulence models in comparison with the experimental data.
The static mixer has a thermal efficiency more than three times
better than the tube-in-tube heat exchanger (Lisboa et al., 2010).
In addition to experimental studies, the heat transfer and flow
in a PCHE were also modelled by using Fluent. The nine flow
channels were subject to known inlet conditions and measured
wall temperatures. The CFD results show excellent agreement
with the measurements in the total heat removal (Kruizenga
et al., 2011).
A series of CFD simulations was carried out by using ANSYS
CFX 14.5 against a PCHE-a precooler in the SCO2 Brayton cycle in
terms of two kinds of channel shape, e.g., sharp corner and filleted
corner, see Fig. 3. The hot channel is for SCO2 in turbulence
regime, and the cold channel is for water in laminar regime.
The sharp corner channel gave 40%–65% higher pressure drop
compared with the around corner channel (Baik et al., 2017).
The local heat transfer characteristics of SCO2 flowing in horizontal semi-circular straight channel of a PCHE is simulated with
ANSYS Fluent in cooling under forced and mixed convective heat
transfer conditions. A new local heat transfer coefficient correlation accounting for thermal property variation and buoyancy
effect was developed (Ren et al., 2019).

3.1.1. PCHE
A 316 stainless steel, nine channel, semi-circular prototypic
PCHE was tested by using SCO2 under cooling conditions to
characterize heat transfer coefficient and pressure loss. The PCHE
has channels with a hydraulic diameter of 1.16 mm and a length
of 0.5 m, which were fabricated by make use of current chemical
etching technology and emulating techniques. Local heat transfer
coefficients were determined with measured wall temperatures
and heat fluxes in a wide range of parameters, such as SCO2 pressure ranged from 7.5 to 8.1 MPa, mass flux 326–762 kg/m2 s, heat
fluxes 12–36 kW/m2 , and inlet temperature 20–100 ◦ C. It was
shown that existing SCO2 single-phase heat transfer correlations
agree well with the experimental data away from the pseudo
critical point, but poorly near the point. Frictional pressure loss
accounts for 80% or more of the total pressure loss. The pressure
loss due to acceleration near the point is about 10% of the total
loss (Kruizenga et al., 2011).
A designed PCHE for the precooler of the compressor in a
SCO2 Brayton cycle was tested when the Reynolds number was
ranged in 15,000–100,000, Prandtl number 2–33, temperature
26–43 ◦ C and pressure 7.3–8.6 MPa. The PCHE had a more than
90% effectiveness with 200 mm core. The friction factor and heat
transfer correlations were proposed for PCHE design (Baik et al.,
2017).

3.3. Dynamic response of SCO2 heat exchanger
3.1.2. Tube-in-tube heat exchanger with large tube diameter
The heat transfer and pressure drop performances of SCO2
cooled in horizontal tubes with inner diameters of 4, 6 and
10.7 mm were experimentally investigated. The tube diameter
significantly affects the heat transfer performance and a new heat
transfer correlation for large diameter tubes was proposed (Liu
et al., 2014).

Thermally dynamic response of SCO2 heat exchanger to disturbances in operational parameters is important to assess comprehensive performance of the heat exchanger. However, investigations into this issue are quite few in one-dimensional
(1D) and three-dimensional (3D) modelling and experimental
measurements.
An unsteady heat transfer model was proposed for doubletube (tube-in-tube) SCO2 heat exchangers. The model is composed of three unsteady conductive heat transfer equations for
the liquid flowing in the annulus and the SCO2 in the inner
tube as well as the solid wall between the two fluids along
with temperature, mass flow and pressure boundary conditions
in the inlet to the exchanger and initial conditions. The model
can predict the dynamic response of the heat exchanger to step
disturbances in operational parameters with ±2.3% uncertainty
against the experimental data (Simoes et al., 2005).
1D, unsteady, compressible, inviscid SCO2 flow in a horizontal
hairpin heat exchanger (gas cooler) was simulated in start-up
period by the fully implicit finite volume method, which was
described in Patankar (1980). The pressure drop and heat transfer
coefficient were predicted with existing empirical correlations,
and the heat transfer balance equation between the primary flow
and secondary flows was solved simultaneously. It was found
that the thermophysical properties of SCO2 vary greatly along the

3.1.3. Multi-port mini channel heat exchanger
Heat transfer characteristics of SCO2 in a horizontal multi-port
extruded aluminium test section having 10 circular channels with
an inner diameter of 1.31 mm were obtained experimentally.
Local and average heat transfer coefficients and pressure drops
were measured, when SCO2 was cooled in the channels at SCO2
inlet pressures 7.4–8.5 MPa, inlet temperatures 22–53 ◦ C, and
mass fluxes 113.7–418.6 kg/m2 s. The SCO2 operating pressure,
mass flux and temperature influence significantly on pressure
drop and heat transfer characteristics. The measured average heat
transfer coefficients show a large discrepancy compared with
the experimental data on single tubes in the literature. A new
correlation was developed for forced convective heat transfer
of SCO2 in horizontal multi-port mini channels under cooling
conditions (Huai et al., 2005). Obviously, the results are useful to
SCO2 heat exchanger design.
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Fig. 3. Two kinds of flow channel in CFD simulations, solid line-sharp corner, dashed line-around corner, the figure after Baik et al. (2017).

two-dimensional (2D) in the tube wall. A few existing correlations
were employed to estimate Nusselt number and friction factor
for the 1D heat transfer and flow. The heat transfer coefficient
and temperature of SCO2 and water, wall temperature were predicted. This method can be used in SCO2 heat exchanger design
and sizing.
A segmental design method is employed to accurately handle
the considerable variation of thermo-physical properties of SCO2
in a recuperator (Guo, 2016). In the method, the whole heat
exchanger is divided into a number of sub-heat exchangers along
the primary flow path. The fluid thermo-physical parameter in
one sub-heat exchanger remains constant but vary from one subheat exchanger to another. 1D heat transfer balance equations are
built between the primary flow and the secondary flow. Finally,
the equations are solved with simple numerical method with
known inlet mass flow rate, pressure and temperature conditions.
The method potentially can be used in SCO2 heat exchanger design and dynamic simulation in response to a transient operating
condition. This method has been extended to SCO2 PCHEs with
straight channels (Guo and Huai, 2017).
A preliminary approach for reflecting inlet pressure and temperature on SCO2 PCHE overall thermal performance was put
forward (Li et al., 2019). The approach is based on overall heat
transfer coefficient U and dimensionless pseudo-critical point
temperature Tb /Tpc . Even though this approach is unable to allow
all experimental data in various flow and thermal conditions to
collapse a single curve, it is a particularly good start-point for
developing new method; nonetheless, the approach hopefully
can be adopted in SCO2 heat exchanger design in future. In the
method, the overall heat transfer coefficient U is calculated by
the following expressions when the hot SCO2 channels are cooled
with water outside:

gas cooler during the transient period. In the pseudo-critical region, the specific heat, thermal conductivity, density and dynamic
viscosity change instantaneously in the amplitude. Specially, the
specific heat is mostly affected in the transient period in the gas
cooler (Ituna-Yudonago and Belman-Flores, 2015). This method is
sightly complicated in computer program but with a better accuracy due to the higher-order formulas in discretization compared
with the segmental design method in Section 3.4.
1D design and dynamic models were developed in the Aspen custom module for PCHEs in the Brayton cycle. The design
model can optimize PCHE geometrical parameters by minimizing
the PCHE metal mass. The dynamic model can predict transient
behaviour of the PCHE. The results showed that the PCHE has
faster dynamic response than the conventional shell-and-tube
exchanger (Jiang et al., 2018).
Likewise, 1D dynamic models were built in software GT-SUITE
to simulate off-design performance and transient thermal processes such as start-up, shutdown and change of operating point
for a SCO2 PCHE recuperator. The 1D modelling can produce PCHE
performance and confirms that the stat-up process should be paid
attention to in SCO2 PCHE recuperator operation (Marchionni
et al., 2019).
In the work, 3D CFD simulations were adopted to establish the
dynamic model of a SCO2 PCHE in various operational conditions.
Then, a neural network was trained to estimate the thermal
and hydraulic performance of the PCHE in variable operational
parameters (Ma et al., 2019).
3.4. Design of SCO2 heat exchanger
Currently, 1D thermal design methods for heat exchangers
are basically based on constant thermo-physical parameters for
ordinary heat exchangers (Kakac and Liu, 2000) or PCHEs (Yoon
et al., 2013). How to design SCO2 heat exchanger in terms of
1D heat transfer principle and variable thermo-physical parameters of fluid is underdetermined. In this context, the logarithmic
mean temperature difference (LMTD) and effectiveness-number
of transfer unit (ε -NTU) for fluids with constant thermo-physical
property may be no longer applicable to SCO2 heat exchanger
design and sizing because of sharp change in the thermo-physical
property of SCO2 near the critical or pseudo-critical point.
For a counter-flow tube-in-tube SCO2 heat exchanger with
cooling water, a semi-analytical method was proposed to estimate SCO2 steady heat transfer with variable thermo-physical
and transport property (Wang and Hihara, 2002). In the method,
the flow and heat transfer in the tube and annulus are 1D but
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where Q is nominal heat transfer rate, QSCO2 and Qw are heat
transfer rate of SCO2 and water, respectively; Tw1 and Tw2 are
water temperatures at the inlet and outlet of the cooling side, T1
and T2 are SCO2 temperatures at the inlet and outlet of the hot
side, ∆T is the logarithmic mean temperature difference across
the heat exchanger.
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4. SCO2 heat transfer enhancement

4.3.3. Twisted tape insert
Twisted tape inserts were installed in a solar thermal tube
collector to enhance the solar thermal plain tube collector, and
it was shown that the heat transfer in the twisted tape insert
collectors is increased by 18%–70%, and the pressure drop rises by
87%–132% against the plain collectors. The twisted-tape collectors
perform remarkably better at a lower Reynolds number such as
Re ≤ 12,000 (Kumar and Prasad, 2000).

4.1. Micro-fin element
An experimental study on cooling heat transfer of SCO2 inside
micro-fin tubes was conducted. The geometrical parameters include 6.02 mm outlet diameter, 4.76–5.11 mm in average inner
diameter, 0.15–0.24 mm fin height, 5–25◦ helix angle, 46–52
number of fins and 1.4–2.3 area expansion ratio. Heat transfer
coefficients were tested at 8–10 MPa pressure, 360–690 kg/m2
s mass flux and 20–75 ◦ C SCO2 temperature. The heat transfer
coefficients of micro-fin tubes were 1.4–2 times higher than the
smooth tube (Kuwahara et al., 2007).

4.3.4. Nano-coating film
An experimental study on heat transfer and pressure drop
characteristics of CNT coating on a stainless steel substrate in a
rectangular macro channel was performed by using water flow at
low Reynolds numbers 500–2600. It was confirmed that the heat
transfer coefficient rose significantly in the coated plate because
of increased surface area and roughness but the corresponding
increase in pumping power could be negligible (Kumar et al.,
2012).
Rectangular aluminium fins were coated with CNTs by making use of physical vapour deposition method to enhance the
heat transfer of the fins. Heat transfer characteristics of the fins
with and without the coating were clarified in terms of Nusselt,
Grashof, Prandtl and Rayleigh numbers based on measured temperatures. The fin efficiency rises by 5% in average (Senthilkumar
et al., 2013a) or 12% (Senthilkumar et al., 2013b). A similar work
is referred to Sabarish et al. (2015). In the work, the surface of the
cylinder and square fins was coated with CNT for experiment, a
considerable increase in heat transfer coefficient was found in the
CNT coating fins.
The heat transfer on microprocessor pack external surface
with multi-walled CNT and graphene coating in personal computer was tested, and the surface temperature of the microprocessor pack with multi-walled CNT and graphene coating was
reduced by 7 and 9 ◦ C, and the heat transfer efficiency was
improved by 16 and 20%, respectively, compared with the bare
surface. Graphene nanosheet contacts firmly between individual
sheets, thus its coating shows a better heat transfer behaviour
than the multi-walled CNT coating (Thangamuthu et al., 2020).
The influence of superhydrophobic nano-coating of Al2 O3
nanoparticles sol deposition on heat transfer of finned heat exchangers was tested (Bonanno et al., 2019). For a specific heat
exchanger, the heat transfer coefficient was 176.47 ± 59.45 W/m2
K in coated surfaces in comparison with 116.46 ± 38.73 W/m2 K
for the uncoated standard heat exchanger.
An experimental investigation was performed to clarify the
effect of CNT coating on the heat exchanger coil surface under air
flow conditions. The CNT coating leads to an increase of 46% in
surface area by providing the spacing of 2 µm compared with the
bare tube area. The experimental results showed that the nanocoating did not alter the drag, but improved heat transfer rate by
24.2%. Additionally, a higher transient temperature response was
observed in the coated heat exchanger (Meikandan et al., 2019).
A finned heat exchanger was externally coated with nanocoating materials MgZrO8 and Ni–Cr alloy, respectively. It was
shown that the exchanger coated with MgZrO8 has a higher heat
transfer coefficient than coated with Ni–Cr alloy. MgZrO8 might
be one of the most suitable nano material for coating on a heat
exchanger (Kumar et al., 2020b).
A supercooling heat exchanger is used to produce supercooled
water for generating ice slurry at high efficiency in energy conservation. To tackle ice blocking in the exchanger, a superhydrophobic fluorocarbon coating was coated on the surface of the heat
exchanger. The experimental data showed the exchanger with
coating can sustain a large subcooling and delay icing (Wang
et al., 2012b).

4.2. Flow obstacle element
Heat transfer measurements on CO2-cooled tubes with and
without flow obstacles were conducted for vertical upward flow
in a directly heated 8 mm inner diameter tube at a supercritical
pressure in 7.69–8.36 MPa, a mass flux in 200–1184 kg/m2 s, and
a heat flux in 1–175 kW/m2 . The best heat transfer coefficient was
found in blunt obstacles with a large flow blockage and a short
obstacle pitch (Eter et al., 2017).
4.3. Enhancement likely adopted in SCO2 heat exchanger
4.3.1. Dimpled tube
Dimpled tubes (protrusion) were applied to a steam–water
shell-and-tube heat exchanger, and the thermo-hydraulic performance was measured. Heat transfer on the internal dimpled
surface rosen by 60% but the drag was increased by a factor of
2.1 (Balunova et al., 2008), resulting a performance evaluation
criteria (PEC) of 1.25 for the heat exchanger.
Three heat transfer enhancement methods, namely helically
coil/wire, twisted tape inserts and protrusion were applied to
solar air tubular absorbers. The deeper protrusions on the inner
wall of the absorber result in a better overall performance in
terms of heat transfer and pressure drop compared with the plain
tube and tubes enhanced with the other methods (Soo Too and
Benito, 2013).
Shallow square protrusions on the walls of flat tubes in a
compact heat exchanger were generated to enhance heat transfer
performance of the exchanger. It was confirmed that the use of
shallow square protrusions increased the heat transfer by a factor
between 1.37 and 2.28 (Nascimento and Garcia, 2016).
Dimpled tubes were included in the heat exchange of a solar
thermal collector and a few CFD thermal simulations were conducted to enhance the heat transfer rate and thermal efficiency
of the collector. A 2.5 times increment in the Nusselt number
was resulted in the dimpled tube with a pitch-to-dimple diameter
ratio of 3 and six dimples between two pitches compared with
the plain tube at a mass flow rate of 2.5 kg/min, but the friction
factor was increased by 11.1% (Manoram et al., 2020).
4.3.2. Arc-shaped wire rough element
The thermal performance of a solar collector with arc-shaped
wire rough element on the back side of absorber plate of the
collector for heating air was measured at Reynolds numbers
2000–35,000. It was shown that the arc-shaped wire roughened
solar air heater was enhanced in thermal and effective efficiencies
at all values of Reynolds number (Sahu and Prasad, 2017).
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Table 1
The coefficients in a curve fitting of specific heat capacity of SCO2.

Fig. 4. The heat transfer area and pressure drop gradient.

4.3.5. Bioinspired heat exchangers
Two bioinspired heat exchangers, i.e. recuperators in SCO2
power plant, were proposed based on triply periodic minimal
surface (TPMS) structures, namely Gyroid structure and SchwarzD surface, to enhance their heat transfer coefficient. Then, the
exchangers along with a reference PCHE were simulated in ANSYS CFX 15.0 software when the hot and cold SCO2 fluids flow

Coefficient

Mean

95% confidence bounds

Goodness of fit

a1
b1
c1
a2
b2
c2
a3
b3
c3
a4
b4
c4
a5
b5
c5
a6
b6
c6
a7
b7
c7
a8
b8
c8

18.23
307.9
0.8904
7.764
307.8
2.604
−1.521
305.5
3.356
−0.723
299.6
2.968
3.718
306.8
8.087
0.1913
318.1
8.612
1.263
300.9
28.67
1.628
302
157.6

(17.58, 18.88)
(307.8, 307.9)
(0.8555, 0.9254)
(−39.02, 54.55)
(306, 309.6)
(0.4501, 4.757)
(−34.59, 31.55)
(251.3, 359.7)
(−26.48, 33.19)
(−1.733, 0.2869)
(296.5, 302.8)
(1.096, 4.84)
(1.687, 5.749)
(301.9, 311.6)
(3.967, 12.21)
(−1.433, 1.816)
(258.7, 377.5)
(−20.1, 37.33)
(0.7393, 1.787)
(285.6, 316.3)
(9.43, 47.9)
(0.7083, 2.547)
(145.3, 458.7)
(15, 300.2)

SSE: 0.1287
R-square:
0.9999
Adjusted
R-square:
0.9999 RMSE:
0.04228 where
SSE = sum of
squares error
RMSE = root
mean square
error

through them at various mass flow rates and fixed inlet temperatures. It was observed that the bioinspired heat exchangers were
improved in Nusselt number by 16%–120% at a fixed pumping
power in comparison with the PCHE (Li et al., 2020).

Fig. 5. The specific heat capacity, density, dynamic viscosity and thermal conductivity of SCO2 at 8MPa are fitted by using multi-PDF, line-fitting, symbol-data point.
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Table 2
The achievement in heat transfer enhancement by dimples, protrusions, twisted tape inserts and rough elements.
Contributor

Method

Fluid

Re

Nu/Nu0

f /f0

ψ

Contribution

Spherical dimple in
flat plate

Burgess and
Ligrani (2005)

Exp

Air

9940–
74,800

1.47–
2.45

1.48–
1.59

1.29–
2.18

Deeper dimples can increase
intensity of vortex and turbulence
production and transport.

Spherical dimple in
tube wall

Wang et al.
(2009)

Exp

Air

16,000–
54,000

1.21–
1.41

1.20–
1.27

1.14–
1.30

Dimples in aligned and staggered
arrangements show little
difference in heat transfer
enhancement.

Spherical dimple in
mini-channel wall

Bi et al. (2013)

CFD

Air

2700–6100

1.22–
1.40

1.62–
1.77

1.01–
1.19

Dimples show best performance
than cylindrical grooves and low
fins in heat transfer enhancement.

Spherical dimple or
bumpy dimple in
flat plate

Xie et al.
(2013)

CFD

Air

7500–
27,500

1.40–
1.48

1.68–
1.84

1.16–
1.21

Bumpy dimple is better than
spherical dimple in heat transfer
enhancement by suppressing flow
recirculation upstream dimple.

Spherical dimple or
teardrop dimple in
flat plate

Rao et al.
(2015)

Exp

Air

8700–
60,000

1.51–
2.01

1.19–
2.33

1.36–
1.53

Teardrop dimple is much better
than spherical dimple in heat
transfer enhancement by
producing less flow recirculation
and separation upstream dimple.

Spherical or
teardrop dimple in
channel wall

Xie et al.
(2015)

CFD

Water

3000–9000

1.28–
1.82

1.58–
1.63

1.10–
1.54

Teardrop dimple shows better
performance in heat transfer
enhancement than spherical
dimple.

Spherical or oval
dimple or
oval-trench dimple
in channel wall

Isaev et al.
(2017)

CFD

Water

10,000

1.06–
1.24

1.06–
1.12

1.04–
1.22

Oval-trench dimple is superior to
spherical or oval dimple in heat
transfer enhancement.

Spherical protrusion
in tube wall

Chen et al.
(2001)

Exp

Water

7500–
52,000

1.01–
2.41

1.01–
1.99

1.04–
1.56

Nu and f are correlated to
protrusion geometrical
parameters.

Helically distributed
spherical protrusion
in tube wall

Vicente et al.
(2002)

Exp

Water

2000–
90,000

1.11–
3.01

2.02–
4.74

1.07–
1.88

Nu and f are correlated to
helically distributed protrusion
geometrical parameters.

Spherical or
ellipsoidal
protrusion in tube
wall

Wang et al.
(2010)

Exp

Air

1500–
60,000

1.48–
2.16

2.10–
2.11

1.16–
1.69

Ellipsoidal protrusion has better
performance in heat transfer
enhancement than spherical
protrusion.

Spherical or
teardrop protrusion
in channel wall

Xie et al.
(2015)

CFD

Water

3000–9000

1.28–
1.82

1.58–
1.63

1.10–
1.54

Teardrop protrusion shows better
performance in heat transfer
enhancement than spherical
protrusion.

Spherical protrusion
in tube wall

Kumar et al.
(2016)

Exp

Air

5200–
35,000

1.70–
3.63

4.09–
5.90

0.94–
2.27

Nu and f are correlated to
protrusion geometrical
parameters.

Cone, spherical or
ellipsoidal
protrusion in tube
wall

Li et al. (2016a) CFD

Water

2500–
15,000

1.00–
2.68

1.74–
6.84

0.71–
1.58

Ellipsoidal protrusion produces
better performance in heat
transfer enhancement than
spherical or cone protrusion.

Protrusion extruded
in tube wall by
Abaqus

Xie et al.
(2018a)

CFD

Air

5000–
30,000

2.12–
3.64

1.92–
14.69

1.23–
1.64

Protrusion depth and pitch but
radius have significant effect on
heat transfer enhancement.

Ellipsoidal
protrusion in tube
wall

Xie et al.
(2018b)

CFD

Air

5000–
30,000

1.61–
2.91

1.13–
11.58

1.01–
2.03

Transverse protrusion induces
more strongly heat transfer
enhancement than longitudinal
protrusion.

Ellipsoidal
protrusion in tube
wall

Eiamsa-ard
et al. (2019)

Exp

Water/TiO2 5000–
nano-fluid 15,000

1.35–
1.42

2.20–
2.33

1.04–
1.08

Ellipsoidal protrusion with 45◦
orientation from flow direction is
best in heat transfer enhancement.

Spherical protrusion
in tube wall

Lei et al. (2019) CFD

Water

3750–8000

1.00–
2.10

1.00–
6.54

1.00–
1.20

Response surface methodology is
used to optimize spherical
protrusion geometrical
parameters.

Spherical, elliptical
and teardrop
protrusion in tube
wall

Xie et al.
(2019)

Air

5000–
30,000

2.39–
5.20

3.89–
30.57

1.14–
2.07

Teardrop protrusion has better
performance in heat transfer
enhancement than spherical and
elliptical protrusions.

Device

Dimple

Protrusion

CFD

(continued on next page)
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Table 2 (continued).
Contributor

Method

Fluid

Re

Nu/Nu0

f /f0

ψ

Contribution

Slot protrusion in
tube wall

Zhang et al.
(2019)

CFD

Air

5000–
30,000

2.40–
3.59

2.60–
11.46

1.24–
2.02

Slot protrusion generates higher
performance in heat transfer
enhancement than spherical and
elliptical protrusions.

Serrated twisted
tape

Chang et al.
(2007)

Exp

Air

5000–
25,000

2.29–
4.23

10.25–
71.17

0.79–
1.60

Serrated tape insert performs
better in heat transfer
enhancement than plain twisted
tape insert.

Loose-fit twisted
tape insert with
tube wall

Eiamsa-ard
et al. (2009)

CFD

Air

3000–
10,000

0.90–
2.13

2.30–
4.39

0.69–
1.30

Loose-fit twisted tape insert with
tube wall is poorer in heat
transfer enhancement than
tight-fit tape insert.

Alternate clockwise
and
counter-clockwise
twisted tap insert

Eiamsa-ard and
Promvonge
(2010)

Exp

Water

3000–
27,000

1.78–
2.81

3.89–
8.00

1.13–
1.40

Alternate clockwise and
counter-clockwise twisted tape
insert provides better heat
transfer enhancement compared
with clockwise twisted tape insert.

Peripherally-cut
twisted tape insert

Eiamsa-ard
et al. (2010)

Exp

Water

4500–
20,000

1.68–
2.64

5.33–
7.21

0.96–
1.37

Peripherally-cut twisted tape
insert offers higher heat transfer
enhancement than ordinary
twisted tape insert.

Square-cut twisted
tape insert

Murugesan
et al. (2010)

Exp

Water

3000–
11,000

1.31–
2.15

2.19–
4.55

0.97–
1.21

Square-cut twisted tape insert is
better than plain twisted tape
insert in heat transfer
enhancement.

Loose-fit twisted
tape insert

Bas and
Ozeceyhan
(2012)

Exp

Air

5000–
25,000

1.86–
2.61

3.03–
4.10

1.29–
1.63

Loose-fit twisted tape insert is
slightly poorer than tight-fit
twisted tape insert in heat
transfer enhancement.

V-notched spiky
twisted tape insert

Chang and Guo
(2012)

Exp

Air

4700–
40,000

1.29–
2.06

2.06–
2.57

1.02–
1.50

V-notched spiky twisted tape
insert is superior to plain twisted
tape insert in heat transfer
enhancement.

Loose-fit perforated
twisted tape insert

Bhuiya et al.
(2013)

Exp

Air

7200–
49,800

2.05–
3.98

2.13–
4.59

1.59–
2.45

Nu and f are correlated to
porosity of tape.

Perforated helically
twisted tape insert
and helically
twisted tape insert

Nanan et al.
(2014)

Exp

Air

6000–
20,000

1.51–
2.06

3.39–
4.38

0.98–
1.29

Perforated helically twisted tape
insert is poorer than helically
twisted tape insert in heat
transfer enhancement.

Multiple twisted
tape insert co- and
counter-twist
arrangements

Chokphoemphun et al.
(2015)

Exp

Air

5300–
24,000

1.07–
2.12

1.82–
4.12

0.88–
1.32

Quadruple counter-twisted tape
insert provides best heat transfer
enhancement.

Tapered twisted
tape insert

Piriyarungrod
et al. (2015)

Exp

Air

6000–
20,000

1.19–
1.34

1.71–
2.06

0.99–
1.05

Tapered twisted tape insert is not
superior to ordinary twisted tape
insert in heat transfer
enhancement.

Loose-fit perforated
double counter
twisted tape insert
in tube

Bhuiya et al.
(2016)

Exp

Air

7200–
50,000

2.23–
3.90

2.76–
4.37

1.59–
2.39

Perforated double counter twisted
tape insert is slightly poorer than
single perforated twisted tape
inset in heat transfer
enhancement.

Twisted tape insert
with longitudinal
fins

Hazbehian
et al. (2016)

Exp

TiO2 /PVA
nano-fluid

3500–
30,000

0.71–
2.04

3.14–
5.53

0.43–
1.55

Reducing gap between fin and
twisted tape insert increases heat
transfer enhancement.

Twisted tape insert
with U-notch

Man et al.
(2016)

Exp

Water

12000—
27,000

1.45–
1.89

3.68–
5.75

0.93–
1.06

Twisted tape insert with U-notch
is not effective in heat transfer
enhancement.

Twisted tape insert
with central holes

Oni and Paul
(2016)

CFD

Water

5,00–20,000

2.06–
3.69

9.60–
12.38

0.96–
1.59

Twisted tape insert with central
holes is better than plain twisted
tape insert in heat transfer
enhancement.

Alternation of
clockwise and
counter-clockwise
twisted tape inserts

Man et al.
(2017)

Exp

Water

3000–9000

1.66–
2.42

4.39–
4.96

1.02–
1.42

Alternation of clockwise and
counter-clockwise twisted tape
inserts is better than single
twisted tape inset in heat transfer
enhancement.

Device

Twisted
tape insert

(continued on next page)
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Table 2 (continued).
Contributor

Method

Fluid

Re

Nu/Nu0

f /f0

ψ

Contribution

Twisted tape insert
with central gap

Mashoofi et al.
(2017)

CFD

Water

8000–
24,000

1.55–
1.71

3.33–
4.74

1.00–
1.07

Twisted tape insert with central
gap increases heat transfer
compared with plain twisted tape
insert.

Loose-fit twisted
tape insert with
tube wall in various
entrance angles

Bhattacharyya
et al. (2018)

CFD

Water

5000–
20,000

1.83–
2.11

1.70–
1.80

1.48–
1.77

A larger entrance angle yields a
higher heat transfer enhancement.

Perforated twisted
tape insert with
alternate axis

Sneha et al.
(2019)

Exp

Water

3000–
16,000

1.08–
1.49

1.05–
1.18

1.06–
1.44

Perforated twisted tape insert
with alternate axis is best in heat
transfer enhancement compared
with ordinary or perforated
twisted tape inserts.

Loose-fit perforated
triple twisted tape
insert in tube

Bhuiya et al.
(2020)

Exp

Air

7250–
49,800

2.32–
4.19

2.75–
4.56

1.66–
2.52

Perforated triple twisted tape
insert is slightly better than single
perforated twisted tape inset in
heat transfer enhancement.

Twisted tape insert
with central rod

Chaurasia and
Sarviya (2020)

CFD

Water

4000–
16,000

1.38–
1.74

1.39–
1.96

0.88–
1.20

Double start twisted tape insert
with central rod is better in heat
transfer enhancement than single
start insert or ordinary twisted
tape insert.

Twisted tape insert
with decreasing
width in tube

Fagr et al.
(2020)

Exp/CFD

Air

10,000–
40,000

1.32–
1.49

2.31–
2.59

1.00–
1.09

Twisted tape insert with
decreasing width is even poorer
than twisted tape inset with
increasing width in heat transfer
enhancement.

Twisted tape insert
with increasing
width in tube

Mushatet et al.
(2020)

Exp/CFD

Air

10,000–
40,000

1.63–
1.76

3.00–
3.14

1.13–
1.20

Twisted tape insert with
increasing width is poorer than
ordinary twisted tape inset in
heat transfer enhancement.

Regularly-spaced
twisted tape insert
in tube

Eiamsa-ard
et al. (2014)

Exp

Water

5550–12,00

1.32–
1.46

3.48–
3.65

0.85–
0.96

Regularly-spaced twisted tape
insert is not more effective than
ordinary twisted tape insert in
heat transfer enhancement.

Twisted tape insert
with spherical
protrusion in tube
wall

Thianpong
et al. (2009)

Exp

Water

12000–
44,000

1.80–
2.32

5.51–
5.97

0.99–
1.31

Twisted tape insert with spherical
protrusion in tube wall can
enhance heat transfer more than
either twisted tape insert or
protrusion.

Twisted tape insert
with elliptical
protrusion in tube
wall

Eiamsa-ard
et al. (2019)

Exp

Water/TiO2 5000–
nano fluid 15,000

1.92–
2.11

4.44–
4.65

1.17–
1.26

Twisted tape insert with elliptical
protrusion in tube wall improves
heat transfer more than
protrusion alone.

Double twisted tape
insert with
helical-ribbed tube

Promvonge
et al. (2012)

Exp

Water

6000–
60,000

3.56–
5.62

9.76–
18.23

1.66–
2.13

Double twisted tape insert with
helical-ribbed tube is more
effective in heat transfer
enhancement.

Tight-fit coiled
square or around
cross-sectional wire
element in tube

Promvonge
(2008)

Exp

Air

5000–
25,000

1.85–
2.61

5.69–
8.90

1.01–
1.28

Coiled square wire in tube
enhances heat transfer more than
around weir.

Loose-fit coiled
equilateral triangle
cross-sectional wire
element in tube

Gunes et al.
(2010b)

Exp

Air

3500–
27,000

1.61–
2.50

3.90–
6.38

1.02–
1.37

Nu and f are correlated to weir
geometrical parameters and
Reynolds number.

Loose-fit coiled
equilateral triangle
cross-sectional wire
element in tube

Gunes et al.
(2010a)

Exp

Air

4105–
26,400

1.92–
3.03

5.43–
8.16

1.09–
1.32

There is optimal gap between
weir and tube wall for best heat
transfer enhancement.

Device

Rough
element

(continued on next page)

5. Discussion

type (Shah and Sekulic, 2003). From heat transfer and fluid mechanics as well as economic points of view, the criteria such as
operating pressure and temperature, cost, fluid type are more
important to the project.
In the project, the heat exchanger will be operated in the
following conditions: SCO2 inlet pressure = 7–10 MPa, temperature = 30–70 ◦ C, mass flux = 200–850 kg/m2 , cooling water
inlet temperature = 10–20 ◦ C, pressure = 1 atm. Based on the

5.1. Selection of type of SCO2 cooling heat exchanger for the project
Selection criteria of heat exchanger include operating pressure and temperature, cost, fouling and cleanability, fluid leakage
and contamination, fluids and material compatibility, and fluid
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Table 2 (continued).
Contributor

Method

Fluid

Re

Nu/Nu0

f /f0

ψ

Contribution

Tight-fit coiled around
cross-sectional wire
tandem element in
square channel

Eiamsa-ard
et al. (2012)

Exp

Air

4000–
25,000

2.25–2.41

5.97–9.61

1.06–1.33

Tandem wire coil elements
reduce pressure drop
considerably but impair
heat transfer rate, too.

Tight-fit coiled around
cross-sectional wire
element in tube with
various weir diameter
ratios and pitch ratios

Ali et al. (2016) Exp

Air

14,400–
42,900

1.34–1.76

1.83–3.38

1.00–1.28

Nu and f are correlated to
weir geometrical
parameters and Reynolds
number.

Low fin in
mini-channel wall

Bi et al. (2013)

CFD

Air

2700–6100

1.68–2.10

6.30–8.43

0.82–1.14

Low fin shows poorer
performance than dimple in
heat transfer enhancement.

Cylindrical groove in
mini-channel wall

Bi et al. (2013)

CFD

Air

2700–6100

1.24–1.62

2.92–3.28

0.84–1.12

Cylindrical groove is in
poorer performance than
and dimple in heat transfer
enhancement.

V-shaped rib with slots Patil et al.
and staggered separate (2012)
short ribs

Exp

Air

3500–
17,000

2.06–3.16

2.00–2.85

1.64–2.23

Optimal geometrical
configuration is obtained for
best heat transfer
enhancement.

Transversely ribs in
tube wall

Mohammed
et al. (2013)

CFD

Air

5000–
60,000

1.44–1.72

2.41–5.93

0.80–1.11

Transversely ribs in tube
wall are inefficient in heat
transfer enhancement.

Arc-shaped rough
elements

Singh et al.
(2014)

Exp

Air

2200–
22,000

1.26–3.31

1.67–2.16

1.06–2.57

Nu and f are correlated to
element geometrical
parameters and Reynolds
number.

Conical ribs on side
wall of channel

Alam and Kim
(2017)

CFD

Air

4000–
16,000

1.24–2.27

4.19–5.33

0.71–1.36

Nu and f are correlated to
element geometrical
parameters and Reynolds
number.

Arc-shaped rib with
slots and staggered
separate short ribs

Gill et al.
(2017)

Exp

Air

4000–
16,000

2.44–3.06

2.30–2.49

1.85–2.28

Nu and f are correlated to
element geometrical
parameters and Reynolds
number.

Transversely elliptical
or rectangular or
trapezoidal, triangular
cross-sectional; inward
and outward ribs

Kaood et al.
(2019)

CFD

Water

5000—
61,000

1.22–1.64
(outward)
1.34–1.63
(inward)

1.56–3.00
(outward)
2.13–4.36
(inward)

1.00–1.28
(outward)
0.83–1.17
(inward)

Heat transfer enhancement
by elliptical or rectangular
or trapezoidal, triangular
outward rib is higher than
that by each inward rib.

Device

Note: PVA-polyvinyl alcohol, Nu/Nu0 , f /f0 and ψ represent the data at different Reynolds numbers in the best case in a reference.

operating pressure and temperature, tube-in-tube heat exchanger
or PCHEs can be selected. However, PCHEs are subject to a higher
cost (Zohuri, 2017), and a larger pressure loss, see Fig. 4, which
was adapted from the plots in Kwon et al. (2020). Since the
plate-pin heat exchanger in the figure is just for gas-to-gas heat
exchanger at a low pressure (≤1MPa) (Shah and Sekulic, 2003),
it has to be excluded.
The tube-in-tube heat exchanger is a gas-to-liquid heat exchanger and its heat transfer coefficient on the gas side is smaller
than that on the liquid side. Thus, for the same order of magnitude in UA on each fluid side of the exchanger, a heat enhancement method should be adopted to improve UA value in
the gas-side. As a result, gas-to-liquid heat exchangers are usually
tubular rather than in plate-type.

of 25% (Li et al., 2016b). However, it is very difficult to fit a Cp T curve of SCO2 at a pressure by using a single PDF. Here, we
propose to fit the curve by means of multi-PDF such as
Cp =

i=1

[ (
)2 ]
T − bi
ai exp −
ci

(4)

where ai , bi and ci are coefficients determined by the method of
least squares in the cftool module of MATLAB against a series
of Cp -T data of SCO2 at a pressure, N is the number of PDFs in
a curve fitting. As an example, the Cp -T data of SCO2 at p = 8
MPa and in the range of T ∈ [278.15,373.15] were best fitted
with Eq. (4), these fitted coefficients are listed in Table 1, and the
fitted Cp is compared with the corresponding data in Fig. 5. The
table and figure demonstrate the curve fitting is quite satisfactory.
Since Eq. (4) is analytical, and it will be easily implemented in
SCO2 heat exchanger design.
The other property constants at a pressure, namely density,
thermal conductivity and dynamic viscosity, can also be best
fitted by using Eq. (4). The curve fitting plots are illustrated in
Fig. 5, but the corresponding coefficients are omitted to list here.
Obviously, if the SCO2 property constants at various pressures are
fitted, then the property constants at variable temperature and
pressure can be figured out for heat exchanger design.

5.2. SCO2 variable property handling in design
The specific heat capacity Cp of SCO2 must be employed in
SCO2 heat exchanger design. As illustrated in Fig. 2, Cp varies
remarkedly with temperature around the pseudo-critical point.
To handle the variation of Cp with temperature, the Gaussian
probability density function (PDF) was used to represent the Cp
profile across the pseudo-critical point and then applied in the
empirical correlation of SCO2 heat transfer coefficient in a PCHE.
The PDF-based correlation can capture more than 96% data in
heating and more than 92% data in cooling within an accuracy
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Fig. 6. The thermal performance criterion achieved by various heat transfer enhancement methods from the literature, D—dimple, P—protrusion, I—twisted tape
insert, C—coil, F—fin, G—groove, R—rough element, Exp—experimental, CFD—computational fluid dynamics.

(1) The relevant articles were published after 2003, but those
appeared before 2003, which have been missed in Ligrani
et al. (2003).
(2) The fluid flow in these heat transfer enhancement studies
is turbulent, i.e., the Reynolds number is Re ≥ 3 × 103 , to
make a PEC presentation meaningful to the design of SCO2
heat exchangers.
(3) The Nusselt numbers and friction factors in both enhanced
and smooth tubes are available.

5.3. Targeted enhancement methods
To select the heat transfer enhancement approach for the
SCO2 heat exchanger, various passive heat transfer enhancement
methods should be assessed by using PEC against friction factor
ratio. A general PEC assessment on passive heat transfer enhancement has been conducted in 2003 (Ligrani et al., 2003).
And the charts were updated in 2013 with an emphasis on heat
transfer augmentation in cooling of gas turbine engines (Ligrani,
2013). To prevent any repetition in content, the experimental and
CFD results on heat transfer enhancement on heat exchangers
published after 2003 were summarized in the section to provide
a useful guidance to selection and development of heat transfer
enhancement approach for SCO2 heat exchangers. Three criteria
are employed when the studies on heat transfer enhancement in
the literature are identified:

Heat Transfer Enhancement and Cooling...

As a result, the Nusselt numbers and friction factors in Burgess
and Ligrani (2005), Wang et al. (2009), Bi et al. (2013), Xie et al.
(2013), Rao et al. (2015), Xie et al. (2015) and Isaev et al. (2017)
for dimples, Chen et al. (2001), Vicente et al. (2002), Wang et al.
(2010), Xie et al. (2015), Kumar et al. (2016), Li et al. (2016a),
Xie et al. (2018a,b), Eiamsa-ard et al. (2019), Lei et al. (2019),
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Fig. 6. (continued).

Xie et al. (2019) and Zhang et al. (2019) for protrusions, Chang
et al. (2007), Eiamsa-ard et al. (2009), Eiamsa-ard and Promvonge
(2010), Eiamsa-ard et al. (2010), Murugesan et al. (2010), Bas and
Ozeceyhan (2012), Chang and Guo (2012), Bhuiya et al. (2013),
Nanan et al. (2014), Chokphoemphun et al. (2015), Piriyarungrod
et al. (2015), Bhuiya et al. (2016), Hazbehian et al. (2016), Man
et al. (2016), Oni and Paul (2016), Man et al. (2017), Mashoofi
et al. (2017), Bhattacharyya et al. (2018), Sneha et al. (2019),
Bhuiya et al. (2020), Chaurasia and Sarviya (2020), Fagr et al.
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(2020), Mushatet et al. (2020), Eiamsa-ard et al. (2014), Thianpong et al. (2009), Eiamsa-ard et al. (2019) and Promvonge et al.
(2012) for twisted tape inserts, and Promvonge (2008), Gunes
et al. (2010b,a), Eiamsa-ard et al. (2012), Ali et al. (2016), Bi
et al. (2013), Patil et al. (2012), Mohammed et al. (2013), Singh
et al. (2014), Alam and Kim (2017), Gill et al. (2017) and Kaood
et al. (2019) for various rough elements were taken, respectively.
The Nusselt number ratio Nu/Nu0 , friction factor ratio f /f0 and
PEC ψ were extracted and are indicated in Table 2, where Nu
and Nu0 represent the Nusselt numbers after and before heat
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transfer enhancement, f and f0 denote the friction factors with
and without the enhancement. The PEC is defined as follows (Ali
et al., 2016):

ψ=

Nu/Nu0

(f /f0 )1/3

(5)

A number of excellent studies on heat transfer enhancement have
to be excluded due to their incomplete data or laminar flows
or the way presenting their results, especially for twisted tape
inserts. The PEC in these studies is plotted as a function of friction
factor ratio in Fig. 6.
For the dimple enhancement method, 75% studies are attributed to CFD simulation. When the friction factor ratio is f /f0
= 1–3, the PEC is confined in ψ = 1–2, suggesting the mean
performance enhancement such as in ψ = 1.4 at f /f0 = 2.
For the protrusion enhancement method, 58% of investigations
are conducted by using CFD approach. The friction factor ratio
exhibits a significantly large value, i.e. f /f0 = 1–30, while the PEC
varies between 0.8–2.2 roughly. The mean performance enhancement is ψ = 1.6 at f /f0 = 8. This method is comparable to the
dimple method at f /f0 = 2.
In the twisted tape insert method, 78% of contributions are
experimental. For most cases, the friction factor ratio is in a range
as big as f /f0 = 1.8–70 with the corresponding PEC ψ = 0.3–1.8.
this fact implies that this type of enhancement method is difficult
in design. There is an outstanding case where the PEC can be high
as 1.6–2.7 at f /f0 = 2.1–4.3.
In the rough element enhancement method, 69% of studies are
experimental. For the ordinary cases, the PEC varies in ψ = 0.7–
1.5 at f /f0 = 1.6–9.0. This method is poorer in most cases in
comparison with the protrusion method in terms of ψ at the
same f /f0 . Note that there exist three exceptional cases where
the PEC increases from ψ = 1.0 to 2.6 as the friction factor ratio
f /f0 varies from 1.6 to 3.0.
Enhancement efficiency or gain is also used to evaluate the
performance of a heat transfer enhancement method. At the
same mass flow in smooth and enhanced tubes, the enhancement
efficiency is defined by the following expression (Ali et al., 2016):

η=

Nu/Nu0
f /f0

Fig. 7. The enhancement efficiency of heat transfer enhancement methods based
on dimples, protrusions, twisted tape inserts, and rough elements.

For the dimple, protrusion and rough element enhancement
methods, ψ drops off slightly with increasing Re, but the ψ of
the insert reduces so rapidly with increasing Re that it is even
poorer than the protrusion, suggesting an impaired PEC at a high
Re. The ψ of the rough element method ascends fastest, exhibiting
the best heat transfer enhancement at a high Re. The η of the
protrusion and rough element methods is better than the dimple
and insert enhancement methods at Re > 104 .
The SCO2 heat exchanger for the project will operate in the
mass flux of 200–850 kg/m2 s with the inlet temperature of 30–70
◦
C at 6 mm tube inner diameter in experiment. The corresponding
operational Reynolds number is Re = 1.9 × 104 –2.55 × 105 . In
this range of Reynolds number, the most suitable heat transfer
enhancement methods may be the protrusion and then the rough
element approaches follow as shown in Fig. 8.
For these three enhancement methods, the correlations of Nu
and f with geometrical parameters of protrusion (Chen et al.,
2001), twisted tape insert (Bhuiya et al., 2013) and rough element (Singh et al., 2014) and Re were put forward based on the
corresponding experimental data. Based on these correlations, the
geometrical parameters will be optimized at Re = 1.9 × 104 –2.55
× 105 by maximizing ψ in MATLAB with lsqnonlin function. As a
result, the optimized ψ and f /f0 profiles are plotted as a function
of Reynolds number in Fig. 9.
The optimized ψ is improved considerably and rises sightly
with Re as Re ≥ 104 for protrusion. Although the ψ of the rough
element is the best at Re = 105 , it grows too sharply with Re,
showing a lower reliability in the Nu and f correlations in Singh
et al. (2014) compared with the others. The ψ of the twisted tape
insert declines steadily with Re. Also, the optimized ψ of protrusion is subjected to the lowest friction factor ratio. Next, the heat
exchanger with these geometrical parameters will be simulated
in ANSYS CFX and tested in a test rig to obtain hydraulic and heat
transfer performance.
The rough element in Singh et al. (2014) is multiple arc-shaped
wire as shown in Fig. 10. How to implement the rough element
pattern inside a tube is challenging. Also, the heat transfer experiment in Singh et al. (2014) is about heating rather than cooling,

(6)

where η represents the enhancement efficiency of an enhancement method, it reflects the heat transfer gain against the increment in friction factor. The higher the η, the better the enhancement method. The enhancement efficiency of dimples, protrusions, twisted tape inserts and various rough elements η is
illustrated against friction factor ratio f /f0 in Fig. 7.
Since the data points of these enhancement methods overlap,
it is hard to identify their individual property in the relationship
between η and f /f0 . However, as an overall characteristic, the
following correlation can be proposed to fit the data points in
Fig. 7:

η = 1.5 (f /f0 )−0.8

(7)

To target a suitable enhancement method for SCO2 heat exchangers, four best candidates were selected based on the experimental data of ψ , and their thermal and hydraulic performance
variables, such as Nu/Nu0 , f /f0 , ψ and η are plotted as a function
of the Reynolds number of tube Re in Fig. 8.
For the dimple, protrusion and rough element enhancement
methods, their Nu/Nu0 and f /f0 rise steadily with increasing
Re. Interestingly, for the rough element method, Nu/Nu0 grows
sharply at Re > 5 × 103 . For the twisted tape insert enhancement method, however, Nu/Nu0 and f /f0 decline quicker with
increasing Re; thus, the insert is more suitable to heat transfer
enhancement at a low Re.
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Fig. 8. The thermal and hydraulic performance variables such as Nu/Nu0 , f /f0 , ψ and η of four candidate enhancement methods for SCO2 heat exchangers as a
function of Reynolds number Re, (a) Nu/Nu0 , (b) f /f0 , (c) ψ , (d) η, D-dimple, P-protrusion, I-twisted tape insert, R-rough element.

which is the case in our project, and whether the results in
heating are applicable in cooling is open to question.
In Section 4.3.4, it is indicated that nano-coating is a potential
approach for heat transfer enhancement and drag reduction. A
nano-coating film will be used in plain and enhanced surfaces
inside the SCO2 heat exchanger in the project.
Yet, ultrasound and nano-coating heat transfer enhancement
methods cannot be included in Fig. 6 due to incomplete data. The
status of ultrasound heat transfer enhancement can be referred
to Legay et al. (2011).

need external power to maintain the enhancement mechanism
(Jadhav et al., 2016). Using the dimple, protrusion, and rough element techniques, the heat transfer surface becomes considerable
rough to increase heat transfer area, but also the heat transfer coefficient is improved by the produced longitudinal and transverse
vortexes and the raised turbulence intensity (Chai and Tassou,
2018). Since the shape of a dimple and protrusion is blunter than
a rough element, the dimple and protrusion techniques suffer
from less hydraulic loss than the rough element techniques at the
same gain in heat transfer enhancement.
For the twisted tape insert, the heat transfer coefficient is
improved by increased fluid flow velocity and secondary flow
in helical flow channels (Hasanpour et al., 2014). If the insert is
fitted tightly with the tube, the area between the insert and the
fluid will contribute to heat transfer area to increase heat transfer
rate. Since the insert has a larger contacting area with fluid, the
flow resistance to a fluid is higher than the tube with dimple

5.4. Other issues
Dimple, protrusion, twisted tape insert, rough element and
nano-coating techniques for heat transfer enhancement are passive without a request for energy supplied by an external source.
These techniques are simpler than the active techniques which
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Fig. 9. The optimized PEC is plotted as a function of Reynolds number, (a) PEC, (b) friction factor ratio, P-protrusion-twisted tape insert, R-rough element.

(2017), Imran et al. (2017), Tharakeshwar et al. (2017),
Cassanello et al. (2018), Kumar et al. (2020a), Valencia et al.
(2019) and Aasi and Mishra (2020) for plate-fin, shell-andtube, micro-channel and plate heat exchangers etc. Since
these works are focused on thermal fluids with constant
thermo-physical and transport properties, some empirical
correlations and variable thermo-physical and transport
properties in them request to be updated.
(4) The principal dimensions and geometrical shape of the heat
exchanger with heat transfer enhancement will be evaluated and optimized by using CFD simulations. Incredibly
good examples in CFD simulation-based optimization of
heat exchanger have been provided in Balaji and Lakshminarayanan (2006), Selma et al. (2014), Shi et al. (2017),
Bacellar et al. (2017) and Yu et al. (2021) for shell-and-tube,
microchannel, and plate-fin heat exchanges and so on. The
optimization is based on the surrogate model (Shi et al.,
2017) or response surface model (Lei et al., 2019) generated
by a number of CFD simulations. ANSYS Workbench has
offered a proper environment for this purpose.

and protrusion at the same Reynolds number, especially at a low
Reynolds number.
Using the nano-coating technique, a hydrophobic coating film
allows a fluid to slip along the film with a certain velocity
(Moaven et al., 2013; Guan et al., 2015), consequently, the friction
factor is reduced, and the heat transfer coefficient is augmented.
At micro level, the film texture also enlarges heat transfer area.
The nano-coating method is an ideal technique for heat transfer
enhancement in terms of heat transfer and fluid flow.
In Section 5.3, the geometrical parameters of protrusion,
twisted tape insert and arc-shaped rough element were optimized based on the known Nusselt number and friction factor
correlations derived from particularly experimental data sets.
These determined geometrical parameters can serve as reasonable candidates for the best SCO2 heat exchanger. The final values
of the parameters need to be confirmed by using CFD simulations.
To solve this problem, the following steps are recommended
(1) A generalized logarithmic mean temperature method for
variable thermo-physical and transport properties was proposed in Utamura et al. (2007). In the method, the variable
temperature profile in a heat exchanger can be estimated
by using the known inlet and outlet pressure, temperature
and mass flow rate of SCO2 and water. This method can
be adopted to preliminary design of SCO2 heat exchanger
without heat transfer enhancement.
(2) The optimization method in Section 5.3 can be adopted to
conduct a preliminary design of the heat exchanger with
heat transfer enhancement. Then an initial configuration of
the heat exchanger is secured.
(3) The preliminarily designed heat exchanger with heat transfer enhancement can be optimized by minimizing the objective function such as entropy generation rate in the
exchanger, or exchanger weight or effectiveness or operational cost or any combination of them or by maximizing
heat transfer effectiveness. The optimization algorithm, 1D
heat transfer models and optimization procedure can be
found in the rigorous works presented in Yousefi et al.
(2012), Hadidi (2013), Onishi et al. (2013), Rao and Patel
(2013), Yousefi et al. (2013), Abdoli and Dulikravich (2014),
Amini and Bazargan (2014), Patel and Savsani (2014), Zarea
et al. (2014), Baadache and Bougriou (2015), Khosravi et al.
(2015), Sadeghzadeh et al. (2015), John and Krishnakumar
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Finally, the reference heat exchanger and optimized heat exchanger will be tested at the same SCO2 thermal and flow conditions to identify any improvement and drawbacks in the heat
exchange with heat transfer enhancement.
6. Conclusion
The SCO2 cooling heat exchanger design methods, experiment
and heat transfer numerical simulations were summarized. An
assessment on recent heat transfer enhancement methods was
carried out based on performance evaluation criterion and enhancement efficiency. The geometrical parameters of protrusion,
twisted tape insert, and rough element were optimized based
on existing Nusselt number and friction factor correlations in
MATLAB. An approach for representing SCO2 thermo-physical
property constants in terms of temperature was developed. The
potential enhancement methods which may be applicable to enhance SCO2 heat transfer in SCO2 heat exchanger design were
selected. How to implement the methods in SCO2 heat exchanger
design and the corresponding challenges which may be encountered was described briefly. It was shown that a polynomial of
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Fig. 10. The rough element pattern on a flat plate tested in Singh et al. (2014).

Gaussian probability density function can best represent the variable thermo-physical property constants of SCO2 with temperature and potentially can be used in one-dimensional heat transfer
design of SCO2 heat exchangers. When a SCO2 cooling heat exchanger operates at Reynolds numbers Re = 1.9 × 104 –2.55 ×
105 in experiment, the most suitable heat transfer enhancement
methods for SCO2 should be the protrusion, and then rough element and twisted tape insert approaches follow. If a nano coating
method is incorporated into these methods, the thermal performance of SCO2 heat exchangers may be improved further. The
corresponding CFD simulation and experimental measurement
will be performed soon.
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Abstract
Section of sand rises into the rail line tracks can bring about sand statement on tracks, rail line
check, wrecking, harm to follow adaptability, and disability of electrical signs and rail armada. The
methodology of the current review is to keep the course open for sand pass. Accordingly, it is planned
to examine the procedures and answers for lessening sand accumulation on rail route tracks (counting
development of sand entry trenches through banks and alteration of the mathematical type of the track
sleeper bumps) and to introduce an ideal plan for the made waterways to give simple development
of the sands. The liquid investigations were acted in the significant programming (by means of
mathematical demonstrating) in view of the most extreme sand section through channels, least subsidence
of sand at passages, and least statement of sand on pieces. In such manner, utilizing the liquid mechanics
standards (streamlined features), the plan prerequisites and restrictions were considered; then, at that
point, different distances of the trenches from railroad surface just as different mathematical types of the
mound, which had fitting streamlined practices, were planned and reproduced utilizing Rhino
programming. Width of the channel was equivalent to 1.5 m and situated at different distances (0-2 m)
from the dike surface. The plans were reproduced in Fluent programming. Consequences of the
investigations on the channels demonstrated that the M4-P2 waterway plan (2m separation from the dike
and a protuberance with conic roundabout structure and stature of 20 cm (M-C20) was the ideal one. Also,
it was shown that the round structure cross-segments would eliminate the sands a lot quicker than other
concentrated on structures.

Keywords: Slab track, sand dunes, sand-absorbing region, sand flow simulation, embankment.
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1.

methods, the main objective has been to leave
open the sand pass route, the present study is
aimed to find the best place for constructing the
canal within the embankment so that, besides
observing the economic and technical
justification and safety principles, the minimum
sand subsidence can be achieved by passing the
same sand volume in all the models. In other
words, a canal should be selected that can cause
the maximum sand volume to pass. It is evident
that achieving such an objective would lead to
a considerable reduction in the critical status of
the tracks, including track obstruction, train
stop, and delay in cargo as well as passenger
arrival.

Introduction

Since movement of sand dunes is a great threat
to the exploitation of railway industries and can
cause crisis in the engaged tracks, it is
necessary to take serious measures for
preventing of such a crisis. The sands in dry
deserts, in case of entry into the tracks in huge
volumes, can slow down and, eventually, stop
trains’ movement also result in irrecoverable
damage to the infrastructures. On this basis, in
all the vulnerable countries, including Iran, it
has been always attempted to find solutions for
reducing the sand entry into and deposition on
railway tracks through traditional methods such
as planting trees, mulch-pouring, etc… as well
as newer methods, namely, biological fixation
techniques, modification of variants, leaving
open the sand pass routes, etc… Therefore, both
methods have been investigated in several
studies in Iran. The issue that is studied in the
present paper is one of the modern methods for
leaving open the natural route of the sands pass.
Previous studies have been focused on the
effect of the use of increased sleeper height in
railway deployment locations (use of hump
design in railway deployment location) and
concreting the railway tracks, instead of the use
of ballast has been investigated, which have led
to desirable results [Fathi, 2008, Zakeri, 2012,
Zakeri, 2011].
Subsequent to the above-mentioned works, the
present study is aimed to investigate the use of
the design of canal construction within rail
embankments along the sand-absorbing railway
tracks considering the executive railway
standards as well as aerodynamic conditions. In
this design, the humped slab track is used
simultaneously. In this study, by passing the
sands with specified features and conditions (in
accordance with the two-phase 3D model
simulated in Fluent software), the sand
subsidence rate within the canal is measured by
changing the canal height from under the slab
track. Since in all the considered modern
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2. Effect of Storm on Train
Movement Systems and Comfort
of Passengers and Train Personnel
More than 80% of the lands in our country are
located in arid and semi-arid areas. Besides,
according to the estimations, 20% of the lands,
i.e. more than 32.6 million hectare, are desert.
The effects of sand storm on passengers and
train movement systems include reduced train
speed, train stop, reduced loading capacity of
the tracks, elongation of train movement tracks,
probable derailment, contamination of the
interior space of wagons, necessity of regular
cleaning, lack of passenger and cargo
attraction, endangered health of passengers and
train officers due to penetration of sands into
the coupes through ventilation system,
increased fracture-caused maneuver in the
transmission equipment and wagons, and
severe reduction in the eyesight in the region (3
km). Some of the adverse effects of desert areas
on well-being and comfort of the train
personnel and passengers include discomfort of
the passengers due to the generation of low
wavelengths as the result of the presence of
sand on railways, which causes noise and
vibration and, consequently, discomfort of the
passengers, reduced speed, delay in train
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arrival, reduced efficiency of the human force
and even machineries in desert climate, track
obstruction, stop of passenger trains, creation of
noise and sparks on railways resulting in the
discomfort of passengers and officers,
penetration of dust into the coupes as the
consequence of sand storm, and bothering the
passengers, especially those with heart and
pulmonary diseases. The desert and dry
landscape around the railway track can have
adverse impacts on passengers and those train
officers who constantly pass these critical
routes. However, it may be considered as a part
of the touristic and recreational attraction for
passengers and tourists within the region
[Ahmadi H,2003, Bagheri Azam, 2003].

3. Transfer of Sand Particles in
Desert Areas
Wind can transfer the particles laid at the land
surface. The transfer rate, displacement value,
and deposition velocity directly depend on the
wind power (speed) and particle diameter.
Depending on the particles’ weight, the
particles are carried by wind in three ways: a)
suspension movement of particles (very fine
particles): the movement height of these
particles is estimated to be nearly 2-4 m; b)
saltation movement of particles (medium
particles), the medium-sized particles (0.150.25 or 0.5 mm) are moved and, then, thrown
onto the air as the result of collision of the sand
particles with each other (called saltation
movement), the height of which commonly
reaches 2 m; and c) rotation-creep movement
(coarse particles): the coarser particles (average
diameter of above 0.5 mm) cannot be moved
and thrown onto the air due to their high weight
and coarseness, but when the wind reaches the
sufficient speed, these particles start a forward
movement by rotation or rolling, which is
called rotation movement and occurs at the
surface layers of the ground. Sand removal and
sand deposition occur in the areas that are
known as sand removal basin and sand
deposition basin (sequestration) basin,
respectively [Ansari R.2006].

Figure 1. Entry of sand into railway track,
burial of track under sands, and inefficiency
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Figure 2. Sand movement steps (removal and deposition basins) and various types of sand particles
transfer in desert areas

Regarding the studies conducted on
aerodynamic
problems, air resistance,
Bernoulli’s principle, and relationship between
speed and pressure as well as the previous
studies on the current subject, it can be said that
creating a canal through the sand pass route
within the rail embankment can have a
considerable effect on the sand pass rate so that,
in the areas of the railway track where there is
a space for sand transmission, sands will not be
accumulated on the track and will pass it;
consequently, there will be a traffic flow along
the railway track. In the following sections,
various types of forms as well as the relevant
experimental and scientific results and their
application will be investigated. The forms
investigated in the present paper included: a)
rectangular forms, b) square forms, and c) bent
and semi-circle angles.

4. Methodology of Analysis of the
Sand Dunes Movement Through
Canals Provided in Embankment
and Humped Slab Track
In the present paper, initially, due to the
necessity of high precision and accuracy, the
primary modeling for the construction of a
canal with circular cross-section with the
diameter of 1.5 at different heights from
railway surface was performed in Rhino
software, which is engineering design software.
Then, meshing of the model was performed in
Gambit
software;
subsequently,
after
determining the specifications of the materials
(sand, air, and concrete surface), selecting the
analysis model, determining the number and
type of flow phases (2-phase and 2&3dimensional), and specifying the boundary
conditions (sand entry velocity), the model was
imported into Fluent software for analysis. All
of the resulted diagrams, tables, and analyses
were indeed the outputs of this engineering
software.

Accordingly, with regard to the abovementioned conditions and options as well as
their accordance with aerodynamic conditions,
a humped form can follow the option (c), i.e.
“bent or semi-circle angles”, which was the
basis of the primary design of the geometrical
form of the modeled canal.

5. Geometrical Form, Dimensions

of Canal, Geometrical Forms of
Hump Based on the Engineering
Limitations and Requirements,
and the Aerodynamic and Fluid
Problems
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Figure 3. Determining boundary conditions of model

through Railway Track in Desert Areas”, the
geometrical form MC20 was selected as the
optimal form for passing the sands. Similarly in
the present paper, the same model was used
with the following design [Fathi A.Zakeri J.A,
2015]. It must be noted that in all the models,
the distance between the canal floor and ground
surface was considered equal to 1 m.

6. Slab Track, Hump and the
Canal Chosen for Simulation
Model
Based on the investigations conducted in the
paper entitled “Investigation of Various
Geometrical Forms of Hump on Sand Pass

Figure 4. Dumped slab track design
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Figure 5. Dimensions and sizes of geometrical form of circular hump M-C with height of 20 m (hump
model selected for investigating the four designs of canal)

Table 1. Geometrical form, dimensions, size, and installation location of canal (in accordance with (Fig.5)
No.

Canal model

1
2

Without canal M1-WP

Diameter
(cm)
-

Circular canal M2-PO

150

Circular canal M3-P1

150

Circular canal with distance of 1.5m and
height of 1m from embankment surface

Circular canal M4-P2

150

Circular canal with distance of 1.5m and
height of 2m from embankment surface

3
4

Geometrical dimensions and size (cm)
Embankment without canal
Circular canal with distance of 1.5m and
height of 0 from embankment surface

Table-2. Geometrical form of hump along with geometrical dimensions and size
No.

Hump model

Height
(cm)

Geometrical dimensions and size

5

Perfect circular design (M-C20)

20

Diameter of floor (lower) and upper circles
(under the rail) equal to 40 and 30 cm,
respectively, and height of 20 cm

6

Perfect circular design (M-C20)

25

Diameter of floor (lower) and upper circles
equal to 40 and 30 cm, respectively, and height
of 25 cm

7

Minimized compound design
(rectangle-semicircle) (M-TMI20)

20

Floor: rectangle with length of 40 cm and
semicircle with radius of 12.5 cm; Upper:
rectangle with length of 30 cm and semicircle
with radius of 8 cm
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software. After ensuring the accuracy of
transmission of the geometrical model, the
under-analysis problem was examined and
solved in both 2D and 3D modes. Generally,
various fluid problems can be categorized in
two major groups: unsteady (time-variant) and
steady
(time-invariant)
[Jadid,
2012].
Accordingly, the studied problem is a timevariant or unsteady one; thus, it was solved
using a time-variant or, in other words,
unsteady solver. In this problem, the Eulerian
model with two working phases was selected;
then, the selected model was solved in terms of
the turbulence of the problem using standard kepsilon model, the data of which are presented
in Table (5). The model constructed for
simulating the sand dunes’ movement was very
complicated and time-consuming due to having
two phases, requiring high precision for
following the sand particles with small
dimensions, and finally its 3-dimensions.
Therefore, a period of about 120 h (5 days) was
spent on solving the 3D model of this problem
due to its special conditions as well as high
number of the meshes used in the investigated
geometry (nearly 800000 meshes per model).

7. Measurement
Method
of
Behavior of Flow on the Surfaces
[Computational Fluid Dynamics
(CFD)]
The methods including testing in wind tunnel,
installing thin strands on surface, and PIV laser
method are very complicated, and are gradually
being replaced by computational fluid
dynamics (CFD) methods. In this method, the
model is constructed using a computer as well
as thousands of complex mathematical
equations. The computerized methods also
model the air flow and facilitate its
examination. In the present research, the CFD
method was used as well [Sanieinezhad, 2010,
Dehghani Sanij, 2014].

8. Analysis of Canals Provided at
Various Heights by Fluent FiniteElement Software (Numerical
Method-CFD Method)
Being constructed and meshed in Gambit
software, the model was imported into Fluent

Table 3. Conditions of problem solution in Fluent software
Solver

Pressure-based

Space

2D and 3D

Time

Transient-unsteady

Velocity formulation

Absolute

Unsteady formulation

1st-order implicit
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Figure 6. Boundary conditions of model (left image) and schematic image of primary model for importing
into Fluent software (right image)
Table 4. Defining boundary conditions in analysis by Fluent software

VF

Parameters
Sand density

Value
2500 kg/m3

Parameters
Compression
coefficient

Value
1 (uniform
particles)

Sand viscosity
Average diameter
of sand particles

0.001003 kg/m/s
0.0005 m

Sand entry velocity
Time step

10 m/s
10-5 s

Cross-section (perpendacular to
Y railway)

Cross-section (parallel to Y
railway)

Plan (on slab Z=0)

WITH OUT PIPE
M1-WP
M1-WP

M-C20 & M1-WP

M2-P0
M2-P0

M-C20 & M2-P0

M4-P2

M4-P2

M-C20 & M4-P2
Figure 7. Schematic comparison of volume fraction (VF) of three types of canals M1, M2, and M4 with
hump model M-C20
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As can be seen in Figure (8), for the VF value
(ratio of volume fraction of sand to fluid
volume) in model M4-P2, there was less sand
within the canal (cross-section X), while at
cross-section Y, the form M4-P2 had good
conditions. This indicates that this model was
more successful in transferring the sands.
Indeed, this was a merely superficial
examination; thus, a more precise analysis
requires the investigation of the numbers,
tables, and diagrams, which will be presented
later.

9. Analysis of Sand Transfer Status
in Different Models
With regard to the analysis performed in Fluent
software, Table (5) is presented as the output of
the geometrical calculations and the software.

Description of the variables in Table (5)
TIME indicates the time of modeling in Fluent
software, MAS is the mass of accumulated
sands on humped slab track in kg, and VF is the
ratio of sand volume fraction to fluid volume,
which can be measured in three maximum,
minimum, and average modes.

Table 5. General specifications of the model’s output – quadruplet forms
Model/criteria
M1-WP
M2-PO
M3-P1
M4-P2

TIME
1.107
1.29
1.31
1.452

VF-m
0.395
0.3255
0.304
0.286

VF-max
0.63
0.63
0.63
0.63

MAS (kg)
56484
59130
78955
99482

MAS (Integ)
33,546
27,056
37,135
47,219

Diagram 1. Comparing average VF of three canal designs M1, M2, M3, and M4 with humped model M-C20

Comparing VF of M1 to M4 models
0.8
0.7

Volume fractin

0.6

M1-wp مدل

M2-p0 مدل

M3-p1 مدل

M4-p2 مدل

0.5
0.4
0.3
0.2
0.1
0

-0.1

0

0.5

1

1.5

2

Time (S)

Diagram 2. Comparing accumulated mass in three canal designs M1, M2, M3, and M4 with humped
model M-C20
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Comparing mass of accumulated sand in M1 to M4 models
120000
100000

mass (kg)

80000
60000

M1-wp مدل
M2-p0 مدل
M3-p1 مدل
M4-p2 مدل

40000
20000
0
0

0.2

0.4

0.6 TIME0(0.8.01 S(

•

As shown in Diagram (2), by increasing the
time, the sand accumulation rate in the models
was increased with the increase in the model
volume from M1 to M4, which is natural.

1.2

1.4

1.6

Analysis of MASS, and
INTEGRAL values (Diagra-2)

MAS

Regarding the increased volume of the model
from models 1 to 4, the increase in MASS value
was natural and could not be used as a
comparative value.

A) : Analysis of the results in Table (5)
•

1

Analysis of VF values
In Diagram (1), one of the most important
extractable points was the convergence of all
the models in 12,000 sec, which indicated
proper modeling. As a result, Figure (8) and
Diagram (1) show that the VF value in M4-P2
design was less than that of others.

Regarding the values obtained for VF (volume
fraction), the VF value in model M4-P2 was
less than that in other models, which indicated
that this model was more successful than
others. In other words, the sand subsidence rate
in this model was less than others so that the
major part of the sand passed (Diagram-1).

Table 6. Specifications of the model output – quadruplet forms (pipe cross-section)
Model/criteria
M1-WP
M2-PO
M3-P1
M4-P2
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Mass flow rate (kg/s)
0
249.66
583.7
2363.31

M.W.A
0
0.565
0.525
0.45
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B) : Analysis of the results in Table (6)

10. Summary and Conclusion

In this section, a circular cross-section was
passed perpendicular to the model,
perpendicular to the pipe, and through the two
rails; thereby the following parameters were
measured:

The approach followed in the present research
was to leave open the sand flow route. This
study was aimed to investigate the solutions for
reducing the crisis in sand-absorbing railway
tracks as well as the solutions for reducing the
sand accumulation on railway tracks (including
construction of sand pass canal in
embankments and modification of geometrical
form of humped slab tracks) and to present an
optimal design for the provided canals in order
to facilitate the sand movement. For this
purpose, different distances of the canals from
the railway surface (0-2 m) and the humped
geometrical form, which had appropriate
aerodynamic behaviors, were designed and
simulated. Due to the optimality of the circular
cross-sections in aerodynamic problems, the
circular form with the diameter of 1.5 m was
considered for the canals. These canals were
located on the embankment at different
distances from the surface. The designs were
simulated in Fluent software. Based on the
results of the analyses performed on the canals,
the M4-P2 design (with the distance of 2 m
from the embankment surface and a hump with
the conic-circular form and height of 20 cm (MC20)) was the optimal design. Furthermore, it
was shown that the circular cross-sections
could pass the sand better than the other studied
forms.

•

Analysis of MASS FLOW RATE
(kg/s) (sand flow rate from selected
surface)

The amount of the sands passed through the
given cross-section was measured. According
to Table (2), the highest rate was related to
model 4 (M4-P2), which indicated that it passed
the highest amount of sand.

•

Analysis of M.W.A (Mass
Weighted Average), average weight
on surface, and A.W.A (Area
Weighted Average)

The lowest values of these parameters were
related to model M4-P2, which indicated the
minimum amount of sand at the selected
surface; thus, model M4 had the best
performance in this analysis as well.
According to the diagrams and tables, model
M1-WP had the minimum efficiency in this
simulation and, thus, not recommended.
In this analysis, due to the difference of the
model volumes in the simulated instances, the
most important parameter to be compared was
VF related to the total model volume, the
reduction of which would lead to the model’s
optimality. Therefore, according to the
comparisons made in this regard, model M4-P2
was introduced as the best choice since it
passed the maximum amount of sand. Other
measured parameters were used for control,
additional precision, and validation of the
model.

Canal Construction in Embankments...

Finally, considering the sand pass time, sand
deposition volume, canal filling time, slab
surface area, and track obstruction, the M4-P2
design with M-C20 hump model can be
proposed as the optimal option. Indeed, the
selected design must undergo the final test
using the experimental sample construction
method in sand-absorbing tracks in order to
take steps toward the development of such
railway tracks.
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-Hasani, M. (2011) “Railway tracks and sand
dunes fixation technologies”, Technical
Structures and Tracks Supervision Group of
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ABSTRACT
Large sinkholes occurred in a residential suburb in the State of Kuwait, leading to destruction
of properties and subsequently to partial evacuation of this residential area. From
comprehensively conducted investigation programs, the sinkholes were attributed to the
existence and propagation of Karst cavities in the limestone bedrock layer. Accordingly, a
complete treatment program was adapted to reduce the risk of sinkhole recurrence by
minimizing the possibilities of collapse in the upper level cavities within the limestone
bedrock. In this project, two different cement grout mixes were designed and used for
treatment of the Karst cavities; cavity filling grout and permeation grout. The assessment of
the used mixes included regular evaluation of the compressive strength, slump, thermal
conductivity, thermal resistance, bleeding, air content, loss of slump, flow and setting time.
The treatment was followed by an evaluation program by drilling control boreholes. Some
cores of the hardened grout were extracted from the control boreholes and their properties
were evaluated and compared to those of laboratory specimens. This paper describes different
types and mixes of cement grouts utilized in the ground treatment, elements of quality control
program, and frequency and types of tests. Assessment of the results in addition to overview of
the project is also presented. The results verified the efficiency of the different cement
grout mixes used in this treatment project.
Keywords: Karst, cement, grout, sinkholes, quality control, cavity, treatment, permeation
1. Introduction
In a residential suburb in the State of Kuwait, a total of eight sinkhole incidents were
detected, four of which occurred between 1988 and 1989 while the other four observed in
2004 (AlRifaiy, 1990; Abdullah and Mollah, 1999; Abdullah and Kamal et al., 2005). The
first sinkhole was recorded when a cylindrical hole enlarged to 15 m in diameter and 31 m in
depth in front of a residential house. Few days later the second sinkhole occurred with 4 m
diameter and 7 m depth; subsequently, other sinkholes occurred in the same neighborhood.
The sizes of sinkholes varied between 1.5 to 15 m in diameter and between 0.4 and 31 m in
depth. Following the sinkholes incidents, the residential area was partially evacuated and
subjected to extensive studies including topographical, geophysical, geological and
geotechnical investigation programs leading to underground cavities detection (Al-Mutairi et
al., 1998; Abdullah and Kamal, 2005).
The studies revealed that the geological profile of this residential suburb consists of 35 to 40 m
thick overburden soil comprising dense to very dense predominantly quartz sand,
overlaying the Dammam Formation Karst limestone bedrock. The cause of the sinkholes
attributed to the dissolution of the limestone bedrock and subsequent ravelling of the
overburden soil cover into the underlying Karst cavities. A decision was made to treat those
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cavities by stopping soil migration to the limestone cavities in order to prevent the recurrence
of sinkhole incidents in the future.
Among several treatment measures, filling the Karst cavities with cement grout was selected
as the main treatment measure for cavities problem in this study. The selected treatment
measure is considered the most efficient and economical measure for reducing the risk of
sinkhole development taking into consideration its cost and ease of application. The
treatment measure emphasized on filling the underground cavities in the limestone bedrock
Formation with cement grout pumped from the ground surface. This paper discusses the two
types of grouts that were utilized in this treatment project along with their proportions and
constitutive materials. The paper also discusses the testing frequency and types in addition to
the quality control program that was followed to assure the quality of the utilized mixes;
hence, assure the success of the performed treatment program.
2. Background
Treatment techniques
A number of techniques are available for sinkhole remediation such as full excavation and
replacement, pin piles to bedrock, pressure grouting, polymer injection, and combinations of
techniques. These approaches may vary widely in cost, feasibility, speed, and effectiveness
(Schokker, 2008). Slurry grouting is generally the most appropriate for typical Karst sites in
which voids are found in both the rock and the overlying soils, and when facility loadings are
light to moderate (Fischer, 1996). Compaction grouting works best when rock is relatively
sound and shallow, otherwise tremendous quantities of grout will be needlessly placed into
rock and soil voids. Many case studies were also reported (Gobin, 2010; Beck, 2003). Gobin
discusses the case history of mitigating Karst conditions during construction of a bridge
foundation in central Florida. The installation of a test pile triggered the initial sinkhole and
subsequent operations such as drilling test borings and grout injection triggered additional
sinkholes. Sinkhole formation at the site ceased only after a substantial quantity of grout was
injected.
Grouting methods
Grouting is a geotechnical process, which involves injection of cement or chemical grout for
the purpose of filling cracks or voids in the rock mass or soil. Cement is the most common
grout used in rock treatment. Before treatment, it is important to understand the rock
condition and properties (Wallner 1976; Lombardi 1985). For choosing the proper grout,
both the soil formation and grout characteristics should be considered. The formation should
have ability to receive grout, and the mechanical properties, such as permanence,
penetrability and strength, of each grout determines its suitability for a specific job.
For the long term requirements and durable grout, some properties should be observed which
are water separation during hardening, hardening time, and solubility of the grout in the
surrounding environment (Eklund and Stille, 2008). The most commonly used grout consists
of cement and water with additives that reduce the cost or improve workability and
applicability. When the voids are large and penetration is easy, fillers for bulking out are
mixed with the grout. They weaken the grout but strength, however, is not an important issue
in this type of application. Sand is a cheap filler but requires care to avoid segregation. Clay,
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such as Bentonite, could be used as grout filler or as a grout on its own, but it is more
expensive and difficult to use than sand.
3. Methodology of Treatment Application
The main purpose of the treatment application considered in this study is to reduce the risk of
sinkhole recurrence by minimizing the possibilities of collapse in the upper level cavities
within the limestone bedrock. The scope is filling up of the uppermost cavities in the rock
formation at depths range from 30 to 50 m, i.e. the cavities that are close to the overburden
sand, with stable cement mortar grout pumped from the ground surface. The work was
carried out in a pilot treatment area located within the affected residential area among total
surface area of around 62,000 m2. As shown in Figure 1, the treatment area under
consideration is divided into six zones according to their risk factor, based on the previously
conducted geophysical investigation programs (Kamal et al., 2007).
Injection method from the ground surface is used with low pressures for proper filling of the
underground cavities. The treatment is not intended to densify the rock or to improve its
strength, but to fill up the existed voids and cavities and to prevent migration of sand from the
overburden layer into the limestone bedrock. By closing cavities and voids in the limestone
layer and preventing soil raveling, the thick overburden of dense sand will assure sufficient
ground support for all structures above ground. The cavity filling grout, consisting of cement,
sand, additives and water, is considered economical and efficient.
The cavity filling grouting is replaced by a treatment called permeation grouting in locations
where no open cavities are observed but the uppermost layers of the rock prove to be highly
pervious due to open fissures or the presence of frequent small Karst features. Permeation
grout consists of cement-water mix and additives without aggregates injected into the rock
mass under pressures using packers. The applied treatment program is extensively used in
the pilot area. All detected underground cavities and fractured rocks in the upper layer of the
limestone bedrock during the drilling program are treated by either cavity filling or
permeation grout.
The treatment project started with an exploratory program, which is consisted of drilling
borehole and conducting in-situ testing and sampling to investigate the properties and
characteristics of the soil. Then, grout mixes are designed and a meticulous quality control
program is followed. The grouting program is started by utilizing two different treatment
methods; the cavity filling of deep limestone cavities using cement based mortar and
permeation grouting of remaining deep voids using cement based grout.
The treatment requires extensive drilling of boreholes that is used for grout injection of the
two methods. To ascertain the treatment and examine the soil status after treatment, a control
program is proceeded which consists of drilling boreholes accompanied by in-situ and
laboratory testing (Kamal et al., 2007 and b). The project also included a rigorous
dilapidation survey to monitor the status of the existing structures before, during and after
treatment application.
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Figure 1: The six zones in the pilot area, TA1 to TA6
4 Results and Discussions
Grout types and materials
Two main mixes are utilized in the treatment project in this study, the cavity filling and
permeation grouts. Constitutive materials are first inspected, tested and approved. Cement is
supposed to satisfy the requirements of EN 197-1:2000, while the bentonite is supposed to
have less than 10% sand and a liquid limit of not less than 300. Aggregates are checked
routinely on each delivery for the grain size distribution, water soluble chloride salts, sulphate
content and moisture content. Water and additives are also checked and approved. Based on
the general project requirements, mixes are designed and tested as described hereafter.
Cavity filling grout
The cavity filling grout mix is designed to satisfy the requirements of decantation of less than
2% after two hours (ASTM C940), and cylinder compressive strength of more than 1 MPa
(ASTM C39). Those requirements are checked as frequent as one series of three sets every
500 m3 and not less than one series every ten days. The utilized grout mix consists of 1,500
kg natural sand, 150 kg cement, 300 litters of water, 1.5 litters of retarders (per cubic meter),
and 15 kg of bentonite. Slump is specified between 200 and 220 mm. The cavity filling mix
is prepared off-site and submitted in truck mixers, Figure 2.
The results of the testing program of the cavity filling grout show that the compressive
strength has a minimum value of 1 MPa, maximum value of 4 MPa and average value of 1.64
MPa (> 1 MPa), Figure 3. The results show that the saturated unit weight of cavity filling
grout is ranging between 15.05 and 19.86 kN/m3 with an average value of 18.77 kN/m3,
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Figure 4. In addition to compressive strength and unit weight tests, other properties of the mix
are determined including air content, setting time, bleeding, thermal conductivity, and
thermal resistance coefficient, as a sample results of one series of tests is listed in Table 1.

Figure 2: Delivery of cavity filling mix

Figure 3: Histogram for the compressive strength results for cavity filling grout
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Figure 4: Histogram for the saturated unit weight results for cavity filling grout
Table 1: Properties of the cavity filling mortar
Property
Compressive strength
Bleeding
Air content

Sample Test Results
(1.12, 1.09, 1.05 MPa)
1.00%, 0.90%, 0.95%
(2%, 2%, 2.1, 2%)

Setting time

-

Thermal conductivity

-

Thermal
coefficient

-

resistance

Average Value
1.09 MPa 1 MPa
0.95% 2%
2%
10 hours
Setting Time
24 hours
o
0.49365 w/m K
o
0.163 m2 K/w

Consistency of the cavity filling mortar is a measure of the workability of the cement grouts.
Workability time of the cavity filling grout is increased by adding retarding admixture that
allows the cement grout to have workable consistency for longer time. It is measured using
two different methods: slump test method (ASTM C143) and flow table test method (ASTM
C1437). Loss of consistency versus elapsed time is measured to confirm that the grout mix is
workable during the pumping period and during the time needed to move from treatment of a
cavity to another. As shown in Figure 5 and yet after 5 hours, the grouting mortar has slump
of more than 100 mm and is workable and pumpable. This period is needed to consume the
grout quantity in a mixing truck for treating a cavity and proper time to move to another
treatment location. The flow table results as a measure for workability loss, also confirmed
the same results of flowable and pumpable after 4 hours elapsed as shown in Figure 6.
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Figure 5: Slump of the cavity filling mortar
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Figure 6: Flow table results of the cavity filling mortar
Permeation grout
The grout used for permeation is specified to have both cement and bentonite, water-cement
ratio less than one, average cylinder compressive strength of not less than 5 MPa, bleeding at
two hours after mixing less than 3% and March funnel flow time less than 50 seconds
(ASTM D6910). The permeation mix consists of 800 kg of cement, 718 liters of water, 5
liters of retarders, and 15 kg of bentonite. The slurry is prepared on site in a batching plant as
shown in Figure 7. Bleeding, density and viscosity are checked on site twice a day as part of
the control and quality assurance program, Table 2. The compressive strength is checked not
less than a series of three samples every seven working days.
The permeation grouting results from the testing program show that the compressive strength
is ranging between 5.6 and 16.4 MPa with an average value of 10.6 MPa (> 5 MPa), Figure 8.
The results show that the saturated unit weight of permeation grouting is ranging between
13.11 and 17.75 kN/m3 with an average value of 15.08 kN/m3, Figure 9. The bleeding of the
grout mix at two hours after mixing and the March funnel flow time is measured to control the
permeation grouting before injection. The results indicated that the bleeding is ranged from
0.5% to 2.5% with an average value of 1% (< 3%). The results of March funnel flow time
indicating a range of 30 to 39 s with an average value of 34 s (< 50 s), Figure 10.
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Table 2: A Sample of daily tests of the permeation grout
First test - at time: 10:45 am
Bleeding (%)
1.5
3
Density (t/m )
1.52
Viscosity (sec.)
36

Second test - at time: 1:30 pm
Bleeding (%)
Density (t/m3)
Viscosity (sec.)

1
1.51
35

Figure 7: In-site slurry preparation

Figure 8: Histogram for the compressive strength results for permeation grout
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Figure 9: Histogram for the saturated unit weight results for permeation grout

Figure 10: Histogram for the March funnel flow time for permeation grout
4.4 Control program
To verify the efficiency of the injected grouts, a control program is conducted after
completing the treatment applications. The control program for the grout included
determination of the compressive strength of the hardened grout cores extracted from the
control holes for both grouting; cavity filling and permeation. The results of the cavity filling
grouting indicate that the compressive strength has a minimum value of 1.69 MPa, maximum
value of 5.49 MPa and average value of 2.72 MPa (> 1 MPa).
It is clear that grout compressive strength after treatment application is greater than before
treatment application. The average value of saturated unit weight for cavity filling grout is
determined as 19.78 kN/m3. The grout extracted samples indicate that no washing out of the
cement during grouting due to the existence of bentonite in the grout mix. The results of the
permeation grouting indicate that the average compressive strength equals to 8 MPa which is
greater than the designed strength. The results also show that the average value of the
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saturated unit weight of permeation grouting equals to 15.71 kN/m3.
5. Summary and Conclusions
In large projects, it is essential to utilize comprehensive quality control program in order to
assure the quality and hence the adequacy and durability of the project. The lack of such
program may jeopardize the credibility of the whole project. This is more apparent where
soil treatment projects are involved, as the deterioration signs will not be visible. In the
treatment application project under consideration, two grouting methods and mixes were used
to treat underground deep cavities. A comprehensive quality control program was adapted
that included testing of constitutive materials, mix design and frequent evaluation of the
mechanical and physical properties of the adapted mixes. The frequency of testing depends
on the importance of the tested property and the mix size.
Compressive strength and workability were considered the most important properties from
the used grouts. Workability was selected to assure that the mix can be transferred, placed
and still retain enough workability to fill the designated cavity. As a measure for slump loss
and flow time, the cavity filling mortar retained more than 50 mm slump after more than 10
hours. The compressive strength was greater than the designed strength. The close
adherence to the quality control program assures the quality of performed treatment. It is
highly unlikely that a major cavity still exists in the treated area after this comprehensive
treatment project. The grout mixes used in this project can be used for areas and problems
with similar nature.
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ABSTRACT
The results of current experimental and theoretical research of a collapsible soil are presented in this work. A
colapsible soil was subjected to suction controlled oedometer testing under various stress routes in order to gain
a better knowledge of its compressibility and collapsibility.
KEYWORDS: Unsaturated soil, Collapse, Elasto-plastic model.

INTRODUCTION
Alonso et al. (1990) using a 4-D space extended elasto-plastic critical state concepts to unsaturated soils. The
four variables of Alonso et al’s models are the mean net stress p, the deviator stress q, the suction s and the
specific volume v. A number of constitutive models (e.g, Josa et al, 1992; Wheeler and Sivakumar, 1995) have
subsequently been proposed following these concepts.
The present paper further extends the fundamental points proposed by Alonso and his co-workers to a collapsible
soil. Results of suction controlled oedometer tests on a natural collapsible soil are provided and the fundamentals
of the proposed model are briefly presented. Model predictions of oedometer tests are performed and the
maximum collapse is evaluated.

SOIL DESCRIPTION
The soil presently studied consists of a porous silty clay found in the State of Mato Grosso, in Central Brazil.
Studies with this soil have already been reported (e.g. Futai et al., 1998) and the main features of this soil are
presented in Table 1. It is seen that as far as grain size is concerned, the soil consists mainly of clay particles.
Electron microscopy studies show that this soil has a sort of granular fabric with sand and silt particles linked by
bunches of clay particles, as shown in Figure 1. In other words, the clay particles work simply as connectors and
the available suction induces a meta-stable structure to this soil.
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Figure 1. Fabric of the collapsble soil tested (schematic)

When wetted, the soil collapse occurs due to the decrease in the soil stiffness caused by the suction decrease and
also by the washing of the clay cementation. The interest in the study of this soil has arisen due to foundation
problems experienced by silos constructed on this soil.

Table 1. Proprieties of the tested soil
Property

value

Natural water content, w

25 - 40%

in situ suction, s

10 - 45 kPa

Average voids ratio, e

1.9

Plasticity index, Ip

22.6%

Clay content

74%

Silt content

16%

Sand content

10%

EXPERIMENTAL STUDY
Tests performed
Undeformed cubic blocks with 20cm sides have been collected and suction controlled oedometer tests were
carried out in samples trimmed directly from the block. The initial conditions of the tested specimens, the
applied suction and the vertical stress svi in which the soil specimen was flooded (saturated) are given in Table
2.
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Table 2. Tested specimens: initial conditions
Test

eo

wo (%)

Suction (kPa)

svi (kPa)

Saturated

1.90

30.10

0

-

NS-01

1.70

30.09

50

-

NS-02

1.91

33.16

100

-

NS-03

1.98

31.76

120

-

NS-04

1.99

31.85

138

-

NS-05

1.98

32.28

195

-

C1-01

2.12

30.89

120

2.2

C1-02

2.01

31.25

120

22.2

C1-03

2.14

31.13

120

88.8

C1-04

2.11

30.85

120

355.3

C1-05

1.96

30.65

120

1509.9

D-01

1.90

30.84

see Figure 5

D-02

1.90

30.84

see Figure 6

Tests with constant suction
For the test series NS the suction was kept constant and the vertical stress was applied in increments. Some of
the results of the NS series tests are shown in Figure 2 together with the result of the saturated specimen.
For the range of applied stress, both the virgin compression index l(s) and the yield stress svm(s) tend to increase
with the suction s, as shown in Figure 2 and Table 3. The unloading compression index k(s) is also presented in
Table 3. However, this does not show a clear variation with the suction s. The yield stress svm(s) was determined
following Casagrande’s method. The compression indexes l(s) and k(s) are defined by:

(0)
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Figure 2. Suction controlled oedometer test results

Table 3. Soil parameters
Suction (kPa)

svm(s) (kPa)

l(s)

k(s)

0

20

0.24 0.0072

50

60

0.28 0.0066

100

110

0.34 0.0057

120

120

0.36 0.0064

138

130

0.42 0.0065

195

140

0.48 0.0057

As far as the variation of l versus suction s is concerned, a number of experimental results (Aguilar, 1990;
Wheller and Sivakumar, 1995; Araki and Carvalho, 1995; Futai, 1997; Machado and Vilar, 1998), have yielded
data similar to those presented here. These results contradict Alonso et al. (1990) model predictions of l
decreasing monotonically with suction.
These results suggest that at low stress levels the suction has greater influence than at greater stress levels, where
the compressibility of the soil skeleton governs and the meta-stable soil structure is broken under the applied
stresses. It appears that as the soil is compressed the deformation behaviour less dependent on the suction and
voids ratio and more dependent of the compressibility of the soil skeleton. At very high stress levels where the
soil structure has been broken, the voids are reduced and the suction becomes negligible.

Tests with variable suction
For the test series C1 and C2 the suction was initially kept constant at 120 and 75kPa, respectively. Then vertical
stresses were applied in increments up to a stress level svi. At stress level svi suction was decreased in stages
until saturation of the specimen, thus inducing collapse to the soil. Results of these tests are shown in Figures 3
and 4.
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Figure 3. C1 test series, si = 120 kPa
(Comma is used in this figure for decimal separator)

Figure 4. C2 test series, si = 75 kPa

Tests C1 e C2 show that the collapse increases with the applied stress up to a point beyond which vertical strains
start to decrease and become negligible, due to the decrease in suction (svi = 1500 kPa).
Test D-01 had three steps of suction decrease, coupled with increase in vertical stress, as shown in Figure 5a.
The stress-strain curve of this test is shown Figure 5b.
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Figure 5. (a) Suction stress path and; (b) Stress-strain curve for test D –01
The imposed s - sv stress path for test D-02. in which the suction was slowed decreased, is shown in Figure 6.
The yield curve is shown in dashed line in the same figure.
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(1998) have concluded that model predictions were very close to measured values, not only in laboratory for
natural and compacted soils, and different stress paths, but also for field tests.

Model parameters
The model parameters are dependent on the suction represented by functions.
The elastic volumetric strain is computed by:

(1)
where
(2)
In most models k(s) is constant, thus the bulk modulus decreases with suction, as v decreases, which is
inconsistent. The present model adopts the following function to represent the variation of k(s) with the suction:
(3)
where k(s), k(0), k(¥) are the values of k at suction s, at the saturated condition and at a very high (infinite)
suction, respectively;
c is the parameter controlling stiffness with suction for the elastic condition.
The function proposed for l(s) permits modelling of decrease or decrease of l(s) with suction, as given by the
equation:
(4)
where l(s), l(0), l(¥) are the values of l at suction s, at the saturated condition and at a very high (infinite) suction,
respectively, and b controls the soil stiffness with the suction variation.
The parameter N(s) is the specific volume at p = 1 atm. It was also assumed a point of convergence (pf, Nf) at
which there is no more collapse, as seen in Figure 8. Thus, it is possible to obtain:
(5)
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Figure 8. Idealization of the compressibility behaviour

The yield surface can be obtained by stress path shown in Figure 9 and one obtains
(6)

Triaxial behaviour
The triaxial behaviour (p : q : s) has been modelled following Alonso et al. (1990)’s proposal:
(7)
where
(8)
k is the parameter describing the increase of cohesion with suction and M is the slope of the critical state line.
The flow rule is associated.

Collapse calculation
The collapse strains are computed by the change in the saturated yield stress, as this characterises the change in
the yield stress given by:
(9)
The new po position is determined in the stress state (p : s), but can also be activated by the deviator stress. The
suction path can occur in three positions:
a - fully elastic, there is no collapse, but elastic expansion under unloading, p < po(o);
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Figure 9. Stress path and change in specific volume
According to the present formulation the maximum collapse takes place at the initial yield surface LC.
Therefore, it is simpler to compute the maximum collapse directly from the curves:

(10)

(11)
These equations are valid only for isotropic or oedometric conditions.

MODEL PREDICTIONS
For the present paper the predictions have been carried out by a finite element code (Silva Filho, 1998) in which
loading and boundary conditions of each test were imposed. The soil parameters for the studied soil for the
proposed model are (Futai et al., 1998):

l(0) = 0.24 l(¥) = 0.54;
k(0) = 0.0072 k(¥) = 0.005;
ks = 0.004
c = 0.006;
b = 0.006
po* = 18 kPa;
N(0) = 2.45 pf = 1000 kPa.
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The closeness of the functions to experimental values can be seen in Figures 10 and 11.

Figure 10. Predicted and measured k(s) and l(s)

Oedometer tests
Rigorously, the parameters obtained in the oedometer are not directly applicable to the model as the correct
stress state to obtain the model parameters is the isotropic. However, the values of k(s) and l(s) obtained in the
oedometer test can be directly used in the model as the slopes of oedomer and isotropic curves are usually
assumed to be the same. However, the preconsolidation or yield stress has to be converted for the isotropic
condition using the equation of the yield function, as shown in Figure 11.
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Figure 11. Yield surface
Test D-02 provides a typical example of collapse. Measured and predicted vertical strain
values for test D-02 are shown in Figure 12 and the good agreement obtained is quite
noticeable.
Predicted and measured results for test D-01 are shown in Figure 13 and again a good
agreement is obtained in most of the test, with exception for the early part. The yield took
place during increase of vertical under constant suction (CD, s=100 kPa). Therefore, the
collapse (DE) was for elasto-plastic conditions

Figure 13. Measured (circle) and predicted for test D-01

Evaluation of the maximum collapse
The methodology of the double oedometer test has also been independently used. Neglecting the variations of
the initial state in each specimen (see Table 2) collapse strains have been obtained by the difference between
unsaturated and saturated compressibility curves (Figure 2), and these values are shown in Figure 15.
The data of Figure 14 was generated from tests shown in Figures 3 and 4 for the tests with variable suction. It is
noticed that the values are quite similar to those obtained by the double oedometer test technique.
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It can be seen in Figure 15 that the predictions made by the model follow the test trend with close agreement
between predicted and measured values.

Figure 14. Estimated collapse strains by double oedometer tests

Figure 15. Predicted and measured collapse strains

CONCLUSIONS
This paper has presented results of suction controlled oedometer tests on an unsaturated collapsible soil. Some of
the tests have undergone unconventional stress paths that illustrated important aspects of the studied soil.
A new constitutive model has been proposed and implemented in a finite element program. Comparisons have
been made between model predictions and test results and good agreement was generally observed. It was
noticed that the collapse increases up to a maximum value close to the initial soil yield, beyond which it starts to
decrease. The maximum collapse is larger for larger suction values and it tends to a limit value.
The K0 value for saturated soils is a function of the friction angle. In the case of unsaturated soils the K0 value is
also dependent on the suction and during collapse on the stress state, elastic or elasto-plastic.
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ABSTRACT
The purpose of this study was to determine the permeability and compressive strength of a mixture of sand,
cement, and clay. The permeability and compressive strength of various samples with different mass ratios of
this mixture were investigated. In comparison to the other proportions, the best proportions of 25% sand, 50%
cement, and 25% clay have the highest compressive strength and lowest permeability. After two weeks of
curing, the sample with 25 percent sand and 75 percent cement had the highest compressive strength of 12.83
kN/m2, while samples with 25 percent sand, 25 percent clay, and 50 percent cement had compressive strengths
of 11.05 kN/m2. This mixture has a permeability to 9.15x10–6 cm/sec. This mixture's cation exchange capacity
was calculated to be 53.1 meq/100g. This composite is low-cost, efficient, and long-lasting.
Keywords: Permeability, Compressive strength, Sand, Cement, Clay, Cation Exchange Capacity.
INTRODUCTION
Encapsulation of lead ions in sand-cement-clay mixture was performed early, which showed a high ability to
return this ion from leaching out into water resources [1]. Transport of this metal is not only controlled by the
hardness and compaction of the composite but also by the permeability of these composites toward this heavy
metal. Therefore, there is a need to study the effect of microstructure of the stabilized composite material and
relates this structure to the seepage of the heavy metals through the composite media. Several research areas
were performed on utilizing of different composites for solving some problems related to increasing the shearing
resistance, decreasing permeability, increasing soil bearing capacity, decreasing the compressibility, and
consolidation [2-7]. Others investigated the relation between the porosity and permeability of different
composite material. Kearsley and Wainwright studied the effect of replacing large volume of cement with
classified and unclassified fly ash on the properties of foamed concrete [8]. They showed that the porosity is
mainly dependent on density of the concrete. Chia and Zhang presented an experimental study on the chloride
permeability in light weight concrete (LWC) and normal weight concrete (NWC) and found that resistance of
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LWC to the chloride penetration is similar to that of NWC [9]. Jooss and Reinhardt correlated the
relation between permeability of different types of concrete and temperature [10]. Naik et al. considered the
addition of fly ash onto concrete mixture for chloride penetration. They illustrated that the addition of fly ash
can cause a decrease in chloride of concrete up to 50% cement replacement [11]. Tsivilis et al. added limestone
to Portland cement for the purpose of determination of the nitrogen and water permeability through out concrete
[12]. They concluded that the addition of limestone has a positive effect on the water permeability and
sorptivity of concrete. Despite the efforts made to decrease the permeability of concrete toward water,
gases and anionic species, little work was performed on permeability of heavy metals. This work aims at
testing a mixture of certain proportions of sand, cement and clay for permeability of heavy metals. The results
will highlight on the optimum weight percentage of sand, cement and clay for encapsulation of heavy metals
in contaminated clay soil.
EXPERIMENTAL METHODS
Materials
Clay soil and sand been used in this research brought from Tafila, Jordan, while cement is Type I
ordinary Portland (OPC) brought from Jordan cement factory. These materials were crushed, sieved and
stored in dry place for further work. The chemicals were analytical grade reagents supplied by Sigma Chemical
Company.
Mix composition
Different weight of sand, cement and clay were mixed in 500-ml beaker according the mass ratios provided in
Table 1. The mixing procedure was performed in an isothermal condition using Controls mortar mixer 65L5 operated at 500 rpm. The water to mixture ratio was varied to maintain constant fluidity to all samples
and to reach optimum moisture content. The samples prepared above where divided into two different parts,
one is further used in determination of compressive strength while the other is used to obtain the permeability
test.
Table 1. Chemical Analysis of clay and cement used in this study

Clay

Cement

Component (wt%)

58.86

21.2

SiO2

17.11

5.5

Al2O3

4.20
10.85
1.66
-

3.1
64.18
2.5
2.63

Fe2O3
CaO
MgO
SO3

0.18

Na2O

2.83

0.71

K2O

2.30

-

TiO2

0.57

Compressive strength
This test involves molding the prepared samples in cylindrical molds (2.5(5.0 cm) and allowed to set for 24
hours at room temperature, then transferred into a water container for curing different periods of times (1 day, 7
days and 14 days). The cured samples then hydraulically tested using Controls grade B, C43/C with maximum
capacity of 2000 kN. At fixed loading rate until failing occurs. The samples that contained pure soil and clay
where tested using the unconfined un-drained shear strength apparatus, Controls E125-3600.
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Cation exchange capacity (CEC)
To test the maximum uptake of the mixed composite toward heavy metals, these composites were further tested
according to their exchange capacity toward sodium ions. The method adopted was proposed by Environmental
Protection Agency (EPA) according to SW-846 Method 9080 [13]. Each of the composite samples was soaked in
sodium acetate solution (1.0 N) for 30 minutes then rewashed with isopropyl alcohol three times. Then the
samples where rewashed with ammonium acetate solution (1.0 N) to exchange all adsorbed sodium ions by the
solid samples. The amount of sodium ions desorbed into the solution was tested using SOLAAR S4 Atomic
Absorption Spectrophotometer.
Permeability Test Procedure
The permeability procedure is based on falling head method (ASTM D-3434). A representative sample of each
composite was placed in a modified Permeameter (2.5(5.0 cm), falling head permeability cell, ELE 25-0605 and
the water was allowed to pass through the specimen under constant head condition. The time that is required for
certain quantity of water to pass though the samples was recorded. The head difference between the surface of
water in the upper tank and the outlet of the Permeameter, h, the quantity of flowing water, Q, and water
temperature, T, were also recorded.
RESULTS AND DISCUSSIONS
The chemical composition of clay and cement is shown in Table 1. The analysis to these materials revealed that
they contain mainly silica, alumina and calcium oxide, which they account for 89.57% of the total weight.
Fifteen samples of concrete were prepared by mixing sand, cement and clay at different compositions. Three
different tests were achieved in order to predict the applicability of best composite of sand-cement-clay mixture
for encapsulation of heavy metals in aqueous solutions. These test were compressive strength, permeability and
cation exchange capacity. Figure 1 illustrates the effect of different compositions of sand and clay on the
compressive strength of the samples.

Figure 1. Compressive strength for different compositions of sand-clay-cement mixture obtained after one day
of molding.
As the percentage of each of sand and clay decreases, the compressive strength will increase. At fixed
composition of clay the increase of sand composition will increase the compressive strength. This because of the
interaction between sand and cement that yield mortar that provides a higher compressive strength. Figure 2
shows the compressive strength obtained after one week of molding while figure 3 provides values obtained
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after three weeks oef-6f molding. It is cleared that the curing time has a noticeable effect on solidification of the
samples. The first one-week of curing provided three orders of magnitude higher in compressive strength that
that of one day, while the second week only showed little effect on sample solidification. The increase in curing
time allowed an increase in the hydration of the samples which leads in increasing in compressive strength up to
60% of the maximum gained compressive strength within one week, while a gradual increase in this strength was
attained thereafter till it becomes constant. After two weeks the rate of gain of strength will decrease and the
compressive strength becomes constant. The maximum compressive strength was for the sample that contains
25% sand, and 75% cement with a value of 12.83 kN/m2 obtained after two weeks of curing. Moreover, the
samples that containing pure cement or 25% sand, 25% clay and 50% cement showed also quite good
compressive strength with values of 11.84 and 11.05 kN/m2, respectively, while the samples that containing no
cement did not show any resistant to compression.

Figure 2. Compressive strength for different compositions of sand-clay-cement mixture obtained after one week
of molding.

Figure 3. Compressive strength for different compositions
of sand-clay-cement mixture obtained after two
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weeks of molding
Figure 4 illustrates the permeability values at different samples that having varied percentages of sand and clay
composites. In the absence of cement, as percentage of sand to clay increase, the permeability keeps constant at
lower ratios while increases at higher ones.

Figure 4. Effect of variation of sand to clay ratio on permeability of the mixture.
It is clear that the permeability keeps constant from 0% sand up to 80% with a permeability value of . . .
9.15x10–6 cm/sec, however at higher value grater than 80% sand the permeability increased exponentially till it
reached a value of 1.1x10-2 cm/sec. Figure 5 shows a gradual increase in permeability with increasing sand to
cement ratio in the absence of clay. When comparing with Figure 4, it seems that the interaction between clay
and sand yields higher coagulation effect than that of cement with sand (at lower values of sand).
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Figure 5. Effect of variation of sand to cement ratio on the permeability of the mixture.

Figure 6. . Effect of variation of clay to cement on the permeability of the mixture.
Figure 6 illustrates the effect of different compositions of clay and cement on permeability. The highest value
was obtained at 50% each, while this value start to diminish when approaching pure case samples. This is
attributed to coagulation effect at higher percentages of clay and cement. Similar results were obtained for
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samples that having 25% sand, 50% cement and 25% clay, 25% sand and 75% cement, and pure clay samples
with permeability values of 9.15x10–6, 3.33x10–6, 4.37x10–6 cm/sec, respectively.
To anticipate the effect of sand-clay-cement mixture in holding and stabilizing heavy metals; the cation exchange
capacity test was performed on all samples with different percentages of sand, cement and clay. The CEC
provide a clear picture on adsorption capacity of these constituents toward heavy metals. It is cleared that, Figure
7, as the percentage of cement to sand increases at constant clay composition, the CEC will increase till it reaches
a maximum value of 62 meq/100g for pure cement sample. While 2 meq/100 g was obtained for samples that
having pure sands. Similar trend was obvious with the increase of cement to clay ratio at fixed sand composition
till it reached a maximum value at 100% cement. This is because that cement is composed of silica, alumina and
iron and calcium oxides. These constituents enhance the CEC comparing to that of samples having only pure
sand. In addition, the samples that containing 50% clay and 50% cement, 100% clay, and 25% clay, 25% sand
and 50% cement show pretty good CEC values of 60.86, 57.98, 53.1 meq/100g, respectively.

Figure 7. Cation exchange capacity of samples at different clay and sand ratios.
CONCLUSIONS
Mixture of low cost sand, cement and clay was used to encapsulate heavy metals from aqueous solution.
Compressive strength and permeability tests, as well as, cation exchange capacity were performed on different
mass ratios of these materials. It is concluded that composite containing 25% sand, 50% cement and 25% clay
proved to have the best specificity toward permeability, compressive strength and holding heavy metals. The
advantage of utilizing this solidification/stabilization mixture is the low cost of its raw material and a relatively
the safe treatment of this process.
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ABSTRACT
Percolation theory is being employed as a statistical tool in recent fluid flow research trends. The percolation approach is
employed in this study to describe soil behaviour in the consolidation phenomenon, which is one of several in soil
mechanics.
Keywords: Soils percolation, soils consolidation percolation, soils consolidation, percolation, Therzaghiʼs consolidation
theory, secondary consolidation.

INTRODUCTION
Percolation theory was introduced by Broadbent and Hammersley in 1957. Essentially, they adopted the particles
extension concept of a hypothetical fluid through a random medium. Generally speaking, the hypothetical fluid
extension through a disordered medium involves some random elements, but the implicit mechanisms maybe simplified
as two different types. In the first type, randomness is placed on the fluid, i.e., the particles behave as a diffusion process.
Regarding the second type, randomness is attributed to the medium i.e., the medium controls the particles trajectories.
The latter was the new situation considered by Broadbent and Hammersley, and the process was called percolation, the
name being apparent from the way coffee flows through a percolator (Isichenko 1992). Moreover, percolation is a nonuniversal phenomenon of broad scope (private communication: Castaño V.M. Notas del curso de Fractales, UAQ; México
1999) that also required its own terminology.
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In this work, the percolation approach is used for explaining the behavior phenomenon of soil consolidation, one
of the many phenomena encountered in soil mechanics.
MATERIALS AND METHODS
Percolation general formulation involves elementary geometrical objects such as spheres, bounds, sites, etc., that
are placed either in a net of finite dimension or a continuum. Net models usually have an irregular geometry and
capillary segments of different sizes and shapes, distributed in turn, on an irregular net. One can distinguish one-,
two-, or three-dimensional nets. In any case, in a net, the capillary (bonds in current technology) connecting two
adjacent nodes (sites) can have a uniform diameter and be surrounded by a number of capillary segments with
different diameters.
Chatzis and Dullien (Dullien 1992) studied several two-dimensional nets with 20 to 40 porous-segments wide
and depth ranges from 15 to 80 segments. The non-wet phase can be studied inside the net through one of the
faces; the two perpendicular sides to the penetration face is supposed to be non-permeable and the fourth face
was open.
Initially, it was assumed an arbitrary distribution of the porous diameters. Then they were assigned to the
different net bonds in a random fashion, similarly as Fat did (1959). Net bonds are numbered sequentially from 1
to N, where N is the total number of net bonds. This procedure can be implemented in a computer where such
vector can be generated by pseudo-random numbers. The accumulative probability distribution function, pk,
gives the accumulative number of porous of sized j = k in the net, that is,

(1)

where Nj is the total number of porous in the net characterized by a porous size j, for j = 1, 2, ..., n, j=1 being the
greatest and j=n the smallest; k (k=1,2,…n) is the smallest porous being traversed at some time while the
penetration process.
As a first step in the penetration process, only the largest porous (k=1) and the ones accessible through the net
penetration face are penetrated. Then, the second largest ones (k=2) are penetrated, and so forth, until some value
of the accumulative porous size distribution, corresponding to a porous of intermediate size. Percolation is
denoted then to the particular point in which the fluid penetration reaches the net opposite face. Before this, the
penetrated porous are unable of transporting the fluid between the injection and the output face of the sample.
In percolation, there exists a cumulative probability, pcr, called the critical probability. It has been found that the
net size of approximately 40 x 40 porous segment is the minimum for representing a true value of pcr with
probability of ±0.01. The probability of critical bonds percolation (b), pcr(b) especifies the minimum fraction of
net bonds required to be open and, thus, the fluid can penetrate from one net side to the other. In other words, pcr
is the percolation threshold and it corresponds to the minimum concentration at which an infinite cluster
traverses the space. The theory main keypoint is that for each net there exists a critical probability pcr, 0 < pcr <
1, at which an infinite cluster appears definitely (Dullien 1992).
Two sites are connected if there exists at least a path between them that contains all of its bonds occupied. A set
of connected (occupied) sites, communicated via the rule of the closest neighbor, surrounded by void bonds is
called a cluster. If the net is very large and if pk is sufficiently small, the size of any connected cluster is small.
However, if pk is close to 1, the net must be almost completely connected (Newman 1981).
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The simplest problem statement is given as: Given a periodic net inside an space of given dimension, and the
probability pk for each net site being occupied (1-pk will be the probability being void), ¿What is the resulting
clusters distribution for a given size and other geometrical parameters? Together with this theory of site
percolation, the idea of bond percolation can be introduced. In this, the clusters are connected through
conductive loops. The loops are conductive with probability pk, and the interrupted ones have probability 1-pk
(Dullien 1992).
The consolidation of a clay deposit can be divided in two parts. First, the compression due to the
hydrodynamical delay caused by gravitational water, known as Terzaghi’s consolidation theory, this takes into
account only the delay of the elastoplastic deformation. The second one, known as secondary consolidation, can
be represented as a compression phenomenological law due to viscous effects (Zeevaert 1973).
According to the consolidation theory there are two pressures, namely, the porous pressure and the effective
pressure. For any time, the sum of these two pressures remains constant (Juárez and Rico 1974). At the
beginning, the porous pressure is the only one that is present. After applying a load, (p, in the water rises a
pressure, u, in excess of the hydrostatic such that (p=u. At a later instant, the effective pressure increases
whereas the porous pressure decreases. Finally at an infinite time, (p is equal to the effective pressure since the
porous pressure vanishes.

RESULTS
Based on Terzaghi’s consolidation theory and regarding the developing stresses for a given load, at t=0, there
exists a percolation due to porous pressure, and at t=infinite(, there exists percolation due to the effective
pressure. Thus, there exists a critical time, t=tcr, at which there is an intersection of the first one with the latter.
This percolation approach to soil consolidation is better explained in Fig. 1. In that figure, for a first pressure,
P1, applied to the soil at t=0, all the pressure is taken by the water, i.e. porous pressure. At this time the
percolation is 1. At a later instant, t=t, the porous pressure percolation diminishes, there exits water flow and the
effective pressures rise with a cumulative probability pk, very likely less than the threshold value. At t=infinite(,
the cumulative probability of the porous pressure vanishes and the cumulative probability of the effective
pressure takes a value less, greater than or equal to the percolation threshold.
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Figure 1. Behavior analogy of pressures development in soils consolidation via percolation
For a second pressure P2 applied to the soil, all the exerted pressure will be taken by the water again, porous
pressure. However, since there is less water, due to the first load, the percolation value is less than 1. At a later
time, the percolation value of the porous pressure decreases because of the water exit. On the other hand,
effective pressures appear in lesser times than in the first load with a cumulative probability. Finally, at
t=infinite, the cumulative probability value of the porous pressure vanishes and the corresponding to effective
pressures takes a value greater than in the above load.
For t=0, and greater soil pressures, these will be taken for the remaining water, Thus, the porous pressure
cumulative probability will decrease for each pressure increase. At later times, the cumulative probability of the
porous pressure decreases whereas the percolation of the effective pressure rises as the pressure increases, and
sooner because of the constant diminution of the water soil content. Finally, for t=infinite, the porous pressure
cumulative probability vanishes and the percolation of the effective pressure goes to 1, as soil pressure increases.
Based on the above, it could be thought of that for each pressure increment, an effective pressure percolation
threshold can be found. However, this idea is discarded because for small loads, the most likely is that only part
of the soil skeleton, of given thickness, is working without really existing a threshold. On the other hand, for
heavier loads, is likely that the effective pressures had already percolated, that is, the threshold had already
appeared. Thus, the percolation threshold value, appears at the intersection of both (porous and effective
pressures).
By joining the corresponding values of pressure and time for all load increments, one gets the plot shown in
Figure 2. In that figure, at the beginning, the percolation due to the porous pressure has a value of 1, line AB.
Then, the porous pressure decreases until it vanishes, and the effective pressure rises as time and pressure
increase. From Fig. 2, the intersection of both values of cumulative probability would be equivalent to the
percolation threshold of both pressures.
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Figure 2. Percolation condition in soils consolidation.
According to soil consolidation fundamentals, this point would represent the starting of the secondary
consolidation and, on the other hand, the last moment of percolation due to porous pressure. This means that
when the secondary consolidation starts, there are already percolation of some part of the soil particles. Thus, as
secondary consolidation goes on, the next behavior of the effective pressure would correspond to form an
infinite cluster in the soil with a total percolation of 1, line CD. Ideally, at this moment, the soil consolidation
would stop, in agreement with the hypothesis that the soil is incompressible (Juárez and Rico 1974).

CONCLUSIONS AND DISCUSSIONS
In this work, an analogy based on percolation theory has been applied to the explanation of Terzaghi’s soils
consolidation theory. The proposed analogy is: as soil exerted pressure are applied, there exists a stresses
percolation threshold at the instant in which a defined path rises (stress path) from the load application point to
the desired depth. In agreement with pressure and time increments distributions during the consolidation
processes, it can be said that when a first pressure increment is applied, at t=0, there exists a total percolation
(value of 1) due to porous pressure. At t=t, this decreases until it vanishes, whereas the effective pressure rises
until reaches the value 1 (total percolation in t=infinity) as pressure increases. The intersection of both
cumulative probability paths (porous and effective pressure) at different pressure and time increments in a
consolidation test would be equivalent to find the percolation threshold with a value less than 1. This, in turn,
can be interpreted, according to soil consolidation, on the one hand, as the starting of secondary consolidation
and, on the other hand, as the last instant where porous pressure percolation exists due to pressure increase.
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ABSTRACT
Construction operations are frequently hampered by the presence of some tough soils (non-durable). The
engineering qualities of these clay soils, however, can be improved by adding cement, resulting in a better
construction material. Calcium is the most important component for soil stabilisation in all instances ( percent of
cement). In addition to reducing plasticity, portland cement improves strength and durability due to its intrinsic
tendency of manufacturing strength - developing hydration products. The number of exchangeable ions in a clay
(mineralogical composition, which is related to liquid limit) and the amount of liberated calcium ions from
cement (percent of cement, percent of compaction, and curing time), which influence the durability (bonding
effect) and unconfined compressive strength, determine the effectiveness of stabilisation (bearing capacity). Both
slaking and unconfined compressive strength tests on clayey - sand mixes stabilised by cement, consisting of two
types of clays, kaolin and natural bentonite, were carried out in an effort to describe and evaluate the
appropriateness of silty - clayey soils for cement - stabilisation. Finally, diagrams were created to investigate and
classify the variation in slaking and strength of cement-stabilized clayey-sand mixtures (silty-clayey soils) due to
compaction, curing time, cement percentage, and liquid limit (of clayey-sand mixtures), as well as to predict
areas of efficient cement-stabilization.
Keywords: cement, clays, stabilization, classification, liquid limit, strength, durability.
INTRODUCTION
With the growth of human activity and economic development, geotechnical engineers sometimes encounter
different kinds of problems caused by natural disasters as well as environmental pollution which are related to
the behaviour of soils (problematic) beneath foundations (low strength, durability and high compressibility).
To control and solve these problems, a suitable ground improvement technique is needed, for surface and deep
excavations in problematic soils for stability, durability and deformation. Cement stabilization is one of the
alternatives. The conventional cement stabilization methods are used mainly for surface treatment, while the use
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of cement has recently been extended at greater depth in which cement columns were installed to act as a type of
soil reinforcement (deep soil - cement mixing and permeation grouting), (Pinto et al, 2003).
The soil stabilization and reinforcement of a soft soil by mixing with cement have a basic target, to find the most
efficient and economical method so that the properties of a problematic soil become more like the properties of a
soft rock. Conclusively these methods are ground modification techniques and are used:
To increase strength
To reduce deformability
To provide volume stability
To reduce permeability
To increase durability.

The soil - cement mixing (deep or surface application), has been used for many diverse applications including
building and bridge foundations, retaining structures, liquefaction mitigation, temporary support of excavations,
water control and structures to protect the natural environment, pollution control by using
stabilization/solidification (S/S) techniques, (Sällfors et al, 2002).
The strength and durability of a cement - stabilized soil depend obviously upon the effectiveness of the cement
and on the mineralogical composition of a clayey - soil, (Kamruzzaman et al, 2000). Cement - stabilization is a
function of mineral type and of previous stress history. These clays which have been subject to diagenetic
changes imposed by high overburden pressure react quite differently from geologically "young" (well
crystallized) clays with respect to cement stabilization. The reason of the above mentioned in a clayey - cement
mixture, is that calcium ions liberated from the cement during hydration and hydrolysis occupy the positions of
exchangeable ions on the clay minerals. The number of these positions depends upon the portion of clay on this
soil - cement mixture, the type of clay minerals (active or inactive), the number of diagenetic bonds and the
behaviour of weathered clays (degrated minerals) which are related to the liquid limit reflected the mineralogical
composition of soil (Croft, 1968).
Tests, for the evaluation of a stabilized soil by cement such as compression combined with durability should be
made (Yoder, 1967). Also, if the main objective of classification is to control the engineering behaviour of
cement stabilized clayey soils then the liquid limit of the natural soils is useful for predicting and studying
suitability for stabilization so that lesser amounts of stabilizing agents will be adequate (Croft, 1968).
For the above reasons diagrams were prepared, to classify and study the influence of cement percentage, degree
of compaction, curing time and liquid limit on strength and durability of cement stabilized clayey - mixtures,
leading to characterization of areas for efficient cement - stabilization. Therefore unconfined compressive
strength and slaking (durability) tests were carried out on different cement stabilized clayey mixtures consisted
of natural bentonite, kaolin and sand, (Stavridakis, 1997).
DESCRIPTION OF MATERIALS
The variation of physical and engineering properties (compressive strength, durability, liquid limit, permeability,
swelling etc) of clayey soils depends mainly upon two groups of clayey minerals present and dominant:
montmorillonite and/or kaolinite. The liquid limit reflects the composition of a soil and in particular the nature
and properties of the principal clay mineral (Morgenstern and Eigenbrod, 1974; Bell, 1976; Stavridakis and
Hatzigogos, 1999). The number of exchangeable positions (for exchangeable cations) in illite and kaolinite give
little variation in the liquid limit. This is however, significant as far as montmorillonite is concerned (Bell, 1976).
For these reasons compressive strength and slaking tests were carried out on clayey admixtures, stabilized by
cement, consisting of two clayey soils namely Bentonite and Kaolin. Bell (1976), Croft (1967) and others have
characterized the behaviour of bentonite (montmorillonite) as active and that of kaolinite as inert. Kaolinite and
well organized (well crystallized) soil minerals appear to have little effect on the hydration of cement and
hardening proceeds normally, after short curing periods by using small amounts of cement.
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Table 1. X-rays results
Samples

Minerals

Ao

2qo

Crystal Axis

Sand

quartz

Kaolin

quartz

4.25
3.33
4.25
3.33
7.14
3.58
15
4.5

20.8
26.7
20.8
26.7
12.5
25.2
5.9
19.7

(100)
(101)
(100)
(101)
(001)
(002)
(001)
(003)

17

5.2

(001)

4.1
3.33

21.6
26.7

(101)

kaolinite
Bentonite

montmorillonite
Montmorillonite
(glycerol)
feldspar
Quartz

Table 2. Index properties of clays
Soil property

Kaolin

Bentonite

Sand

Liquid limit (%)
Plastic limit (%)
Plasticity index (%)
Moisture content (%)
% finer than 74µm
Montmorillonite (%)

34
29.61
4.39
0.6
100
0

111.50
42.19
69.31
12.37
100
36

—
—
—
0.20
0.48
—

By contrast clay minerals with an expansive lattice (i.e. bentonite), have a profound influence on the hardening
of cement and require large amounts of cement, to develop satisfactory strength and durability (Bell, 1976;
Croft,1967).
In this research commercially available kaolin and sand were used, while the bentonite was from a natural
source.
The qualitative characteristics (x-rays), of the above mentioned clayey soils are shown in Table 1. The sand used
was fine to medium grained (74µm/840µm) with a uniformity coefficient 2.19. The basic properties of kaolin,
bentonite and sand are given in Table 2.
The range of proportions of clays in the admixtures were:
kaolin
min 25% max 100%
bentonite min 0% max 45%
sand
min 0% max 62.5%

Finally the particles of clayey admixtures retained on sieve No. 200 (74µm) are less than 65% and they can be
described as a silty clayey material in accordance with the
Highway Research Board Classification system
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(Yoder, 1967).
TESTING PROCEDURE - SAMPLE PREPARATION
The improvement of physical and engineering soil properties by cement protect the natural environment and
earth - structures. Soil - cement mixing provides satisfactory performance under both static and dynamic loads
(Andromalos et al. 2000).
The strength and durability of cement stabilized soil obviously depend upon the effectiveness of cement on the
mineralogical composition of a clayey soil (Koncagül et al, 1999).
Bonding (clayey soil grains - cement) determines the ease with which micro - macrofractures during slaking
process, can propagate through the specimens.
Durability (slaking), under environmental conditions of wetting - drying and potential stresses (i.e. during
seismic events or movements due to landslides), (Tatsuoka et al, 1997) is an aspect of cement stabilized soils,
behaviour that has been neglected in favour of other properties such as strength.
However it is an important feature of many commonly, encountered engineering problems concerning surface or
deep soil - cement mixing (stabilization) when problems of durability arise in soil - cement mass because of
water table fluctuations, in transportation engineering problems (Owttrim, 1988), in dam construction when the
dispersive properties of clays (Na - montmorillonites) are not suitable accounted, (Shah and Ahmad, 2003).
For these reasons in this research work the following tests were performed:
The slaking durability test (Franklin and Chandra, 1972) used to predict the potential deterioration of
durability due to climatic wetting and drying.
Also this test contributes to the improvement and classification of physical and engineering properties of
soil by relating the cement stabilization parameters (percentage of cement, degree of compaction, curing
time) with the potential bonds developed between soil grains during this improvement by cement.
The slaking (100-Id2) was measured using the device and testing procedure developed by Franklin. The
apparatus combines the effects of both soaking and abrasion in order to accelerate the rate of weathering
(bonding effect).
The cylindrical specimens tested in slake durability test had a diameter of 35.5 mm and were 23.7mm in
length.
Finally the slake - durability index (Id2 - second cycle) was calculated as the percentage ratio of final to
initial dry sample weight (Table 3).

Table 3. Classification and characterization of durability
(after Franklin and Chandra, 1972).

S
O
I
L
R

Classification
of durability

Slake durability index Id2 (%)

Slaking
100-Id2 (%)

Very low
Low
Medium
High
Very high

0-25
25-50
50-75
75-90
90-95

100-75
75-50
50-25
25-10
10-5
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O
C
Extremely high
K

5-0

95-100

The unconfined compressive strength was measured using a commercially available device named Versa
Tester (SoilTest Inc.). The cylindrical specimens tested in unconfined compressive test had a diameter of
35.5mm and were 71mm in length. The displacement rate was 0.6604 mm/min.
The specimens were prepared at the optimum moisture contents and maximum dry densities (Standard
Proctor test) according to BSI 1377 d2 test 12 and BSI 1924.
The cylindrical samples were prepared according to ASTM 1632-96.
The Atterberg limits were estimated according to BSI 1377.
The limits in percentages of cement (4% and 12%) were selected to give noticeable change in strength and
durability.

Table 4a. Clay mixtures stabilized with 4% cement and cured for 28 days
and their geotechnical characteristics.
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The Portland Cement Association (1959) reported that 85% of all soils to be used for soil - cement stabilization
can be adequately hardened by the addition of 12%-14% (in this research the maximum was 12% cement). As
much as 5% addition of cement has been shown by Bell (1976) to be necessary if noticeable changes are to be
brought about in the strength of montmorillonitic clays, whereas at least 2% was required in kaolinitic clays.
A compaction range from 90% to 100% of Standard Proctor maximum dry density obtained in the
laboratory is often specified in field projects. This compaction range was adopted for this study.
The clay - sand cement mixtures were cured at approximately 95.5% relative humidity and 21oC
temperature.
The test programme included 414 (138x3) specimens of unconfined compressive tests as well as 1518
(138x11) specimens of slake durability index tests for the clayey mixtures (Tables 4a, 4b, 4c, 4d).

Table 4b. Clay mixtures stabilized with 12% cement and cured for 28 days
and their geotechnical characteristics.

CLASSIFICATION OF CEMENT STABILIZED SILTY - CLAYEY MATERIALS AND EVALUATION OF
THEIR ENGINEERING AND CEMENT - STABILIZATION PARAMETERS
The objective of an engineering classification scheme is to categorize silty - clayey materials stabilized by
cement according to their potential engineering behaviour. In this regard, an engineering classification is often
oriented toward specific applications.
Classification of cement stabilized silty - clayey materials for engineering purposes has been particularly
difficult. Many of these difficulties have resulted because of the transitional nature (from soil to soft rock curing time) due to cement - stabilization of these silty - clayey materials. These transitional materials create
further confusion for many geotechnical engineers who are accustom to viewing a silty - clayey material
stabilized by cement as either like a rock or a soil, but not as a material that can have engineering properties of
both.
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The major deficiency of most engineering classification schemes of silty - clayey materials stabilized by cement
is the absence of time factor (curing time), degree of compaction (percentage of voids) and amount of cement
used (bonding effect).
For the above mentioned transitional material it is important to not only consider how these materials behave due
to cement - stabilization but also how they will behave in a reasonable engineering time frame (curing time),
degree of compaction and amount of cement.
A classification system must be basic and take into account the potential use. For example, if soil and all its
potential uses are considered (i.e. soil - cement mixing - stabilization) such factors grain size, Atterberg limits
(type and portion of clay minerals), % of cement, strength and durability of the cement stabilized soil should be
considered. Conventional specifications stipulate a lower limit of 1754 kN/m2 unconfined compressive strength
after 7 days of curing for soils stabilized by cement to pass the erosion tests successfully (material loss 7%-14%
in 12 cycles of freezing and thawing or wetting and drying test as described in ASTM D560-03 and ASTM
D559-03 respectively), (Akpokodje, 1986; Croft, 1967; PCA, 1959).

Table
4c.
Clay
mixtures
stabilized
and their geotechnical characteristics.
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Also according to literature clayey soils with liquid limit less than 40% and plasticity index less than 18%, are
stabilized successfully by using economical amounts of cement (Godin, 1962). Although soils, with large liquid
limits (> 60%) and plasticity induces (> 25%) invariably contain expansive clay minerals and react with large
amounts of cement. These cement - stabilized heavy clayey - soils is difficult to attain the lower limit of
1754 kN/m2 unconfined compressive strength since ultimate rigidity is dependent upon the structure (bonding
effect) of the stabilized material rather than on relative reactivities of the components (Croft, 1968).
For these reasons empirical relationships were considered between slaking and liquid limit as well as unconfined
compressive strength and slaking (durability) of clayey admixtures stabilized with 4% and 12% cement, at 90%,
95% and 100% compaction and cured for 7 and 28 days (Table 5), (Stavridakis, 2003a).

Table
4d.
Clay
mixtures
stabilized
and their geotechnical characteristics.

with

12%

cement

and

cured

for

7

days

Finally, composite diagrams were drawn containing all the afore-mentioned parameters, to show the influence of
liquid limit (composition of a soil) and amount of cement on the development of strength and durability of
bentonite - kaolin - sand mixtures stabilized by cement at a constant degree of compaction and curing time
(Fig. 1 - Fig. 6).
The proposed classification system includes the liquid limit and a range of cement percentages from 4% to 12%
and defines areas on liquid limit of clay mixtures which influence the engineering (strength, durability) and
stabilization parameters (amount of cement, degree of compaction and curing time) to be used for stabilization.
The above classification diagrams (Fig. l - Fig. 6) yield sufficient information on "antithesis" between strength
and slaking values. In these diagrams, clay mixtures stabilized with cement show extremely high slaking (from
low durability to complete disintegration) while exhibit strength 1754 kN/m2 (ultimate accepted value in
Britain).
Finally these proposed classification diagrams assess strength values corresponding to ultimate slaking
(durability) values, (Morgenstern and Eigenbrod, 1974), for efficient cement - stabilization.
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The afore-mentioned specifications mean that for safety reasons in construction works (soil - cement mixing stabilization) the slaking (durability) should be considered as a serious safety factor together with strength
especially under environmental conditions of wetting - drying and/or potential stresses (i.e. horizontal stresses
due to seismic events or movements due to landslides).
Table
Empirical
5.
relationships
slaking and liquid limit (Figs. 1-6).
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Figure 1. Influence of liquid limit and cement percentage on strength and slaking of
cement-stabilized clayey mixtures at 100% compaction cured for 28 days.
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Figure 2. Influence of liquid limit and cement percentage on strength and slaking of
cement-stabilized clayey mixtures at 95% compaction cured for 28 days.
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Figure 3. Influence of liquid limit and cement percentage on strength and slaking of cement - stabilized clayey
mixtures at 90% compaction cured for 28 days.
RESULTS AND DISCUSSION
At the liquid limit, montmorillonite clays (bentonite) contain large amounts of water. The water is present in two
states: 1) oriented water surrounding the clay mineral particles and 2) non-oriented water in the interstitial pores.
It can be considered that a small amount of pressure is adequate to remove the pore water (high compressibility deformability) and that considerable pressure is probably necessary to remove the oriented water [high number
of positions of exchangeable ions - high zeta (z) potential - high magnitude of electrical charges (forces) on the
surface of clay mineral].
In the case of kaolinite clays the amount of water at the liquid limit is small and relatively large part of it is pore
water. There would be less oriented water than in the case of montmorillonite clays and perhaps the orientation
would be less perfect [low number of positions of exchangeable ions - low zeta (z) potential - low magnitude of
electrical charges (forces) on the surface of clay mineral]. As a consequence, on the application of pressure, the
water would be removed and the particles would find it easier to adjust themselves one to the other so that
compressibility and deformability would be less than in the case of montmorillonite clays (Grimshaw, 1971;
Grim, 1962).
Conclusively the liquid limit reflects the composition of natural clayey soils and in particular the nature and
properties (physical and engineering) of the principal (dominant) clay mineral, (Stavridakis, 2004). According to
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the afore-mentioned the development of strength and durability of cement - stabilized clayey soils is strongly
related to the composition of these natural clay soils. Also the above based and on the number of liberated
calcium ions from the cement occupy the positions of exchangeable ions on the clay minerals. The number of
these positions depends upon the proportion and type of clay (i.e. montmorillonite or kaolinite) and is related to
the liquid limit of the clay soil.
In addition the calcium ions react with the silicates and aluminates from the soil minerals. The latter coat the
grains to form a skeletal structure of considerable strength and durability. Therefore classification diagrams were
prepared to relate the liquid limit (composition of a clayey - soil) with the engineering properties such as
unconfined compressive strength and slaking (durability), (Fig. l - Fig. 6).
The used silt - clay mixtures contained more than 35% particles passing No200 (74µm) sieve according to HRB
classification system, stabilized with 4% and 12% cement, at 90%, 95%, 100% compaction and cured for 7 and
28 days, (Stavridakis, 2003c).
These mixtures consisted mainly from bentonite (montmorillonite - active clay mineral) and/or kaolin (kaolinite
- inactive clay mineral) which exhibit extreme engineering behaviour. In all Figs. (1-6) the main curves of LL =
40% and LL = 60% divide the siIty - clayey mixtures into three groups which are the following:
1) mixtures with LL < 40% which are stabilized successfully with economical amounts of cement (Godin,
1962),
2) mixtures with 40% < LL < 60% which are stabilized successfully with larger amounts of cement than in the
first group,
3) in mixtures with 60% < LL the expansive clay minerals are dominant and are stabilized successfully with
larger amounts of cement than in the other groups or lime (Croft, 1968).
Generally the development of liquid limit curves from lower to higher values (Fig. l - Fig. 6) is corresponded to a
decrease of unconfined compressive strength and durability values. However all Figs. from 1 to 6 showed an
"antithesis" between strength and slaking. Same values of slaking (durability) show an increase of strength as the
percentage of cement and liquid limit values increase (improved cement - stabilization conditions). By contrast,
same values of unconfined compressive strength show an increase of slaking (decrease of durability) as the
percentage of cement and liquid limit values increase. It is obvious that the potential cement bonds developed
between soil grains during this improvement have a profound influence on the development of slaking
(durability).
In the afore-mentioned comments the developed cement bonds (% cement) between soil grains are not enough to
decrease slaking (increase durability - bonding effect) when the value of strength (bearing capacity) is constant
and the liquid limit increases.
Finally the comparison between the diagrams of unconfined compressive strength - slaking (Figs. 1-6), indicated
that the values of strength decrease and slaking increase as the percentage of compaction and the curing time
decrease, (Stavridakis, 2003b).
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Figure 4. Influence of liquid limit and cement percentage on strength and slaking of cement - stabilized clayey
mixtures at 100% compaction cured for 7 days.
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Figure 5. Influence of liquid limit and cement percentage on strength and slaking of cement - stabilized clayey
mixtures at 95% compaction cured for 7 days.
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Figure 6. Influence of liquid limit and cement percentage on strength and slaking of cement - stabilized clayey
mixtures at 90% compaction cured for 7 days.

The classification system in present work for silt - clay mixtures stabilized by cement defines the following:
(1) An ultimate slaking value (maximum acceptable slaking or minimum acceptable durability), for slake durability index test, accepted for efficient cement - stabilization. This ultimate slaking value is calculated for
each degree of compaction (90%, 95%, 100%) and curing time (7 and 28 days). Such an ultimate slaking value
is achieved if clay - mixture having a liquid limit of 40% is treated using 4% cement. To achieve the same
ultimate slaking value in clay - mixture having a liquid limit of 60% would require the addition of 12% cement.
The study in present work shows that the liquid limit is entirely adequate for predicting the maximum amount of
slaking that can be expected, (Morgenstern and Eigenbrod, 1974).
(2) The value of 1754 kN/m2 is accepted as ultimate strength value for efficient cement stabilization (acceptable
limit in Britain) for cement < 4%. In particular the ultimate values for strength of 3600 kN/m2 for 28 days and
2200 kN/m2 for 7 days of curing, 2600 kN/m2 for 28 days and 1754 kN/m2 for 7 days of curing, 1800 kN/m2 for
28 days and 1754 kN/m2 for 7 days of curing, were determined for 100%, 95%, 90% compaction respectively,
for cement ³ 4%.
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Table 6. Developed relationships, between unconfined compressive strength and slaking
for liquid limits from 15 to 60% (Figs. 1-6).

In all Figs. (1-6) the experimental results indicate good correlation between unconfined compressive strength
and slaking and strong influence of cement, degree of compaction and curing time on strength and slaking
values. Also a strong influence of liquid limit on slaking is obvious in diagrams of liquid limit - slaking (Fig. l Fig. 6). The higher the values of liquid limit are, the higher the values of slaking (lower values of durability).
Finally the diagrams (Fig. l to Fig. 6) were made as follows: Clayey admixtures of 15, 25, 35, 40, 45, 50, 55, or
60% liquid limit give a pair of slaking values on 4 and 12% cement curves.
These slaking values correspond to unconfined compressive strength values on 4 and 12% cement curves and
form curves y = axb, where y = unconfined compressive strength end x = slaking (%) for the above mentioned
liquid limit values respectively (Table 6). From the known values of unconfined compressive strength, at 4 and
12% cement could be calculated the values of unconfined compressive strength at 6, 8 and 10% cement by using
an approximate linear relationship, according to literature (Ingles and Metcalf 1972), y = a + ßx where y =
unconfined compressive strength and x = % cement. The unconfined compressive strength values on the liquid
limits curves correspond to slaking values. The values of strength and slaking at 6, 8, 10% cement, define
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negative power curves y = axb where y = unconfined compressive strength and x = slaking (%) for each cement
percentage (Table 7).

Table 7. Developed relationships, between unconfined compressive strength
and slaking for 6, 8 and 10% cement (Figs. 1-6).

Conclusively a direct approach to the solution of a soil engineering problem consists of first measuring the soil
property needed and then employing this measured value in some rational expression to determine the answer to
the problem, such as in soil - cement stabilization. For these reasons, sorting soils into groups showing similar
geotechnical behaviour may be helpful. Such sorting is the classification of engineering behaviour (strength and
durability) of cement treated clayey mixtures of present work. Most soil classifications employ very simple
index - type tests to obtain the characteristics of the soil needed to place it in a given group (Leong and
Rahardjo, 1998).
The most commonly used characteristics are particle size and plasticity. In the present research work the HRB
soil classification system was used regarding the particle size and liquid limit groups. A combination and
coincidence of the above soil's physical (liquid limit and grain size) properties with the limits of geotechnical
parameters for efficient cement stabilization of theory (strength > 1754 kN/m2 and LL < 40%) and present work
[ultimate strength, slaking (durability) and liquid limit], (Fig. l - Fig. 6), form rational expressions available for
analysis of the solution for engineering problems in soil - cement stabilization [surface or deep (cement deep
mixing - CDM)].
CONCLUSIONS
The conclusions derived from this study are described below:
(1) The influence of liquid limit on the development of strength and durability is obvious from lower to higher
values of liquid limit curves in classification diagrams. The higher the values of liquid limit are, the lower the
values of strength and durability.
(2) The liquid limit curves divide the silty - clayey mixtures in three groups concerning their stabilization by
cement:
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(a) the first group with LL < 40% includes mixtures which are stabilized successfully with economical
amounts of cement,
(b) the second group with 40% < LL < 60% includes mixtures which are stabilized successfully with larger
amounts of cement than in the first group,
(c) the third, group with LL > 60% includes mixtures which could be stabilized successfully with
uneconomical (very large) amounts of cement or lime.

(3) Same values of slaking (constant bonding effect) correspond to increased strength as the percentage of
cement and liquid limit values increase (improved cement - stabilization conditions).
(4) Same values of unconfined compressive strength correspond to increased slaking (decrease of bonding
effect) as the percentage of cement and liquid limit values increase [importance of slaking (bonding effect)
evaluation].
For safety reasons in construction works the slaking (durability) should be considered as a serious safety factor
together with strength.
(5) The classification diagrams define ultimate values of strength and slaking (durability) for efficient cement
stabilization.
The combination of these ultimate values contributes to the safety of construction works concerning the soil cement stabilization.
(6) The experimental results indicate good correlation between unconfined compressive strength and slaking,
giving power curves.
(7) The increase of liquid limit influences positively the slaking. This relation revealed power curves with good
correlation coefficient.
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ABSTRACT
The factor of safety for soil slopes using the wedge method is determined using a real-coded genetic algorithm
(GA) in this paper. The problem is framed as a constrained optimization problem with the goal of solving the
nonlinear equilibrium equation and determining the safety factor. The results are compared to those found in the
literature. In terms of the development of the failure surface, the sensitivity analysis of the GA optimization
technique is presented. The GA discovers a number of failure surfaces and the appropriate factor of safety in a
single run. With all other parameters held constant, the shape of the failure wedge was discovered to be
determined by the slope angles.
Keywords: Slope stability, analysis, genetic algorithm
INTRODUCTION
The stability of slope is one of the most important problems in stability analysis of geomechnics. Out of various
methods (finite element analysis, limit analysis), limit equilibrium method is widely used for its simplicity form
and the results found to be close to that rigorous methods. The limit equilibrium method is taken as 2-D plane
strain problem with no variation in geometry, material and surcharge in direction parallel to the crest of the slope.
The problem lies in finding out the critical failure surface and its corresponding factor of safety (FOS). The
above concept has given rise to consider it as an optimization problem (Basudhar, 1976; Baker, 1980).
The development of limit equilibrium as optimization is straight forward, consisting of (i) development of
objective function and (ii) selection of optimization technique. Development of objective function is based on
different stability analysis method for the sliding mass of the slope. The different methods in use for this are
Bishop, Janbu, Spencer, Morgenstern & Price, Chen & Morgenstern, Sharma etc. (Abramson et al., 2002). The
stability analysis methods basically differ from one another in the hypothesis assumed in order to satisfy the
equilibrium conditions of the potential sliding mass. It has been proved that all these methods, if used respecting
the basic hypothesis, gives satisfactory results.
Different sophisticated optimization techniques have been used to search for the critical slip surface, are calculus
of variation, linear programming, nonlinear programming and dynamic programming. The variational technique
cannot be applied to heterogeneous soil, and as the stability analysis equation is nonlinear, linear programming
has not been widely accepted. Dynamic programming has the difficulty in dimensionality, so the nonlinear
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unconstraint optimizations like Nelder Meade, Hookes & Jeeve & Powells Conjugate direction method, steepest
descent, Fletcher-Reeve (FR), Davidon,- Fletcher – Powel(DFP), Broydon-Fletcher-Goldfarb-Shanno (BFGS)
have been widely used. Many practical slope problems are not convex (De Natale, 1991), there by having
multiple optima. All the above optimization techniques are initial point dependant and there is a need to analyze
with wide separated points. It is usually not possible to find global minimum except in special cases (De Natale,
1991).
To avoid the difficulty in finding out the global minima, evolutionary methods such as genetic algorithm is being
used, which is more robust in finding out the optimal solution in many complex problems (Goldberg, 1989).
Goh (1999) has used GA to find out the critical surface and the factor of safety using method of wedges.
McCombie and Wilkinson (2002) used Bishop’s simplified method and Sabhahit et al. (2002) have used Janbu’s
method to search for the critical surface using GA. In the above studies GA could find better solution compared
to other traditional optimization tools.
With the above in view, in this study a real-coded GA has been used to find out the critical failure surface and
the corresponding factor of safety for three wedge method. The real-coded GA has several advantages over
binary coded GA (Deb, 2001) and three-wedge method is widely used for stability analysis of mine spoils
(Huang, 1983).
METHODOLOGY
The analysis of the problem can be considered in two stages: (i) development of objective function and (ii) the
application of GA in solving the objective function.
Development of objective function
In the present study, the three-wedge method for stability analysis of slopes (Huang, 1983) is used for the
development of objective function. This is a force equilibrium method and development of the equations used for
the analysis is described in details in Huang (1983).

Figure 1. The free-body diagram for three-wedge method
Figure 1 shows the free-body diagram showing the forces on each block. There are total six (6) unknowns (P1,
P2, N1, N2, N3 and factor of safety, F) which can be solved by six equilibrium equations, two for each block. The
F can be found out by solving the nonlinear equation as shown in Eq. 1 (Huang, 1983). There are different
iterative methods to solve Eq. 1. However, there are some problems in solving such equation using the iterative
methods (Bhattacharya and Basudhar, 2001), which is inherent in all numerical techniques. So in the present
study the Eq. 1 is solved using optimization method.
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(1)
Where

ru = pore pressure parameter, W3 = weight of the 3rd wedge, Cs is horizontal seismic acceleration coefficient and
P1, P2, N1, N2, N3 are as shown in Fig. 1.
The optimization method may be described as finding out the minimum factor safety which satisfies the Eq. 1
and in mathematical programming form it can be written as:
Min F:
Subjected to
(2)
The variables (design vectors) are l1, l2, l3, N1, N2, N3 and F and the application dependent input parameters are
slope angle (b), cohesion (ci), height of slope (H), angle of internal friction (f) pore pressure parameter ru) and
seismic acceleration coefficient Cs
In order to ascertain that the shape and location of the slip surface are physically reasonable and kinematically
compatible, the following constraints need to be imposed on the choice of design variable. As per physically
condition it is found that the direction of the Ti should be positive (Huang, 1983), and the kinematical conditions
are applied for the geometry of the failure surface.
(3)
(4)
b3 q1

(5)

Ti³0.0; i = 1, 2, 3

(6)

Genetic algorithm
The GA is a random search algorithm based on the concept of natural selection inherent in natural genetics,
presents a robust method for search for the optimum solution to the complex problems. The algorithms are
mathematically simple yet powerful in their search for improvement after each generation (Goldberg, 1989). The
artificial survival of better solution in GA search technique is achieved with genetic operators: selection,
crossover and mutation, borrowed from natural genetics. The major difference between GA and the other
classical optimization search techniques is that the GA works with a population of possible solutions; whereas
the classical optimization techniques work with a single solution. Another difference is that the GA uses
probabilistic transition rules instead of deterministic rules. The GA that employs binary strings to represent the
variables (chromosomes) is called binary-coded GA. The binary-coded GA consists of three basic operators,
selection, crossover or mating, and mutation, which are discussed as follow. In the selection procedure, the
chromosomes compete for survival in a tournament selection, where the chromosomes with high fitness values
enter the mating population and the remaining ones die off. The selection probability (Ps) determines the number
of chromosomes to take part in tournament selection process. The selected chromosomes form an intermediate
population known as the mating population, on which crossover and mutation operator is applied. The selected
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chromosomes are randomly assigned a mating partner from within the mating population. Then, a random
crossover location is selected in any two parent chromosomes and the genetic information is exchanged between
the two mating parent chromosomes with a certain mating probability (Pc), giving birth to a child (new variable)
or the next generation. In binary-coded GA, mutation is achieved by replacing 0 with 1 or vice versa in the
binary strings, with a probability of Pm. This process of selection, crossover, and mutation is repeated for many
generations (iterations) with the objective of reaching the global optimal solution. The flow chart of the general
solution procedure of GA is depicted in Figure 2.

Figure 2. Flow chart for working principles of genetic algorithm
In the present analysis, a real- coded GA has been used, in which there is no need of coding and decoding the
design variables. The real- coded GA with simulated binary crossovers (SBX), polynomial mutations and a
tournament selection type of selection procedure have been used, details of which are available in Deb (2001).
The GA was implemented using pseudo code available as freeware at
http://www.iitk.ac.in/mech/research_labs.htm.
The GA has an inherent limitation of not being able to handle the equality constraints. The equality constraints
need to be converted to inequality constraint using a dummy variable e (0.001 is considered for the present
study) in the GA formulation and the revised constraint is written as in Eq.7-11. So the total objective function
and the corresponding constraints can be written as

(7)
Subject to:
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(9)
b3 q1

(10)

Ti³0.0; i = 1, 2, 3

(11)

The common method of handling the constraints is by penalty function method. However, in the present study
the following method (Deb, 2001) is used for constraint handling.
The method uses tournament selection as the selection operator and two solutions are compared at a time.
Any feasible solution is preferred to any infeasible solution;
Among two feasible solutions the one having better objective function is preferred and among two
infeasible solutions, the one having smaller constraint violation is preferred.

Thus, at any iteration, the infeasible solutions are not computed for objective function if some feasible solutions
are present, which helps in reducing the computational effort.
For the present study the GA parameters of the crossover probability (Pc) varied from 0.58 to 0.78 and the
mutation probability (Pm) 0.21 to 0.41.
RESULTS & DISCUSSION
Three field problems (Problem I, Problem II and Problem III) as discussed in Jade and Shankar (1995) were
considered for the present study. The three dry slopes with its geometry, soil parameter and the corresponding
critical factor safety using Bishops simplified method is shown in Table 1. Unlike previous GA studies, in this
study the fitness is considered as the objective function itself. As tournament selection is used, so the minimum
value is the winner. The variation of the fitness function (objective function) with generation number is shown in
Figure 3. It can be seen that the best fitness (minimum objective function) is almost constant after 100
generation. However, there is sufficient diversity in the results as observed from average fitness and worst
fitness. The results of the present study are compared with the results of Jade and Shankar (1995). As it can be
seen from Table 1 that for all the three cases the factor of safety obtained by the present study is less than that
obtained by Bishop’s simplified method. Though, it can be pointed out that the Bishop’s simplified method
assumes circular slips surface, where as the present study assumes the wedge failure. So it was observed that
though the factor of safety is similar the slip surface was different and the above observations have been
observed by other studies in slope stability analysis.
Figure 4, 5 and 6 shows the different failure surface along with the critical surface for the Problem I, II and III
respectively. Unlike traditional optimization problem, working with GA has the advantages of storing a number
of solutions close to the optimum value, along with the optimum one. This will help in finding the variability of
the FOS over the slope (Baker and Leshchinsky, 2001). It can be observed that for the Problem I and II, the
critical failure surface is almost single wedge. This may be due to the fact that both the problems may be
considered as steep slope b = 780 and 650 respectively). The critical surface in Problem III (b = 45o) shows a two
wedge failure surface. To study the effect of slope angle on the type of failure wedge, Problem II was solved
for different slope angle and the results are shown in Figure 7. It can be seen that when b = 65o the critical failure
surface is single wedge and as the slope angle reduces the failure wedge changes to two wedges and
subsequently to three wedges. This may help in choosing the type of wedge analysis depending upon the slope
angle.
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Figure 3. Variation of the fitness of the objective function with generation number
Table 1. Comparisons of results of present study with Jade and Shankar (1995)
H (m)

b

c (kN/m2)

f

g (kN/m3)

ru

Problem I

8.3

780

7.5

280

19.04

0.0 0.0 0.92 0.663

Problem II

3.8

650

7.5

280

19.04

0.0 0.0 1.30 1.178

Problem III

11.6

450

15.0

220

19.10

0.0 0.0 1.15 1.13

1 Jade

Cs F1

F2

and Shankar (1995); 2 Present study

Figure 4. Different failure surfaces along with the critical failure surface for Problem I
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Figure 5. Different failure surfaces along with the critical failure surface for Problem II

Figure 6. Different failure surfaces along with the critical failure surface for Problem III
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Figure 7. Variation of type of critical failure surface with different slope angle for Problem II
Sensitivity Analysis
Like NLP optimization methods, population based algorithms first optimizes the parameter which is the most
sensitive to the objective function (Marseguerra et al. 2003). Marseguerra et al. (2003) have shown that for GA,
the sensitivity of the parameter can be correlated with square of coefficient of variation. The coefficient of
variation is defined as the ratio of the standard deviation to the mean of the population. The parameter which is
the most sensitive should quickly converge to low value of square of coefficient of variation with generation.
The behavior of square of coefficient of variation with generation is shown in Figure 8. It can be seen that the
GA first optimize the material parameter FOS. The sensitivities of the geometric terms are in the order as, q3, l3,
q2, l2, q1, and l1. It can be seen that GA tries to first minimize the angle and then the corresponding length of
wedge. Malkawi et al. (2001) through Monte Carlo simulation observed that the minimization of factor of safety
is achieved by gradual fixing of failure segments.
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Figure 8. Variation of type of square of coefficient variation with generation number
CONCLUSIONS
In this paper, application of genetic algorithm in analyzing soil slopes using three-wedge method was discussed.
The factor of safety obtained by the present study for three cases was less than that obtained by Bishop’s
simplified method. Unlike traditional optimization problem, working with GA has the advantages of storing a
number of solutions close to the optimum value, along with the optimum one. This will help in finding the
variability of the FOS over the slope. The number of failure wedge at critical condition found to depend upon
the slope angle. The sensitivities of the geometric terms in terms of minimizing the FOS are in the order as, l3,
q3, q1, l1, q2, and l2.
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ABSTRACT
Many experiments have been conducted to see how mixing Karak clay soil with treated and untreated home
wastewater affects the behaviour of unsaturated soil. The soil was mixed with three types of water: distilled
water, processed wastewater, and raw residential wastewater to create the specimens. On a range of degrees of
saturation and varied normal stresses, a specific experimental programme was devised and executed. The
findings of distilled water shear strength and swelling tests were compared to the presence of pollution in Karak
clay. The results demonstrate that the unsaturated shear strength tests on specimens combined with pure water
and those mixed with treated wastewater show little variation. Furthermore, the use of treated water has little
effect on soil swelling. Raw wastewater, on the other hand, has a significant impact on the behaviour of
unsaturated soil. The findings of this work are likely to be extremely useful and practical in carrying out stability
analyses of clay-supported structures such as embankments and foundations, especially in a nation like Jordan
where water is scarce. However, there is currently a scarcity of experimental evidence to back up this claim.
Keywords: Shear strength, unsaturated soils, degree of saturation, treated wastewater.
INTRODUCTION:
Jordan is facing challenges in its water natural resources. Rainfall is too low and unpredictable in the majority of
the country. Jordan has and will be facing challenges in its water sector due not only to the insufficient water
recourses, but also due to the abnormally high population growth and migration. Jordan’s population of around 5
million is growing and will double within generation. Rapid increases in population and industrial development
have placed unparalleled demands on water recourses. Total demand is approaching one billion cubic meters per
year (Ministry of Water and Irrigation in Jordan Manual 2002). Current water use exceeds the renewable water
supply. Water recourses in Jordan are limited to surface and ground water. Renewable groundwater
recourses have been withdrawn at an unsustainable rate in order to meet the increase demeaned. However,
surface and
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ground water quality in some areas is failing. Therefore, the Jordan should pay high attention to find new water
resources and to mange the water use.
Wastewater management can be considered one of the most important factors to develop the water
resources. This can be achieved because the wastewater may contribute as an integral part of renewable water
resources. Also the treated wastewater can be used in irrigation. Jiries (2001) found that the treated wastewater
quality from Mutah university treatment plant (MUTP) is suitable for irrigation purposes in terms of salinity and
its chemical parameters especially sodium content.
Treated wastewater is a perennial water source and shall form an integral part of renewable water resources and
the national water budget. Collection and treatment of raw wastewater is a necessity to circumvent hazards to the
public health and the environment, which it becomes imperative when contamination of freshwater
resources with raw wastewater is eminent. Then, existing levels of raw wastewater services shall be
maintained and upgraded where necessary to enhance public health and the environment. Treatment of raw
wastewater shall be targeted towards producing an effluent fit for reuse in irrigation in accordance with World
Health Organization (WHO) guidelines as a minimum. Reuse of treated wastewater in other purposes such
as in civil engineering works should be investigated. The optimum treatment and reuse of wastewater helps in
mitigating the problem of water crises in Jordan. On the other hand, it participates in producing a large part
of food and increasing the income of farmers without any negative effect on the environment. The
presence of nutrients in the treated wastewater mainly nitrogen and phosphor Increase crop productivity.
The object of the current research is to explore the possibility of using treated and raw wastewater in
civil engineering works such as compaction in roads. To achieve that the soil mixed with treated and raw
wastewater and then experimental program was carried out to measure shear strength, free swelling and
swelling pressure. As the soil in Jordan is unsaturated due to long summer, the second purpose of the present
paper is to evaluate the effect of changing in water content of the soil with and without contamination on
the shear strength of unsaturated soil.
The behavior of unsaturated soil is presented here in terms of degree of saturation rather than suction because the
suction measurement is costly, needs high expertise and is time consuming. The treated and raw
wastewater, which is investigated in the current paper, comes from Mutah University Treatment Plant
(MUTP). Many tests are carried out to investigate the properties of treated and raw wastewater. The results
show that the treated wastewater is within the safe limit, has no health hazards, and has no noticeable effect
on shear strength and swelling (Maaitah and Tarawenh 2003). On contrast, raw wastewater has a bad
effect on the behavior of unsaturated soil.
BEHAVIOR OF UNSATURATED SOIL
Jordan lies in arid to semi arid zone where long summers exist, and the evaporation exceeds infiltration.
The surface layer in this area has a very low saturation. The soil in Jordan, particularly in winter may have a
high saturation or become fully saturated due to rainfall. It may also become saturated in summer due to
irrigation. The variation in soil volume due to changes in the degree of saturation under a building footing
or any earth structure will sometimes cause damage.
In Jordan, buildings constructed on soils, which have apparent strength due to negative pore water pressure
in summer, will settle in the winter due to wetting. On the other hand, in wet areas the suction that is applied to
the soil from trees and vegetation will change due to wetting. Climate, therefore, plays an important role in
whether a soil is saturated or unsaturated. In unsaturated soil the problem is not associated with the shear strength
at certain degrees of saturation, but arises from changing shear strength due to changes in the degree of
saturation. The shear strength of unsaturated soils is required to determine the bearing capacity of shallow
foundations, slope stability, stability of vertical excavations, lateral earth pressure, and many other geotechnical
structures.
Understanding the behavior of unsaturated soil mechanics plays a significant role in the practice
of geoenvironmental engineering and Geotechnical. The vast majority of civil infrastructure systems are founded
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semi arid regions. The solution to a large number of contaminant transport problems depends on an
understanding of surface flow boundary conditions and the movement of fluids through the unsaturated zone
where soils have negative pore water pressures. Rational unified approaches for dealing with unsaturated soils
have recently emerged, providing the Geotechnical engineer with enhanced tools for dealing with the challenges
of unsaturated soils.
Compacted soils used in earth structures are in an unsaturated state during construction and, in several cases,
during operating conditions. Their behavior is thus affected by the simultaneous presence of water and air in the
pore spaces, which makes the pore fluid mixture compressible and influences the stress state through the water
and air pressures. Despite the clear evidence of this behavior, the response of soil used in construction has rarely
been explored under controlled-suction conditions (Rampino et al. 1999a, 1999b; Vinale et al. 1999).
Furthermore, despite the key role of small strain behavior in predicting the performance of earth structures (Wu
et al. 1989; Quin et al. 1991), rather little effort has been devoted to understanding unsaturated soil. Some
contributions have recently been made to the investigation of the more general topic of the small strain behavior
of unsaturated soils.
Unsaturated soil behavior cannot be predicted using either Terzaghi’s effective stress principle or any single
stress variable combining pore-air pressure (ua), pore-water pressure (uw), and total stress tensor |(| (Aitchison
1961; Bishop 1959; Jennings 1961). It is well known that two independent stress variables are required to
describe unsaturated soil behavior (Bishop and Blight 1963; Fredlund and Morgernstern 1977; Fredlund et al.
1978), the most common choice being net stress tensor |( – ua | and matric suction (ua – uw) (Bishop and Blight
1963; Fredlund and Morgernstern 1977). In fact, suction and external loads have independent effects on stress
state (Burland and Ridley 1996). The net stress induces both normal and tangential forces at inter-particle
contact points, which has the same role as the effective stresses of saturated soils. In other words, in most cases |
( – ua| is entirely carried by the soil skeleton, independent of drainage conditions, and often causes particle
slippage and specific volume changes. Unlike |( – ua|, variations in matric suction only induce changes in the
normal forces at particle or cluster contact points, affecting soil skeleton stability.
On this scale, suction only influences the available slippage strength. In other words, wetting-induced collapse
results from external load actions, with suction variation only responsible for a decrease in shearing resistance at
contact points. Other plastic deformations, such as irreversible swelling upon wetting or irreversible shrinkage
upon drying, result from volume changes of saturated clusters, having induced plastic rearrangement of an
unsaturated macrostructure; suction changes are merely equivalent to effective stress variations for cluster
behavior (Alonso et al. 1994). Under axially symmetric conditions the stress variables for unsaturated soils
reduce to

PROPERTIES OF TREATED AND RAW WASTEWATER
Water, in general, contains some type of impurities as a solid or gases state. The amount of such impurities
determines the adequate water use. Firstly, the treated and raw wastewater were investigated only and then the
treated and raw wastewater were mixed with the soil under question. For the purpose of comparison the soil was
mixed with distilled water and then tested. All results are presented in Table 1, Table 2, Table 3 and Table 4.
Anions were analyzed by ion chromatography. Major cations were measured with flame photometer, the
Electrical conductivity was measured by conductivity meter and pH was measured with pH meter. All the
chemical parameters for treated wastewater (HCO-3, CO3-2 , Ca+2, Mg+2 , K+ , Na+, F-, Cl-, Br-, NO3-,
PO4-3 and SO4-2) are within the range of wastewater quality according to WHO and Jordanian standard. The
effect of raw wastewater is illustrated in the tables below
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Table 1. Concentration of cation composition in ppm of treated wastewater
Parameter
Treated wastewater only Soil mixed with distilled water Soil mixed with Treated water

HCO–3

261.24

48.123

302.49

Ca+2

66.24

15.456

66.24

26.827

6.71

34.88

E.C (in mS/cm) 1100

60.3

1108

PH

7.08

7.73

8.00

K+

23.6

4.4

26.8

Na+

10.8.46

3.5

111.54

Mg+2

Table 2. Concentration of Anion composition in ppm of treated wastewater
Parameter Treated wastewater only Soil mixed with distilled water Soil mixed with Treated water
F–

0.3467

0.9203

0.4887

Cl–

84.392

1.7463

60.763

Br–

0.82738

Non-deductive

0.1507

NO3–

28.063

0.08135

18.53

PO4–3

23.078

Non-deductive

20.646

SO4–2

65.861

1.3873

69.991

Parameter Raw wastewater only
46
NH+4

Soil mixed with raw water
0

Ca+2

43.6

82.7

Mg+2
PH

22.5
8.6

29
9

K+

35.6

12

Na+

74

108

Table 4. Concentration of Anion composition in ppm of raw wastewater.
Parameter Raw wastewater only Soil mixed with raw water
F–

2.75

2.97

Cl–

115.6

194

Br–

0.69

1.6

NO3–

15.8

55.9

PO4–3

14

0

SO4–2

58.68

189.7
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EXPERIMENTAL WORK
The soil used in the tests was silt-sandy with significant amount of clay, which is typical from the south of
Karak. Results of standard Proctor compaction test on soil mixed with distilled water, with treated wastewater
and with raw wastewater are shown in Figure 1. Liquid and plastic limits are 40% and 20%, respectively. The
specific gravity is of 2.7. The chosen dry unit weight was 1.6 gr/cm3 at moisture content of 8%, which is
coincident with initial void ratio of 68%. The tests were conducted at room temperature. The surface tension for
both kinds of water is the same and is equal to 0.0735 Nm–1.

Figure 1. Standard Proctor Test
There is a need to undertake further laboratory research studies on unsaturated soils, particularly to obtain a
fundamental understanding of the shear strength of unsaturated soils by testing soil specimens with simple soil
structures. Three groups of tests have been conducted by using simple direct shear device. The first group was
tested by using pure water, and treated wastewater on fully saturated test to obtain the effective angle of friction,
f/, which is found to be 23°±0.5°. The results of consolidated drained (CD) tests show no differences in the angle
of friction. On the other hand, the effective angle of friction, f/, is found as 20°±1° when the raw wastewater
have been used. This reduction in friction may be explained as the wastewater increases the lubrication between
the soil particles.
The second group was carried out with different initial degrees of saturation (i.e. Sro = 2, 5, 10, 15, 20, 30, 40,
50, 60, 70, 80, and 90)% and constant normal stress, which is equal to 0.09 kg/cm2. The third group was
conducted at the same condition of second group but the normal stress is of 50 kg/cm2. The same procedures
were repeated by using pure water, treated wastewater and raw wastewater.
Free swell test have been conducted by using odometer apparatus and at the end of each test the swell pressure
was measured on soil mixed with pure water, treated wastewater and raw wastewater. The tests were carried out
with different initial degrees of saturation (i.e. Sro = 10, 20, 25, 30, 35, 40, 50, 60, 70, 80 and 90)%.
RESULTS AND DISCUSSION
Many tests were carried out on unsaturated soil by using distilled, treated wastewater and raw wastewater. The
samples have been sheared under drained condition in direct shear apparatus. The stress-strain behavior is nearly
ductile for all the tests, with some strain softening taking
place. Drained condition at low saturation will not
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affect the amount of water because the capillarity is greater than gravity force. The rise in pore air pressure for
low normal stress is neglected which in this paper, it is atmospheric.
Figure 1 confirms that using treated water has no effect on the result of compaction test (Maaitah and Tarawenh
2003). It can be concluded from Figure 1 and Table 1 that the treated water has no effect on the compaction.
However, this is not the case when raw wastewater is used. The wastewater play lubricant role between soil
particles, which as the higher contamination content the higher negative on the soil behavior, is produced.

Figure 2. Effect of saturation and normal stress on the behvior of unsaturated soil
Figure 2 shows the behavior of unsaturated soil as the degree of saturation and normal stress change. The figure
shows that as the normal stress increases the shear strength increases. As the degree of saturation increases up to
30 % the shear strength increases and then it becomes nearly constant between saturation 30% to 50%. In terms
of suction, the shear strength increases as the suction increases and then decreases to a fairly constant value. This
pattern is also seen in the results of other researchers (Donald 1956, Towner et al., 1972, and Fredlund et
al.1993). The shear strength may increase, decrease or stay constant as the suction increases beyond a certain
value. As the saturation increases more than 60 % the shear strength decreases.
At saturation less than 30% the behavior is governed by the role of menisci water. The presence of a curved
interface only implies that pore-water pressure is less than surrounding air pressure (i.e., unsaturated case).
Hence, changes in suction or unsaturated case, a constant net stress correspond to pore-water pressure reductions
and to equal changes in mean effective stress (p¢ = p – pw). A force between the soil particles varies linearly
with variations in suction s, which is null at zero suction. The shear strength of unsaturated soil, at saturation less
than 30%, depends on its behavior on degree of saturation, number of contact or void ratio, surface tension, and
normal stress (Maaitah, 2002). As the previous parameters have not changed in all tests, therefore the shear
strength does not vary when using treated wastewater or distilled water. This result has been proved here.
Samples could be prepared at a high saturation (greater than 50%), in which the air is initially uniformly
distributed, but this will be a temporary state, and the case with which air can move through the pore spaces
determines how long this temporary state will last. This means that the air in such a soil will tend to aggregate, so
that the soil becomes separated into regions of full and low saturation. Therefore, the experiments here are
conducted under drained conditions to avoid any kind of segregation. Also, this is the main reason for choosing
simple direct shear test.
The relationship between the degree of saturation and shear strength for soils that mixed with raw wastewater,
treated wastewater and distilled water show in Figure 3.459
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distilled and treated water could be due to differences in initial saturation, void ratio, instrument accuracy and
repeatability of test. However, there is no difference between the strength of the soil that is mixed with raw
wastewater with soil the mixed with pure water at saturation less than 20 %. On the other hand, the difference in
strength increases as the saturation increases. This can be attributed due to the increase of contamination in the
sample. The organic mater reduces the friction significantly because it increases the slippage between the soil
particles. This means that the raw wastewater is unsafe to be used in civil engineering works such as
compaction. Also, using such water in irrigation or the seepage from septic tank will affect the strength of the
soil beneath building footing.

Figure 3. Unsaturated shear sterngth versus degree of saturation

Figure 4. Result of swell pressure tests
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Mixing soil with treated water has no effect on free swell and swell pressure as shown in Figure 4. There are
somewhat differences, which may be explained by the repeatability of tests. At low saturation the soil exhibits
higher swell pressure as shown in Figure 4. Also as the degree of saturation increases the swell pressure
decreases. Furthermore, as the degree of saturation increases the suction decreases and the swelling pressure
decreases. The volume of change increases as the suction decreases and that the volume change became more
significant at relatively low suction values (Escario and Saez 1973). The soil swelling depends on many factors
as the soil wetted under a constant pressure such as the degree of saturation (Cox 1978). However, there are
differences between the free swelling in the soil sample that is mixed with raw wastewater with soil the mixed
with pure water. Also, the swelling pressure is greater in the soil samples that mixed with raw wastewater. The
increase in swelling can be explained due to the increase of contamination in the sample.

Figure 5. Free swell test

Figure 6. Free swell test
Figures 5 and 6 show the comparison between the free swell for soil mixed with distilled water and raw
wastewater. The figures show clearly that the soil mixed with raw water swells higher than the soil mixed with
distilled water. The free swell increase as the degree of saturation decreases as illustrated in Figure 7.
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Figure 7. Free swell test for soil mixed with raw wastewater
CONCLUSIONS
In order to avoid hazards to the public health and the environment central treatment plants should be built to
serve semi urban and rural communalities, and collection of wastewater can be made initially through trucking
until collection systems are justified. Particular attention shall be paid to the protection of underlying aquifers. It
is highly imperative that a section in the Water Authority be responsible for the development and management of
wastewater systems as well as the treatment and reuse of the effluent.
It is clear that the degree of saturation and normal stress play a significant role in determining the shear strength
and swell pressure of unsaturated soil. Also, shear strength increases as the normal stress increases. Important
conclusions can be drawn from the experimental program that has been conducted in this research:
Shear strength decreases as contamination component increases
Swelling increases as contamination component increases
Treated wastewater has no effect on soil shear strength, compaction process and soil swelling.
Raw wastewater has a negative effect on the shear strength, compaction process and soil swelling.
Treated wastewater from MUTP is safe for using in earthwork.
Raw wastewater from MUTP is not safe for using in earthwork.
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ABSTRACT
The relevance and critical role of quay walls as a retaining structure for docks and wharves in off-shore regions,
as well as their vulnerabilities during seismic loadings, has prompted numerous studies to focus on the soilstructure interactions of these walls from many perspectives. Although significant progress has been made in this
area, they have been subjected to substantial damage in the previous decade as a result of heavy earthquakes that
have struck these places. The effects of two major criteria on the behaviour of anchored sheet pile quay walls,
namely the quality of the improved soils (in terms of SPT numbers) and the dimensions of the improved area,
have been numerically explored and investigated in this study. The numerical analysis method, modelling
details, and critical conclusions are all provided and discussed.
Keywords: Quay walls- sheet pile – earthquake loading- anchored walls- liquefaction- standard penetration test
(SPT) - improved soil- numerical analysis- seismic stability.

INTRODUCTION
The quay wall and in particular the sheet pile quay wall are one of the most vulnerable structures against the
seismic instability and ground liquefaction. So far, different mitigation methods have been used to stable this
kind of retaining structures during earthquake loadings. One of the effective methods in this respect is to do the
soil stabilization. The degree of the soil improvement and the zone in which the stabilization techniques have to
be applied are among the most important and effective factors in these methods. In this study a great effort has
been attempted to investigate the role and influences of these two factors on the behavior of an anchored sheet
pile quay wall during earthquake loading. The base and backfill soils have been selected in an initial condition
that they liquefy when subjected to the ground motions. The FLAC 2D finite difference package has been used
to model the soil and quay wall for numerical analyses. The properties of the modified soils such as density (?),
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elastic modulus (E), cohesion (C), and the angle of internal friction (f) as a function of the SPT number in
practice from different soil mechanic reference books have been selected and verified.
Also, different zones by different dimensions around the sheet pile and its anchorage have been tried to get the
most effective zone for mitigating the hazard risks of theses walls during earthquake loadings. In this study a
numerical method was used to analyze a sheet pile quay wall. The model properties such as the model geometry,
soil properties, initial and boundary conditions, and the method of applying the dynamic loadings are presented
and described in the following sections. Also, according to the results of the numerical analyses, the effect of the
two above mentioned parameters on the soil-quay wall interaction under dynamic loadings have been
investigated and discussed.
THE ANALYSIS METHOD
In this research the non-linear dynamic analysis based on the effective stress for evaluating the pore pressure
development during earthquake loadings has been used. The analyses have been carried out in the plane strain
condition using the FLAC finite difference package in static and dynamic phases. For the sake of simplicity, the
model has been made in one step in static condition. After getting the equilibrium condition in the static state,
the dynamic phase has been applied to the model by changing the state boundary conditions to the dynamic one
and imposing the earthquake loading to the system.
To model the pore pressure development, the Finn behavioral model which has been facilitated in the package
has been used. To calculate the variations of the pore pressure one of the two equations suggested by Finn and
Martin (1975), [3], and Byrne (1991), [2] can be used. In this study the Byrne equation, given below, has been
used.

(1)
where
evd = the volume decrease under cyclic loading
Devd = the volume decrease increment
g = the amplitude of the cyclic shear strain
C1 and C2 are constants which vary according to the soil type and can be estimated from the following equations
in case of lack of laboratory data;
(2)
(3)
Also, the variations of the soil shear modulus during dynamic loading have been modeled using the concept of
the Masing criterion [5] and the Masing.fis. function in the FISH medium which is matched to the FLAC
package. In this program the soil maximum shear modulus, Gmax, has been considered to be five times the static
shear modulus that has been used in the static condition analyses. This value is acceptable in comparison with
the values estimated from the [7] existing empirical equations. Also, the amount of tmax, has been taken to about
20000 kPa according to the stress conditions in soil from the graph suggested by Hardin & Drnevich, 1972, [6].
This figure has been given to the Masing.fis. function. A typical cyclic stress-strain curve, obtained from the
application of the Masing.fis. Function and analyzing the model is shown in Figure 1.
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Figure 1. A typical stress-strain curve obtained from FLAC by using the Masing.fis function
To calibrate the numerical model used in this investigation, the results of analyses a real retaining wall using this
technique, were compared with the result of the same retaining wall analyzed by Mccullough & Dickenson,
2001 [1].
PARAMETRIC STUDIES
The geometry and general dimensions of the developed model in FLAC to do the parametric studies are shown
in Figure 2. The finite difference mesh selected to do the numerical analyses is shown in Figure 3 The sheet pile
and the anchorage block foundation have considered to be from steel and concrete materials respectively. Both
are assumed to have the linear elastic behavior. The sheet pile and the block foundation are extended along the
axis perpendicular to the x-y plane. Thus, the input parameters belong to the one meter length of the wall in a
plane strain condition. The earth pressures developed behind the sheet pile are transferred to the block
foundation by means of anchored cables at 2.5 m. from top of the wall. The cable has been taken to behave
elasto-plastic, though the induced tension forces never exceed its yielding limit (220 kN.). Since the anchored
cable only transfers the wall forces to the block foundation, the soil-cable interaction has been ignored, and the
values of Kbond and Sbond have been taken as small as possible. The properties of the sheet pile, block
foundation and the used cable are given in table 1.
Table 1. The specifications of the sheet-pile, block foundation, and the cable.
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As can be seen in Figure 2, two soil layers by an unlimited length have been considered for the model. The
upper layer is a loose and liquefiable soil and the lower layer is a dense and non-liquefiable soil.

Figure 2. The geometry and general dimensions of the developed model.
The influences of the geometry and dimensions of the improved zone have been studied by selecting different
zones of improved soils as are shown in Figure 6. In these analyses the SPT number of the improved soils has
been taken to 30 and the sheet pile deformations along its length have been estimated. The degree of
improvement has been investigated in this study as the second important factor affecting the quay wall behavior
during earthquake loadings. The SPT number of the improved soil has been taken as a direct index of degree of
improvement in this study. The soil parameters of the improved zones have been determined from different
references based on the selected SPT number for analyses. The values of the soil unit weight (?), the elastic
modulus (E), angle of internal friction (f), and also the Finn model parameters ( ff-c1, ff-c2, ff-c3), for different
SPT numbers ranging from 20 to 40 have been estimated.

Figure 3. The selected finite difference mesh for numerical analysis by FLAC-2D.
In this series of analyses, the improved zone has been extended up to 14 m. in both sides of the sheet pile and
down to the bottom of the quay wall. The properties of the soil layers are shown in table 2.
To model the pore pressure development and the liquefaction phenomenon, the Finn model has been used. This
model has been applied to an area of upper soil layer of 60 m. length from both sides of the quay wall.
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Table 2. Properties of the selected soil layers

The Mohr-Coulomb model has been applied to other zones of the soil top layer and also to the whole bottom
layer (Figure 4).

Figure 4. The soil zones and the applied models in each zone.
The soil damping ratio has been taken to 5% using the local damping facilities exists in the FLAC package. The
dynamic load has been applied to the bottom zone of the model in a form of sine shear stress by frequency of 3
Hz. and durations of 8 and 10 seconds. The maximum shear stress (the amplitude of the sine wave), has been
calculated from the following equation for the case of having 0.2g peak ground acceleration in the surface of the
model (7).
(4)
where
amax = peak ground acceleration,
sv = the total soil pressure at the bottom layer,
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rd = reduction factor (taken as 0.5 form the relevant graph), and
g = gravitational acceleration.
Using Equation 4, the amplitude of the shear stress to be applied to the bottom of the model, has been estimated
to 126.8 kPa. A typical applied dynamic load to the model is shown in Figure 5.

Figure 5. A typical applied dynamic load to the numerical model.
The boundary conditions is taken to be the free field during application of the dynamic loading. Also, the model
has been analyzed for the undrained conditions for the pore pressure generation.
THE ANALYSIS RESULTS
The results of the dynamic analyses carried out on the selected sheet pile quay wall in Figure 2 are presented and
discussed in the following sections.
The effect of the improved area
The results of the analyses performed on the anchored sheet pile quay wall, while different improved zones
(shown in Figure 6), have been taken into account, are given in table 3. In this table the deformation of the sheet
pile at points A (top of the wall), B (at the sea bed), and C (bottom of the wall), at 8 and 10 seconds of loading
are presented. To compare the obtained results the amounts of the sheet pile deformations are plotted and shown
in Figure 7

Table 3. Deformation of the sheet pile at points A (top), B (sea bed), and C (bottom).
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Figure 6. Different zones considered for soil improvements.

Figure 7. the horizontal deformations of the wall at points A, B, and C for different soil improvement areas.

The effect of the degree of soil improvement
The degree of soil improvement can be defined in terms of soil properties. The soil properties directly can be
reflected in various soil parameters such as porosity, cohesion, angle of internal friction, density, etc. Also the
results of the in-situ and laboratory testings on soil, such as compressive strength or standard penetration test can
be used to measure and show the soil properties. In this study the SPT number has been used to define the soil
properties. To cover different degrees of soil improvement, the SPT of the modified area has been changed from
20 to 40 corresponding to a relatively well improved soil.
The results of analyses using different SPT number for the improved zone are shown in table 4. The area of
improvement is shown in Figure 8. Also, the variations of the wall horizontal deformations at points A, B, and C
for different degrees of soil improvement are plotted in Figure 9.
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Figure 8. The area of improved soil.

Table 4. Deformations of the sheet pile at points A, B, and C.

Figure 9. Variations of the sheet pile horizontal deformations at different points.
The contours of the pore pressure ratios (Ru) at the end of the analyses for different SPT numbers are plotted in
Figures 10a, b, c. It can be seen that as the SPT number increases, which means the soil becomes denser and
more improved, the liquefied zone becomes smaller and the amount of the wall deformations decreases
consequently.
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Figure 10a. Contours of the pore pressure ratio (Ru), at the end of analyses for SPT=20.

Figure 10b. Contours of the pore pressure ratio (Ru), at the end of analyses for SPT=30.

Figure 10c. Contours of the pore pressure ratio (Ru), at the end of analyses for SPT=40.
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SUMMARY AND CONCLUSIONS
In this study the influences of the degree of soil improvement and also the dimensions of the improved area on
the behavior of the anchored sheet pile quay walls during dynamic loading have been investigated. The pore
pressure development due to dynamic loadings within the soil around the wall has been estimated using the 2D
finite difference package of FLAC. The deformations of the modeled wall have been estimated at different points
under various soil improvement conditions. Taking into account the analyses results, the following remarks can
be concluded:
When the soil improvement method is selected as an effective measure to stable the sheet pile quay wall against
soil liquefaction during heavy earthquakes, the appropriate area to be improved is of great importance. Extending
the improved area to the bottom and also in front of the wall to exceed the passive failure zone, will cause the
sheet pile deformations to be reduced considerably.
The analyses results from changing the area of the improved soil proved that if the front soils are not improved,
the improvement of the backfill soils can not play a major role in reducing the sheet pile deformations during
dynamic loadings.
The analyses results from different degrees of soil improvements show that the stable condition for the quay wall
is met when the SPT number of the improved soils increases to 25-30.
For the SPT numbers more than 30 the soil has been over improved, which means its condition is far from being
liquefied. For the SPT numbers below 25 there is still the possibility of liquefaction occurrence for soils below
and around the wall, which may end to overall failure of the soil-wall system.
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a b s t r a c t
Many research on the conversion of conventional fossil fuels to alternative fuels have recently been
done. Because it is a low-carbon fuel, natural gas is one of the best alternative fuels. Because the
injection mec-hanism in a positive ignition engine is compatible, port fuel injection is commonly used
in natural gas engi-nes rather than direct injection. During the valve overlap in port fuel injection
engines, however, methane, which has a global warming potential 28 times that of carbon dioxide, is
highly likely to be released. By adjusting the intake and exhaust valve timing, the methane slip issue
might be eliminated. However, few research have looked at how valve timing affects engine
performance and emissions in natural gas engi-nes. As a result, trials were carried out in a natural
gas engine with and without boosting under various valve timing changes. Experiments were used
to look at the relationship between engine performance and methane emissions and changes in
intake and exhaust valve timing. As a result, the intake valve timing could only be advanced up to 45
CAD bTDC and the exhaust valve timing could only be retarded by 27.4 CAD bBDC in the boosted
situation. This is because when the intake valve timing was overly advanced or the exhaust valve
timing was excessively retarded in the boosted state, the methane slip phenomena incr-eased,
resulting in a drop in engine torque. Furthermore, the valve timings were optimised for each engine
speed point of 1000–2500 rpm under boosted high load conditions with a level of methane emission
similar to EURO-6. Under low engine speeds of less than 2500 rpm, it was discovered that the
natural gas engine's intake valve timing trend differed from that of a standard gasoline engine.

1. Introduction

Feng and Zhang, 2012; Aydin, 2015c; Köne and Büke, 2010). In
particular, worldwide efforts to reduce greenhouse gases (GHGs)
have been in great demand since the Paris Agreement of 2015.
A significant amount of human-induced GHG emissions are generated by the use of fossil fuels in the transportation and energy sectors (UN-Habitat, 2020). Thus, regulations on vehicle
emissions, such as EURO-6, have been continuously strengthened
worldwide, and vehicles that use internal combustion engines
should respond to increasingly stringent emission regulations and
strive to reduce GHG emissions. Many researchers have studied
internal combustion engines using alternative fuels instead of
fossil fuels (Othman et al., 2017; Balki et al., 2018). Natural gas
is a promising alternative fuel because it has excellent antiknocking characteristics owing to its higher octane number (ON)
compared to gasoline. It is also a low-carbon fuel; therefore, it
has the advantage of low carbon dioxide emissions (Bielaczyc
et al., 2014). In particular, it is suitable as an energy source in the
transportation sector because it has the advantage of a stable gas
supply owing to abundant reserves, and it offers the possibility

Global energy consumption is increasing significantly around
the world due to continuous industrial development and population growth. The global economy is increasing by about 3.4
percent on every year, and the global population is expected to
increase to 9 billion in 2040 (Mohsin et al., 2019). As a result, in
the last 30 years of the last century, human energy consumption
has doubled, and the energy is mainly produced from fossil fuels,
such as oil, natural gas, and coal (Aydin, 2015a). Since the fossil
fuels contain a large amount of carbon, a significant amount of
carbon dioxide is emitted from the combustion reaction of the fuels, which causes the global warming. Thus, several studies have
been investigated to predict the global energy consumption, the
demand of fossil fuel, and carbon dioxide emission (Aydin, 2015b;
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Nguyen Duc et al., 2019; Lee et al., 2020). Jahirul et al. retrofitted
a 1.6-liter gasoline SI engine to a bi-fuel engine that could also
use CNG fuel (Jahirul et al., 2010). They showed that the CNG
fuel had lower brake power than gasoline fuel but was superior
in terms of brake specific fuel consumption (BSFC) and thermal
efficiency. In addition, they demonstrated that the emissions of
CNG fuel, such as unburned hydrocarbons (HC), carbon monoxide,
and carbon dioxide, were lower than those of gasoline fuel, except
for NOx emissions. The authors compared the gasoline and CNG
fuel characteristics using a turbocharged SI engine under the
speed range of 1000–6000 rpm and full-load conditions in the
previous work (Lee et al., 2020). As a result, we demonstrated
that CNG port fuel injection (PFI), compared to GDI, has a lower
brake power owing to the difference in the fuel supply system,
but it has higher combustion efficiency and lower carbon dioxide
emission. In particular, we showed that HC emissions with CNG
PFI were higher than those with GDI owing to the difference in
the fuel supply method and the large valve overlap under lowspeed operations. Chen et al. reviewed various papers on CNG
engines and discussed the superiority of CNG as an alternative
fuel, while also addressing the issue of methane slip caused
mainly by the scavenging process in natural gas engines (Chen
et al., 2019). They mentioned that methane emissions have a high
GWP value and increase the carbon footprint. In addition, they
noted that adding hydrogen to natural gas can reduce methane
emissions. In this regard, several studies have been conducted
to understand the performance and emission characteristics of
engines fueled with natural gas and hydrogen mixtures (Baratta
et al., 2013; Bysveen, 2007; Ma et al., 2008). They showed that
adding hydrogen to CNG fuel could reduce HC emissions. Especially, Baratta et al. conducted experiments on a turbocharged SI
engine fueled with CNG/hydrogen blends (Baratta et al., 2013).
They used CNG fuels mixed with different volume fraction of
hydrogen (0%, 15%, 25%), and then they analyzed the engine
performance and emission characteristics. From the experimental
results, they demonstrated that the addition of hydrogen caused
the reduction of THC emission both in the stoichiometric and
lean conditions. In addition, several research about diesel and
methane dual-fuel (DF) compression ignition (CI) engines has also
encountered methane slip phenomenon (Di Blasio et al., 2017,
2015; Sremec et al., 2017). Di Blasio et al. investigated the effects
on the performance and emission of a DF CI engine under various
compression ratio (CR) conditions (Di Blasio et al., 2017, 2015).
They showed that the amount of methane slip decreased at the
lower CR condition. They analyzed the lower CR value, where
the bowl/crevices ratio was higher and in-cylinder pressure was
lower, caused the reduction of fuel trapped in crevice volume and
the promoted methane oxidation due to higher temperature in
the late expansion stroke. Sremec et al. performed a numerical
analysis of the injection timing effect on the fuel slip in dieselCNG dual-fuel engine (Sremec et al., 2017). They recognized that
natural gas could slip into the exhaust port during the valve
overlap period and the amount of fuel slip is higher at the lower
engine speed and the higher intake pressure. Therefore, they tried
to reduce the amount of fuel slip by optimizing the injection
timing, and thus they demonstrated that the amount of fuel slip
could be reduced up to 33 percent by applying the appropriate
intermittent injection timing.
The above studies mainly compared the performance and
emission characteristics of natural gas engines with those of gasoline engines. Especially, several studies attempted to suppress the
methane emission of CNG engines by changing the fuel composition through the addition of hydrogen to natural gas fuel in SI
engine or optimizing the fuel injection timing or CR value in CI
engine. However, in the case of the natural gas PFI SI engine, there
are few studies on reducing the methane slip by changing the

Nomenclature
aBDC
aTDC
bBDC
BSFC
bTDC
CAD
CI
CNG
CR
CVVT
DF
EVC
EVO
GDI
GHG
GWP
HC
IVC
IVO
MAP
MBT
NA
ON
PFI
PMEP
SA
SI
THC
TWC
WOT

After Bottom Dead Center
After Top Dead Center
Before Bottom Dead Center
Brake Specific Fuel Consumption
Before Top Dead Center
Crank Angle Degree
Compression Ignition
Compressed Natural Gas
Compression Ratio
Continuously Variable Valve Timing
Dual Fuel
Exhaust Valve Close
Exhaust Valve Open
Gasoline Direct Injection
Greenhouse Gas
Global Warming Potential
Hydrocarbon
Intake Valve Close
Intake Valve Open
Manifold Absolute Pressure
Maximum Brake Torque
Naturally Aspiration
Octane Number
Port Fuel Injection
Pumping mean effective pressure
Spark Advance
Spark Ignition
Total Hydrocarbon
Three-way Catalyst
Wide-open Throttle

to convert the natural gas infrastructure to hydrogen fuel in the
future (Ogden et al., 2018). However, because natural gas is a
gaseous fuel, port injection is used as the fuel supply method, instead of the direct injection recently applied to gasoline vehicles,
because it is difficult to apply liquid injection or high-pressure
injection. In this method, air is mixed with the gaseous fuel
and supplied to the intake port, and as a result the volumetric
efficiency is inevitably lower than that of gasoline direct injection
(GDI) engines (Khan et al., 2015). In addition, natural gas is composed mostly of methane, whose global warming potential (GWP)
in 100 years is 28 (IPCC, 2013). Thus, it is necessary to reduce
methane emissions from internal combustion engines fueled by
natural gas as much as possible. Nevertheless, the compatibility
of natural gas as an alternative fuel for vehicles has been studied
because of its advantages such as easy application to existing
gasoline spark ignition (SI) engines and good knock resistance.
For high efficiency and high output of gas engines, it is necessary to suppress abnormal combustion such as knocking, and to
increase the high pressure ratio and high efficiency of the turbocharger, which is a major accessory equipment. However, since
the methane slip phenomenon in which fuel escapes through
the exhaust valve during a valve overlap can be maximized
in a turbo-charged engine, countermeasures to suppress this
phenomenon should be considered. In particular, several researchers have applied compressed natural gas (CNG) fuel to
commercial gasoline spark ignition (SI) engines and conducted
research to compare the engine performance and exhaust emission characteristics of CNG and gasoline fuels (Jahirul et al., 2010;
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Table 1
Engine specifications.

valve timing, although the methane slip phenomenon inevitably
occurs during the valve overlap period. Whereas, in the case of
gasoline engines, several studies have investigated the effect of
valve timing on engine performance and emissions (Bapiri and
Sorusbay, 2019; Khudhur et al., 2015; Fontana and Galloni, 2009;
Hong et al., 2004). Bapiri et al. analyzed the engine performance
by changing the timing of intake and exhaust valves in naturally
aspirated (NA) and turbocharged gasoline engines (Bapiri and
Sorusbay, 2019). They noted that turbocharged engines showed
larger performance changes than NA engines under valve timing variation. Khudhur et al. investigated the effect of valve
overlap on engine performance and emissions (Khudhur et al.,
2015). They conducted experiments with three valve overlap
period conditions by changing the timing of intake and exhaust
valves under full-load operation. As a result, they showed that
the reduction in the valve overlap period, compared with the
original overlap period, resulted in an increase in the overall
performance and a reduction in exhaust emissions. Fontana et al.
also investigated the effect of variable valve timing (VVT) on fuel
economy (Fontana and Galloni, 2009). They modeled the VVT
system of the engine using a computational fluid dynamics (CFD)
tool, and then analyzed the in-cylinder phenomena under valve
timing variation. From the simulations, they showed that the
pumping losses and specific fuel consumption could be reduced
by using the VVT system at partial load.
Most gasoline engines had adopted the PFI method, which
injects fuel into the port upstream of the combustion chamber,
for reasons such as limitations on the durability of the injector directly exposed to high temperature and high pressure combustion
conditions, or the injector injection pressure is not high enough
to inject fuel in a limited time. Recently, the GDI engine has
come to have various advantages in terms of economy and output
due to technological development, especially the improvement of
injector-related technology and therefore most passenger vehicles are equipped with turbo-charged GDI engines. In the present
study, the changes in performance and emission characteristics of
the CNG engine were investigated as the intake and exhaust valve
timing was changed under boosted and non-boosted conditions,
and then the optimized valve timing was suggested. The CNG
fuel was supplied to a commercial 1.4-liter turbocharged GDI
engine by port fuel injection. In order to supply CNG fuel to
the original GDI engine, natural gas injectors are installed and
controlled by a universal engine control unit. Experiments were
conducted at an engine speed of 1000 rpm, which is a low-speed
region where there is a possibility of a large air–fuel mixture slip
phenomenon during the valve overlap period due to the relatively lower intake air–fuel mixture flow rate (Lee et al., 2020).
These experiments were performed to understand the engine
performance and methane emission characteristics under timing
changes in the intake and exhaust valves and to investigate the
valve timing for optimizing the engine performance and methane
emission characteristics in the range of 1000–2500 rpm, which is
the medium-and low-speed region.

Value

Engine model
Displacement volume (cc)
Number of cylinders
Compression ratio
Bore (mm)
Stroke (mm)
Intake valve timing
Open timing (CAD)
Close timing (CAD)
Exhaust valve timing
Open timing (CAD)
Close timing (CAD)

Hyundai κ -engine
1353
4
10.0
71.6
84.0
aTDC 10–bTDC 60
aBDC 74.6–aBDC 4.6
bBDC 44.4–bBDC 4.4
aTDC 3–aTDC 43

up to 20 MPa and supplied to the common rail. Then, the CNG
was supplied to the intake port via the injectors by means of
an ECU (M800, MoTeC) signal. The fuel flow rate was measured
using a Coriolis-type mass fuel flow meter (CMFS015M, MicroMotion), and the air flow rate was measured using a flow meter
(FSA 100, AVL). The intake air temperature, which was increased
because of boosting by a turbocharger, was maintained at approximately 40 ◦ C through an intercooler. The engine speed was
controlled using an AC dynamometer (INDY S33-2/0700-1BS-1,
AVL), and the engine torque output was measured using a noncontact torque meter (T40B, HBM). The engine air–fuel ratio was
measured at the front of the catalyst using a wide-band lambda
meter (LA4, ETAS Co.). The in-cylinder pressure was measured
in cylinder 1 using a spark-plug type pressure sensor (6115CF4CQ, Kistler). An exhaust analyzer (AMA i60 R1, AVL) capable of
measuring the concentrations of HC and methane was used to
measure the engine emission at the front of the catalyst. As for
data acquisition, the engine data such as torque, speed, temperature, and pressure were acquired at 0.5 s intervals and averaged
for 30 s. Combustion data, such as in-cylinder pressure, were
averaged over 200 cycles using a combustion analyzer (DEWE211,
Dewetron). The measuring range, accuracy, and uncertainty of the
equipment mentioned above are described in Table 2.
2.2. Experimental procedure
In this study, experiments were performed to investigate the
effect of boosting and valve timing on the performance and emission characteristics in the CNG engine. Methane slip phenomenon
is more likely to occur at the low engine speed and the high intake
pressure (Sremec et al., 2017). Thus, experiments were conducted
under the low-speed region with/without boosting. the experiments were performed at 1000 rpm, which is a relatively low
operating speed, and the torque change was examined through
experiments with valve timing variations under the wide-open
throttle (WOT) condition by fixing the boost control factor under
non-boosted and boosted conditions, respectively. When experiments were conducted under intake valve timing variation at
an engine operating speed of 1000 rpm, the spark advance (SA)
timing and exhaust valve timing were fixed to the maximum
brake torque (MBT) timing. Conversely, in the experiment of
changing the exhaust valve timing, the SA and intake valve timing
were set to the MBT timing.
To investigate the timing of intake and exhaust valves for
better performance in the mid/low engine speed range, an experiment was also conducted under the condition of methane
emission below 0.5 g/kWh, which is a level equivalent to the
EURO-6 standard. Further, in this study, the engine-out emission
value measured by the gas analyzer was converted to the emission value after a three-way catalyst (TWC), assuming that the
conversion efficiency of the catalyst was 95%. At this time, the

2. Experimental setup and method
2.1. Experimental apparatus
In this study, an engine system, as shown in Fig. 1, was
installed to perform an engine experiment using CNG as fuel. As
listed in Table 1, the engine is a 1.4-liter in-line four-cylinder
turbocharged GDI engine (κ -engine, Hyundai Motor Company),
and the intake manifold was modified based on the conventional
product to connect four injectors (NGI2, Bosch) to supply CNG at
the intake port. The CNG was decompressed to approximately 1
MPa from a separately manufactured fuel tank capable of storing
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Fig. 1. Experimental engine system configuration.
Table 2
Specifications of all measurement equipment.
Parameter and analyzer

Measuring range

Accuracy

Uncertainty

Torque transducer for torque
High-performance pressure transducer for boost air pressure
Wide band oxygen sensor for air–fuel ratio
FID for THC and CH4
Mass flowmeter for CNG flowrate
High-performance pressure transducer for in-cylinder pressure
Thermocouple for exhaust gas temperature
Mass flowmeter for air flowrate

0–2000 Nm
0–0.3 MPa (absolute)
0.125–1.25
0–10,000 ppm
0–112 kg/h
0–20 MPa
−200–1250 ◦ C
20–1400 kg/h

±0.03% of full scale
±0.25% of full scale
±4.2% of measured value
±0.5% of full scale
±0.1%of measured value
±0.5% of full scale
±0.75%of full scale
±0.1%of measured value

±0.35 Nm (about 95% confidence level, k = 2)
±0.0004 MPa (about 95% confidence level, k = 2)
±0.024 (about 95% confidence level, k = 2)
±29 (about 95% confidence level, k = 2)
±0.07 kg/h (±95% confidence level, k = 2)
±0.06 MPa(±95% confidence level, k = 2)
±2.2 ◦ C (±95% confidence level, k = 2)
±0.03 kg/h (±95% confidence level, k = 2)

Table 3
Engine operating conditions.
Parameter

Value

Coolant temperature (◦ C)
Oil temperature (◦ C)
Lambda (-)
Spark advance timing (CAD bTDC)
Maximum limit for in-cylinder pressure (bar)
Maximum limit for exhaust gas temperature (◦ C)
Maximum limit for intake manifold pressure
Maximum Intake air temperature after intercooler (◦ C)

75 ± 3
76 ± 3
1
MBT
100
890
2.5
40

engine speed was changed in the range of 1000–2500 rpm, and
the experiment was performed under the boosted condition. The
SA timing and valve timing were fixed to the points of maximum
torque, but they could be slightly changed owing to the following
constraints. The in-cylinder pressure was limited to less than
10 MPa to prevent damage to the cylinder head owing to the
high combustion pressure of the engine. The exhaust temperature
was also limited to 890 ◦ C to ensure the thermal durability of
the turbocharger system. Considering the reliability of the intake manifold regarding leakage, the manifold absolute pressure
(MAP) was limited to less than 2.5 bar. The detailed operating
conditions are listed in Table 3, and the detailed experimental
engine operating points are listed in Table 4.
The engine used in this study is equipped with a continuously
variable valve train; thus, the intake valve timing and exhaust
valve timing can be adjusted. As listed in Table 1, the default
timing of intake valve open (IVO), intake valve close (IVC), exhaust valve open (EVO), and exhaust valve close (EVC) are 10
crank angle degrees (CAD) after top dead center (aTDC), 74.6 CAD
after bottom dead center (aBDC), 44.4 CAD before BDC (bBDC),
and 3 CAD aTDC, respectively. It is possible to advance from the
default timing to 70 CAD for the intake valve and retard from
the default timing to 40 CAD for the exhaust valve, as shown in
Fig. 2. However, because the duration of opening of each valve is
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Fig. 2. Schematic of valve lift profiles.

not controlled, the valve closing timing is also changed when the
valve opening timing is adjusted.
3. Experimental results and discussion
3.1. Effect of intake valve timing change under low-speed operation
To investigate the effects of valve timing on the methane slip
phenomenon and engine performance in the low-speed region,
with or without boosting, experiments of intake valve timing
variation were conducted at an engine speed of 1000 rpm. First,
in the non-boosted condition, the EVO timing was fixed at 44.4
CAD bBDC (EVC timing: 3 CAD aTDC), which was the optimal
value determined through a pre-test for better performance and
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Table 4
Experimental engine operating point.
Experiment

Intake valve timing variation

Engine speed condition (rpm)

Boost condition

IVO (CAD aTDC)

EVO (CAD bBDC)

Non-boost

−45
−40
−35
−30
−25
−20
−15
−10

44.4

Boost

−60
−55
−50
−45
−40
−35
−30

27.4

−30

14.4
19.4
24.4
29.4
34.4
39.4
44.4

Boost

−45

12.4
17.4
22.4
27.4
32.4
37.4
42.4

Boost

−45
−49
−50
−45

27.4
37.4
39.4
29.4

1000

Non-boost

Exhaust valve timing variation

Engine speed variation

1000

1000
1500
2000
2500

lower emissions, as mentioned in Section 3.2. The experiments
were performed by changing the timing of the intake valve.
Second, the EVO timing was fixed to 27.4 CAD bBDC (EVC timing:
20 CAD aTDC), which was also determined through a pre-test
for the increase in performance and reduction of emissions under the boosted condition. The experiments were carried out by
changing the intake valve timing under non-boosted and boosted
conditions.
As the intake valve timing was advanced under the nonboosted condition, the torque value gradually improved and then
decreased, as shown in Fig. 3(a). The possibility of intake charge
backflow at the beginning of the compression stroke, which could
occur at low-speed conditions, was reduced with the advancement of IVC timing. Thus, the air flow rate increased, as shown
in Fig. 3(b), and the engine brake torque also increased. However, when the intake valve timing was excessively advanced at
the optimal point, the exhaust gas in the cylinder flowed back
to the intake manifold at the beginning of the valve opening;
subsequently, the intake gas flow rate was reduced, resulting in
a decrease in the engine torque.
When the intake valve timing was advanced under the boosted
condition, the torque value was higher, as shown in Fig. 3(a). This
is because as the IVO timing was advanced, the negative pressure
generated by the discharged exhaust gas increased and the intake
air flow rate increased, as shown in Fig. 3(b). In other words,
the volumetric efficiency of the engine could be increased, and
the engine performance was improved when the IVO timing was
advanced. However, When the intake valve timing was further
advance than -50 CAD aTDC under boosted condition, the torque
started to decreased gradually as shown in Fig. 3(a). This was
because the amount of methane slip was significantly increased,
as shown in Fig. 4(a), owing to the significantly increased valve
overlap period. The increased amount of methane slip means that
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a larger amount of fuel did not participate in the combustion
process and was passed directly to the exhaust. However, under
the non-boosted condition, the amount of methane slip and total
hydrocarbon (THC) emissions did not change significantly with
the variation in intake valve timing. In addition, the change in
intake valve timing did not significantly affect the fuel economy
under that condition, as shown in Fig. 4(b). As shown in Fig. 4(b),
BSFC increased significantly under boosted condition as the intake valve timing was advanced while there is no big difference
in BSFC and exhaust gas temperature in Fig. 4(c) with intake valve
timing changes under non-boosted condition. Although, generally, the exhaust gas temperature increases as BSFC increases,
it decreased when the intake valve timing was further advance
than -50 CAD aTDC due to the scavenging effect during the valve
overlap, which is increased by the intake valve timing advance.
In summary, for efficient operation under low-speed and nonboosted conditions, it is necessary to select an appropriate intake
valve timing, deciding between the improvement in engine performance due to the reduced intake charge backflow and the
decrease in performance due to the exhaust gas backflow. Therefore, in this study, at an engine speed of 1000 rpm, it was
confirmed that the engine torque was maximum when the IVO
timing was 30 CAD bTDC under the non-boosted operation while
the methane emissions and BSFC do not change significantly
with IVO timing changes. Under the boosted conditions, it was
necessary to select the proper intake valve timing considering
the effect of increasing the volumetric efficiency and the effect
of deteriorating the engine performance due to the methane slip
phenomenon as the IVO timing was advanced. In the aspect of
torque output under boosted condition at 1000 rpm, 50 CAD bTDC
is the optimal intake valve timing. However, when considering
the methane emission level which complies the EURO-6 emission
regulation at the tailpipe of the vehicle, the intake valve timing could not advance more than 50 CAD bTDC. Consequently,
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Fig. 3. Engine performances under IVO variation at low-speed operation: (a) engine brake torque, and (b) intake air flow rate.

Fig. 4. Engine parameters under IVO variation at low-speed operation: (a) exhaust emissions, (b) brake specific fuel consumption, and (c) exhaust gas temperature.

for maximum engine performance under the condition that the
amount of methane emission after the catalyst was less than 0.5
g/kWh, the optimal intake valve timing was 45 CAD bTDC at the
operating speed of 1000 rpm under the boosted condition.

Fig. 5(a). This is because the air flow rate decreased, as shown
in Fig. 5(b), as the EVO was retarded. Because of the EVO timing
delay, when the valve overlap period increases under low-speed
conditions where the intake air flow rate is not large, the exhaust
gas can flow back to the cylinder while the intake valve is open.
In that case, the exhaust gas remaining in the cylinder interferes
with the flow of the fresh air–fuel mixture entering through the
intake port.
Under the boosted condition, as the exhaust valve timing was
retarded, the engine brake torque improved to a certain level,
as shown in Fig. 5(a). This was because the intake air flow rate
increased as the exhaust valve timing was retarded, as shown in
Fig. 5(b). Compared to the non-boosted condition, the IVC timing
was advanced by 15 CAD, which improved volumetric efficiency,
resulting in more intake air flow under constant exhaust valve
timing conditions. Moreover, as the exhaust valve timing was
retarded, the valve overlap period increased, which resulted in
the increase of the negative pressure generated by the discharged
exhaust gas. Thus, the air flow rate was increased as the exhaust

3.2. Effect of exhaust valve timing change under low-speed operation
In this section, we discuss the effect of exhaust valve timing on the engine performance and emission characteristics. At
the engine speed of 1000 rpm and non-boosted condition, the
IVO timing was fixed to 30 CAD bTDC (IVC timing 34.6 CAD
aBDC), which was the optimal value, as mentioned in Section 3.1.
Under the boosted condition, the IVO timing was fixed to 45
CAD bTDC (IVC timing: 19.6 aBDC), which was also an optimal
value for engine performance and emissions. The experiments
were performed with exhaust valve timing variation under both
non-boosted and boosted conditions.
Under the non-boosted condition, as the exhaust valve timing
was retarded, the engine brake torque decreased, as shown in
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Fig. 5. Engine performances under EVO variation at low-speed operation: (a) engine brake torque, and (b) intake air flow rate.

valve timing was delayed under the boosted condition. In addition, When the EVO timing was retarded under the boosted
condition, where the flow rate of the exhaust gas is relatively
larger, the engine torque and power output could improve owing
to the increase in the expansion work. However, when the exhaust valve timing was excessively retarded, it could be observed
that the brake torque decreased. Fig. 6(a) shows that the intake
charge pressure remained at a similar value despite the increase
in air flow rate when the exhaust valve timing was retarded
under the boosted condition. This phenomenon means that a
larger amount of the fresh mixture went out through the exhaust
manifold owing to the greatly increased valve overlap period.
For this reason, when the EVO timing was excessively retarded
in the boosted condition, the amount of methane slip and the
BSFC increased significantly, and the exhaust gas temperature
decreased because of the increase in the amount of fresh charge
escaping to the exhaust manifold, as shown in Fig. 6(b), (c), and
(d).
However, under the non-boosted condition, the change in the
exhaust valve timing did not significantly affect the change in
the amount of methane slip and BSFC. In particular, because the
backflow of exhaust gas did not affect the concentration of THC
and methane in the exhaust gas, there was no effect on the
emissions.
Therefore, in the case of the non-boosted operation, the optimum exhaust valve timing was the maximum advanced angle
condition that showed the maximum torque performance. In
this study, the optimal EVO timing was 44.4 CAD bBDC at an
engine speed of 1000 rpm under the non-boosted condition.
Under the boosted condition, the air flow rate increased as the
EVO was advanced, but when the valve overlap period exceeded
approximately 65 CAD, THC, and methane emissions increased
significantly and the torque decreased. Therefore, at the engine
speed of 1000 rpm and boosted conditions, it was necessary to
secure the engine performance by operating at an EVO timing
of 27.4 CAD bBDC, and the torque was maximum under the
condition that the methane emission was less than 0.5 g/kWh.

the variation in engine speed, the level of methane emission was
kept below 0.5 g/kWh, and the SA timing and the timing of intake
and exhaust valve timing were selected at the maximum torque
point.
Below the engine speed of 2000 rpm, as the engine speed
was increased, the timings of the intake and exhaust valves were
advanced, as shown in Fig. 7. This was because the expansion
work could be maintained even under the more advanced EVO
timing condition owing to the increase in inertia of the burned
gas flow as the engine speed increased. Therefore, the timing of
the intake and exhaust valves could be advanced while maintaining almost the same period of valve overlap to maintain the
exhaust emission limit. However, at an engine speed of 2500
rpm, the exhaust valve timing was retarded because the back
pressure increased relatively. Owing to the rapid intake flow rate
and the high back pressure compared to the intake pressure,
as shown in Fig. 8(a), even if the EVO timing was delayed, the
amount of air–fuel mixture directly exiting the exhaust port
could be reduced. In addition, it was possible that the burned
gas, which had a higher pressure and temperature owing to
the increase in boost pressure, made the oxidation of HC more
active during the exhaust process (D’Ambrosio et al., 2006). As
a result, a slight decrease in THC and methane emissions was
observed, as shown in Fig. 8(b). Therefore, to improve engine
performance, it is advantageous to retard the EVO timing and
then increase the expansion work. The IVC timing is generally
advanced when the engine speed increased in a GDI engine, as
shown in ‘Intake advance (estimated)’ line of Fig. 7 (Sher and BarKohany, 2002). The higher the engine speed, the greater is the
inertia due to the increase in flow rate of the air–fuel mixture.
As a result, even if the intake valve is closed after the BDC, the
fresh charge can flow into the cylinder owing to the ram effect,
thereby improving the volumetric efficiency (Heywood, 2018).
However, in this study, the volume fraction of the fuel in the
air–fuel mixture was high owing to the characteristics of natural
gas; unlike the direct injection engine, the fuel was likely to pass
directly through the exhaust port during the valve overlap period,
especially in the low-speed region owing to the characteristics of
the PFI engine. Therefore, to maintain the methane emission limit
in this study, the general trend of the intake valve timing below
the engine speed of 2000 rpm was slightly different from that
of the GDI engine. However, as the engine speed increased, the
difference decreased. Fig. 9(a) shows the change in torque and
power output of the engine with increasing engine speed. As the
engine speed increased, with the advanced timing of the intake
and exhaust valves, the engine torque increased. However, the
engine torque increased linearly rather than with a rapid increase,
in a way similar to that of a gasoline engine, because sufficient
boosting did not occur due to the low exhaust energy (Lee et al.,
2020). Fig. 9(b) shows the change in BSFC with increasing engine

3.3. Engine performance and hydrocarbon emission characteristics
with engine speed variation
If the timing of the intake and exhaust valves are not properly
controlled under boosted conditions, there is a strong possibility
that exhaust emissions such as THC and methane will increase
rapidly because of the characteristics of natural gas PFI engines,
as discussed in Sections 3.1 and 3.2. Therefore, it is necessary to
optimize the valve timing for each engine speed. In this section,
an experiment was performed under boosted conditions and
engine speeds from 1000 to 2500 rpm to investigate the trend of
the optimized valve timing in the mid/low-speed regions. Under
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Fig. 6. Engine parameters under EVO variation at low-speed operation: (a) intake gas pressure, (b) exhaust emissions, (c) brake specific fuel consumption, and (d)
exhaust gas temperature.

However, at the engine speed of 2500 rpm, the change in the
optimal opening timing of the intake and exhaust valves seems
to be slightly different, and the pumping loss tends to increase.
Therefore, it is necessary to study the optimization tendency in
the medium speed condition of 2500 rpm or more in the future.
In addition, the error analysis of the opening timing due to the
hysteresis characteristic of the intake and exhaust valves and the
evaluation of the influence between the cylinders will be helpful
in interpreting the phenomenon.
4. Conclusions
In this study, the methane slip phenomenon and performance
changes were investigated in the low-speed region as the intake
and exhaust valve timings were changed. In particular, the experiments were performed under non-boosted and boosted conditions at an engine speed of 1000 rpm, measuring the amount
of methane emission and engine torque, and the efficient intake
and exhaust valve timings were discussed under each condition.
In addition, the optimal valve timing under a change in engine
speed in the 1000–2500 rpm range under boosted conditions
was discussed. In general, the valve opening/closing timing and
opening/closing duration are determined so that the engine can
obtain maximum output in a specific rotational range. If the
valve timing and opening/closing duration are adjusted to a low
speed, the output decreases at high speed, and if the valve timing
and opening/closing duration are adjusted at a high speed, the
efficiency decreases at low speed. Therefore, variable valve timing
control is used to control the camshaft and valve lift according
to the engine rotation speed and load in order to improve the
volumetric efficiency over a wide rotational speed range and
realize appropriate torque characteristics and low fuel consumption. Most of the previous studies have discussed the effect and
optimization of the variable valve timing control of the naturally

Fig. 7. Timing change of intake and exhaust valves under engine speed variation.

speed. A relatively lower BSFC value was observed at an engine
speed of 1500 rpm. When the engine speed increases, the BSFC
also generally increases owing to an increase in the friction loss.
However, under low-speed conditions, such as 1000 rpm, the
amount of heat transfer increases owing to the low piston speed,
and the BSFC may also be high. Therefore, in general, the minimum BSFC value is shown under mid/low-speed and high-load
conditions (Heywood, 2018). In this study, this point appeared at
1500 rpm.
From the results, it was found that the intake camshaft should
advance only to the condition where methane slip does not
occur under the conditions of low engine speed of less than
2500 rpm and high load, unlike the conventional gasoline engine.
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Fig. 8. Engine parameters under engine speed variation: (a) pumping mean effective pressure, and (b) exhaust emissions.

Fig. 9. Engine performances under engine speed variation: (a) torque and power output, and (b) brake specific fuel consumption.

was retarded because the amount of the air–fuel mixture
directly escaping through the exhaust port was reduced
owing to the higher pressure of the exhaust gas.

aspirated engine, but the effect on the valve timing in the low
engine speed condition with turbo-charging may appear different
from that of the naturally aspirated engine.
The main results of this study are summarized as follows.

In summary, in the case of a natural gas engine using port fuel
injection instead of direct injection, if the valve overlap is long,
the volumetric efficiency is lowered and HC emission is increased,
so that the engine operating condition is limited because the
deterioration of engine performance occurs due to residual gas. In
the present study, under the boosted conditions and engine speed
of 1000 rpm, it is demonstrated that the intake valve open timing
should be advanced only to 45 CAD bTDC and the exhaust valve
open timing should be retarded only to 27.4 CAD bBDC. If the
intake/exhaust valve timing were over the suggested values, the
amount of methane slip was excessively increased, which could
result in the engine performance could deteriorate. In addition,
due to the above reasons, it was confirmed that the trend of the
intake valve timing of the natural gas PFI engine was unlike that
of the conventional gasoline engine under the low engine speed
of less than 2500 rpm and the boosted condition.

1. When the IVC timing was delayed under low-speed and
non-boosted conditions, fresh charge flowed back to the
intake port at the beginning of the compression stroke;
thus, the engine performance worsened. However, when
the IVC timing was advanced, there was a possibility that
the backflow of the exhaust gas led to a reduction in the
amount of fresh charge entering the cylinder.
2. At low speeds under boosted conditions, while the advanced IVO timing induced an increase in the volumetric
efficiency, the engine performance could deteriorate owing
to the methane slip phenomenon. Thus, the intake valve
timing should be selected considering both effects.
3. It was advantageous in terms of engine performance to
advance the exhaust valve timing to the maximum at low
speed under non-boosted conditions. This is because the
exhaust gas flowing back to the cylinder interfered with
the flow of fresh charge when the exhaust valve timing was
retarded.
4. When the exhaust valve timing was retarded at low speed
under boosted conditions, the engine performance improved owing to the increase in the expansion work. However, when the exhaust valve timing was excessively retarded, there was a possibility that the amount of exhaust
emissions, such as THC and methane, increased and the
engine performance deteriorated.
5. As the engine speed increased, the timing of intake and
exhaust valves advanced owing to the characteristics of
the natural gas PFI engine. However, at an engine speed
of 2000 rpm, the timing of the intake and exhaust valves
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ABSTRACT
The strength parameters of sand reinforced with coir fibres and coir geotxtiles were determined using laboratory
triaxial compression tests. The mechanical behaviour of the composite material was studied by altering four
confining pressures (24.5 kPa to 196 kPa) and two types of coir fibres in a random and layered configuration
with percentages ranging from 0.5 percent to 1%. Two types of woven coir geotextiles with various mass per
unit area and aperture sizes, as well as one non-woven coir geotextile, were employed for orientated
reinforcement. The tests were carried out on specimens with a diameter of 100 mm and a height of 200 mm. The
incorporation of coir fibres and coir geotextiles improves the performance of sand specimens, according to the
findings. The additives can be utilised in rural roads and to improve the ground.
Keywords: Sand, Coir fibres, Coir Geotextiles, Ground improvement, Behaviour
INTRODUCTION
India is the largest producer (66% of world production) of coir fibre from the husk of coconut fruit. From one
million coconut husks, 80 tons of fibre can be extracted. Though about 13000 million nuts are annually
harvested in India, less than 25% are used industrially. The resultant mutilated husk either becomes garbage or
are dried and burnt as fuel. This rather indiscriminate destruction of a potentially useful material owes much to
the lack of alternate end uses of coir fibres.
Many civil engineering problems in costal areas in India need stabilization of soft soil. Some of these structures
may be temporary for establishing roads and rail communication links and in some accessibility by itself
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possesses a major problem. To tackle such problems in civil engineering, geosynthetics emerged as a good
solution. To improve the mechanical properties of soils, a variety of materials are used for reinforcement e.g.
metallic elements, geosynthetics and others. Majority of geosynthetics used in civil engineering application are
polymeric in composition. These products generally have a long life and do not undergo biological degradation,
but are liable to create environmental problem from its manufacture till the end use. In effecting this, the use of
biodegradable natural fibres are gaining popularity.
This paper presents the results of drained triaxial tests carried out on Yamuna sand reinforced with coir fibres in
random arrangement as well as a single layer of coir fibres, two woven coir geotextiles and one non-woven coir
geotextile placed at the mid height of the specimen. In view of the extensive availability of coir fibres in the
coastal areas of India, it is planned to investigate their efficacy for possible use in ground improvement, and in
building rural roads.
BACKGROUND
Banerjee et al. (2002) investigated the dimensional and mechanical properties of coir fibres as a function of fibre
length. A sufficient quantity of retted coir fibres was collected from one particular pit in Kerala and subjected to
certain tests to find out fibre length distribution, determination of thickness, distribution of coir fibres with in a
husk, tensile properties and flexural rigidity. From their studies it was concluded that the length, thickness and
linear density of fibres obtained from this particular type of husk range from 50 mm to 250 mm, 130 µ to 325 µ
and 19 tex to 60 tex respectively. The longer fibres are, in general, thicker than the shorter ones. The fibre
thickness is highly variable along its length. The breaking load and work of rupture increases perceptibly for
fibres longer than 149 mm. However the fibres shorter than 150 mm exhibit very similar values. The flexural
rigidity of coir fibres longer than 149 mm exhibit sharp increase with the increase in fibre length.
Venkatappa Rao and Balan (2000) after conducting Drained triaxial test on specimens of sand reinforced with
coir fibres (25 mm and 50 mm) upto 1% reported a significant gain in strength parameters and stiffness.
Varghese et al. (1989) investigated the possibility of increasing the bearing capacity of cohesionless soils by
reinforcing with coconut fibres through model studies. It has been observed that the bearing capacity of
foundation soil will be maximum when the reinforcement is kept at a depth of 0.41 times the width of the
foundation.
Guha (1995) reveal that coir fibre differs from jute fibres in an aspect other than durability, jute fibres exhibit
moderately high modulus as well as high tenacity and very low elongation at break whereas coir fibres behave
exactly in the opposite manner, namely moderately low modulus, low tenacity and very high elongation at break.
This difference persists irrespective of the length of coir fibre.
From the literature presented above it can be concluded that limited work has been carried out in the past to
determine the strength characteristics of coir fibre and coir geotextiles reinforced soil to understand the role
played by these coir fibres and coir geotextiles and to determine the field of their application.
EXPERIMENTAL WORK
To investigate the effects of test parameters on the mechanical behaviour of unreinforced and reinforced sand, a
total of 48 triaxial compression tests were performed. The test parameters included: four confining pressures
(24.5 kPa to 196 kPa) two types of coir fibres in a random arrangement with percentage varying from 0.5% to
1%. For oriented reinforcement, two types of woven coir geotextiles of different mass per unit area and aperture
size and one non-woven coir geotextile were used in this study.
Test Material
Sand
Stabilization of Sand Reinforced...

486

S. Ghadei et al.

The investigation was carried out on locally available Yamuna sand, which is fine-grained uniformly graded
sand. It had a specific gravity of 2.67, maximum particle size of 0.52 mm, minimum particle size of 0.04 mm,
mean particle diameter (D50) of 0.24 mm, coefficient of uniformity (Cu) of 1.76 and coefficient of curvature
(Cc) of 1.09. Minimum and maximum void ratios were 0.64 and 1.04 while the corresponding dry unit weights
were 16.30 kN/m3 and 13.10 kN/m3 respectively.
Coir Fibres
To establish the natural scatter in length, sufficient quantity of coir fibre was collected and mixed by hand.
Representative sample were selected at random from main mass. Fibres, which were quite wavy in
configuration, were taken out individually straightened out and then measured for length against a scale to the
accuracy of 1mm. With in a husk a wide spectrum ranging between 50 mm and 250 mm was found.
Accordingly, the fibres were divided into four groups: 50-99 mm, 100-149 mm, 150-199 mm and 200-250 mm.
The longer fibres, in general were found to be stiffer than the shorter one, as their thickness is more than the
shorter one. In order to study the effect of stiffness of fibre on the behaviour of sand, the range of fibres between
150-199 mm designated as Type A1 (Figure 1) and fibres < 100 mm designated as Type A2 (Figure 2) were
selected for experimental work. These fibres were later cut into lengths of 25 mm as shown in Figs.3 and 4 and
their properties as reported by Banerjee et al, (2002) are tabulated in Table 1.

Figure 1. Figure 1 Coir Fibre Type A1

Figure 2. Coir Fibre Type A2

Stabilization of Sand Reinforced...

487

S. Ghadei et al.

Figure 3. Coir fibres Type A1 after cutting them into 25 mm length.

Figure 4. Coir fibres Type A2 after cutting them into 25 mm length.

Table 1. Properties of coir fibres (After Banerjee et al., 2002)
Property

Type A1

Type A2

Breaking load, N
Tenacity (cN/tex)
Modulus (Initial) (cN/tex)
Modulus offset) (cN/tex)
Breaking extension,%
Energy to break (Joules)
Thickness in 1/100th mm
Linear density (tex)

487.3
12.4
113.7
13.8
44.8
0.0158
20.42
39.4

217.8
11.5
85.9
9.5
41.7
0.0062
13.57
18.9

Coir Geotextiles
Two different varieties of woven and one non-woven coir geotextiles designated as Type B, C and Type D was
used in the present study. The tensile strength and tensile elongation at failure in machine direction of these
geotextiles are tabulated in Table 2. More details of the properties of these coir geotextiles are available from
Venkatappa Rao and Dutta (2005).
Table 2. Properties of coir geotextiles
Coir geotextile Mass per unit area (gsm) Tensile strength (kN/m) Tensile strain at failure (%)

Type B
Type C
Type D

610
1335
750
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EXPERIMENTAL PROCEDURE
The specimens have been prepared by a procedure similar to that adopted for preparing specimens of saturated
cohesionless soil for conventional consolidated drained triaxial tests. Saturated sand was deposited in 5 layers
into the rubber membrane inside a split mould former. Each sand layer was compacted to the required unit
weight by giving 25 blows with tamping rod. Fibres by dry weight of soil were mixed thoroughly with sand.
Such a mixture was then placed in layers into a split mould to obtain 100 mm diameter and 200 mm high
specimen with care being taken to ensure uniform distribution and random orientation of fibres. The unit weight
of sand specimen was maintained at 16 kN/m3. In case of woven and nonwoven coir geotextile reinforcement,
circular discs of 100 mm diameter were cut from the fabric. Figs. 5 to 7 show a view of woven and Nonwoven
geotextile discs. Such reinforcement discs were placed on the already compacted/densified and leveled sand
layer of 100 mm height. The procedure was repeated till the full height of the specimen was reached. Thus the
reinforced sand specimens were built up layer by layer with circular discs of reinforcement placed almost at the
mid height of the specimen. Accordingly, the ratio of specimen radius (r) to reinforcement spacing (DH) works
out to be 0.5 as illustrated in Figure 8. Similarly coir fibres of Type A1 and Type A2, with a fibre content of
0.5% and 1% by dry weight of soil are placed as a single layer maintaining the r/DH ratio equal to 0.5.
Conventional consolidated drained triaxial tests were then conducted on these specimens. The specimens, were
tested at a deformation rate of 0.66 mm/min.

Figure 5. View of woven coir geotextile of type B

Figure 6. View of woven coir geotextile of type C
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Figure 7. View of nonwoven coir geotextile type D

Figure 8. Position of reinforcement in triaxial specimen.
RESULTS AND DISCUSSION
Stress Strain Behaviour
Unreinforced sand
Tables 3 and 4 present the values of deviator stress & the corresponding axial failure strain at various confining
pressures. It can be generally seen from these tables that the peak deviator stress and corresponding axial strain
increases with the increase in confining pressure. For example, sand at s3= 49 kPa exhibits a peak stress of 289.8
kPa and a failure strain of 2.9%, whereas these values at s3= 196 kPa are 790.7 kPa and 5.6% respectively.
Table 3. Deviator stress at failure

Reinforcement
type
Sand
A1
A1
A2
A2
A1
A1
A2
A2

Reinforcement
arrangement

Random
Random
Random
Random
Layered
Layered
Layered
Layered
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Deviator stress (kPa)
at confining pressure of (kPa)
24.5
49
98
196

Percentage
reinforcement

37.2
230.2
442.4
294.4
459.4
278.9
305.5
196.6
225.7

0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
490

289.8
477.5
653.2
533.5
815.5
643.3
666.9
467.0
494.8

478.3
721.6
1080.5
696.2
974.6
695.7
750.9
634.7
679.0

790.7
940.7
1389.0
982.2
1319.9
1058.7
1237.0
1163.2
1166.2
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B

Layered

C

Layered

D

Layered

-

368.0
463.5
279.6

570.5
620.5
516.2

859.4
933.3
824.0

1222.1
1178.9
1149.9

Table 4. Strain at failure
Reinforcement
type
Sand
A1
A1
A2
A2
A1
A1
A2
A2
B
C
D

Reinforcement
arrangement

Random
Random
Random
Random
Layered
Layered
Layered
Layered
Layered
Layered
Layered

Percentage
reinforcement

Deviator stress (kPa)
at confining pressure of (kPa)
24.5
49
98
196
37.2
230.2
442.4
294.4
459.4
278.9
305.5
196.6
225.7
368.0
463.5
279.6

0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
-

289.8
477.5
653.2
533.5
815.5
643.3
666.9
467.0
494.8
570.5
620.5
516.2

478.3
721.6
1080.5
696.2
974.6
695.7
750.9
634.7
679.0
859.4
933.3
824.0

790.7
940.7
1389.0
982.2
1319.9
1058.7
1237.0
1163.2
1166.2
1222.1
1178.9
1149.9

Sand reinforced with randomly distributed coir fibres
Typical values of deviator stress and corresponding axial failure strains for unreinforced and reinforced sand with
0.5% and 1% of coir fibres (Type A1 & A2) of 25 mm length are also tabulated in Tables 3 & 4 at different
confining pressures. In general, it is observed that the inclusion of coir fibres increased the deviator stress
developed at any strain level, which confirms the ability of coir fibre to strengthen the sands. For example, at s3=
98 kPa, the unreinforced sand has a deviator stress at failure as 478.7 kPa and the corresponding axial strain at
failure of 5.2%, the sand reinforced with coir fibres with a content of 0.5% (A1 type) shows a deviator stress of
721.6 kPa and the corresponding axial failure strain of 8.1%. At higher pressures the increase in deviator stress is
very less but strain at failure increased. The results (Table 3) further indicate that the deviator stress at failure
increases with the increase in fibre content for Type A1 and Type A2 fibres. For example, sand with 0.5% fibre
Type A1 and Type A2 at 49 kPa exhibit a deviator stress of 477.5 kPa and 533.5 kPa respectively whereas, this
value for the sand is 289.8 kPa. Similarly for the sand with 1% fibre Type A1 and Type A2 at a confining
pressure of 196 kPa, the values of deviator stress are 1389.0 kPa and 1319.9 kPa respectively whereas for the
sand this value is 790.7 kPa. On comparing the values of deviator stress in Table 3, It is found that the increase in
deviator stress is more for sand reinforced with Type A2 fibre compared to Type A1 fibre at lower confining
pressures, whereas at higher confining pressures sand reinforced with Type A1 and A2 fibres show more or less
similar increase in deviator stress. This increase in strength at lower confining pressure may be attributed to
increase in contact area between soil and fibre as Type A2 fibre has more surface area.
Sand reinforced with single layer of coir fibres
Typical values of deviator stress and corresponding axial failure strains for sand reinforced with 0.5% and 1%
(single layer) of coir fibres (Type A1 & A2) of 25 mm length are tabulated in Tables 3 & 4 at different confining
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pressures. In general, it is observed that the inclusion of coir fibres as single layer of reinforcement increased the
deviator stress developed at any strain level. For example, at s3= 49 kPa, the unreinforced sand has a deviator
stress at failure as 289.8 kPa and the corresponding axial strain at failure of 2.9%, the sand reinforced with coir
fibres as single layer of reinforcement with a content of 0.5% (Type A1 and Type A2) shows a deviator stress of
643.3 kPa & 467.0 kPa and the corresponding axial failure strain of 6.8% & 10.3% respectively. Similar trend is
observed for sand reinforced with coir fibres as single layer of reinforcement with a content of 1.0% (both Type
A1 and Type A2) at the same confining pressure. Table 3 further indicate that for sand reinforced with Type A1
& A2 coir fibre as a single layer of reinforcement, there is marginal increase in deviator stress with increase in
percentage of coir fibres as a single layer of reinforcement. For example, at s3= 49 kPa, sand reinforced with coir
fibres (Type A1 & A2) as a single layer of reinforcement and a content of 0.5% exhibit a deviator stress of 643.3
kPa and 467.0 kPa respectively whereas, these values for the sand reinforced with coir fibres (Type A1 & A2) as
a single layer of reinforcement and a content of 1% are 666.9 kPa and 494.8 kPa respectively. So it can be
concluded that increase in content of coir fibres, as single layer of reinforcement does not have much effect in
increasing the value of deviator stress. On comparing the values of deviator stress in Table 3, it is found that the
increase in deviator stress is more for sand reinforced with Type A1 fibres as a single layer of reinforcement
compared to Type A2 fibres at lower confining pressures. The behaviour is unlike of random inclusion. For
example, at s3=24.5 kPa, sand reinforced with coir fibres (Type A1) as a single layer of reinforcement and a
content of 0.5% show a deviator stress at failure as 278.9 kPa and the corresponding failure strain of 5.4% and
sand reinforced with coir fibres of Type A2 at the same content show a deviator stress of 196.6 kPa and the
corresponding failure strain of 6.3% respectively whereas these values for the normal sand at the same confining
pressure are 37.2 kPa and 1.9% at failure.
Sand reinforced with oriented coir geotextiles
Typical values of deviator stress and corresponding axial failure strains for sand reinforced with coir geotextiles
Type B, C and Type D are tabulated in Tables 3 and 4 at different confining pressures. It can be generally seen
from Tables 3 & 4 that for sand reinforced with coir geotextiles both peak stress and the corresponding axial
failure strain increases with increase in confining pressure. For example, sand reinforced with one disc of coir
geotextile Type B, C & D at 24.5 kPa exhibits a peak deviator stress of 368 kPa, 463.5 kPa and 279.6 kPa and a
failure strain of 6.7%, 8.6% & 4.2% respectively whereas, these values for unreinforced sand are 37.2 kPa and
1.9% respectively. For sand reinforced with coir geotextiles of Type B, C and D, at 98 kPa, exhibits a peak
deviator stress of 859.4 kPa, 933.3 kPa and 824.0 kPa and a failure strain of 7.5%, 12.1% & 6.9% respectively
whereas, these values for unreinforced sand are 478.3 kPa and 5.1% respectively. Similar behaviour could be
noticed at other confining pressures also.
Volumetric Strain
Table 5 present the values of volumetric strain at failure corresponding to different confining pressures for sand
reinforced with coir fibres and coir geotextiles. A study of this table indicate that the tendency of samples to
dilate is restricted by the coir fibres or coir geotextiles. It is also believed that coir fibres and coir geotextiles
restrain lateral deformation and consequently, effectively restricts the dilation of the samples. This effect
becomes further apparent when the percentage of coir fibres increases.
Table 5. Volumetric strain at failure
Reinforcement Reinforcement Percentage Volumetric strain (%) at confining pressure of (kPa)
type
arrangement reinforcement 24.5
49
98
196

Sand
A1
A1
A2
A2
A1

Random
Random
Random
Random
Layered
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0.5
1.0
0.5
1.0
0.5

1.52
3.06
3.51
2.28
3.66
1.98

492

0.97
1.53
2.12
1.99
1.38
1.10

1.04
1.02
1.06
2.56
0.64
1.15

1.05
0.84
1.21
-0.12
-0.24
1.23
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A1
A2
A2
B
C
D

Layered
Layered
Layered
Layered
Layered
Layered

1.0
0.5
1.0
-

1.82
0.95
2.60
3.07
3.25
2.01

1.76
1.77
1.25
3.11
3.69
2.31

0.81
0.57
0.28
1.97
2.98
1.85

0.67
-0.94
0.37
0.12
2.50
0.57

Table 6. Strength characteristics
Reinforcement
type
Sand
A1
A1
A2
A2
A1
A1
A2
A2
B
C
D

Reinforcement
arrangement
Random
Random
Random
Random
Layered
Layered
Layered
Layered
Layered
Layered
Layered

s3<scrit
Percentage
reinforcement c’ (kPa) f’
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
-

0
0
0
0
0
0
0
0
0
0
0
0

43.060
55.960
61.490
57.960
63.540
59.880
60.470
55.320
56.340
59.490
61.330
57.430

s3>scrit
c’

f’

0
88.12
95.07
97.13
152.40
112.47
90.77
41.05
52.58
82.81
109.56
74.86

43.060
37.500
45.650
37.070
39.250
37.070
42.390
45.120
44.320
43.330
40.820
42.870

Strength Characteristics
The effective stress strength parameters f' and c’are summarised in Table 6. A study of this table reveals the
following:
The strength parameters for sand without coir fibres are f= 43.06o and c’ = 0.0.
Up to a confining pressure of 49 kPa, for sand reinforced with 0.5% coir fibres of Type A1 in a random
arrangement, the f increased from 3.06o to 55.96o and for sand reinforced with coir fibres of Type A2 in a
random arrangement the increase in f was from 43.06o to 57.96o. The value of c’ was equal zero in both the
cases. However for sand reinforced with 1.0% coir fibres in a random arrangement of Types A1 and A2, the
increase in f was from 43.06° to 61.49° and from 43.06° to 63.54° respectively. The value of c’ was equal zero in
both the cases. For confining pressure greater than 49 kPa, the value of c’ increased from zero to 88.12 kPa and
97.13 kPa for sand reinforced with 0.5% coir fibres of Type A1 and A2 respectively. Similarly the increase in c’
at 1.0% coir fibre content in sand is from zero to 95.07 kPa and 152.40 kPa for Type A1 and A2 coir fibres
respectively.
Upto a confining pressure of 49 kPa and a coir fibre content of 0.5% in sand as a single layer of reinforcement,
the value of f increased from 43.06° to 59.88° and 43.06° to 55.320 for both the types (Type A1 & A2) of coir
fibres respectively. The value of c’ was equal zero in both the cases. Similarly at 1% coir fibres (Types A1 & A2)
in sand as a single layer of reinforcement, the f increased up to 60.47° and 56.34° for both the types of
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reinforcement and c’ was equal to zero in both the cases. For confining pressure greater than 49 kPa and coir
fibre content of 0.5%, the value of c’ increased from zero to 112.47 kPa for A1 type coir fibres and 41.05 kPa for
A2 type coir fibres as a single layer of reinforcement in sand. Similarly the increase in c’ at 1.0% coir fibre
content in sand as a single layer of reinforcement, is from zero to 90.77 kPa and 52.58 kPa for Type A1 and A2
coir fibres respectively.
Upto a confining pressure of 49 kPa, sand reinforced with woven coir geotextile Type B & C, the value of f’
increased from 43.06° to 59.49° & 61.33° respectively. On the other hand for sand reinforced with non-woven
coir geotextile Type D, f’ increased to 57.43° and c’ remained zero in all the above cases. For confining pressure
greater than 49 kPa, sand reinforced with woven coir geotextile Type C, c’ increased to 109.56 kPa and the value
of f’ decreased to 40.82°. Similarly when sand reinforced with woven coir geotextile Type B, c’ increased to
82.81 kPa and f’ was 43.33°. For sand reinforced with non-woven coir geotextile of Type D, c’ increased to
74.86 kPa and f’ decreased to 42.87°.
The strength parameters of sand reinforced with Type A2 fibre at 1.0% content in a random arrangement is
greater than that reported for any of the coir geotextiles (Type B, C and D) reinforced soil.
The strength parameters of sand reinforced with Type A1 coir fibres at 1% content are comparable with Type C
and greater than Type B and Type D reinforced sand.
Sand reinforced with Type A1 fibre at 0.5% content exhibited the same strength as that of Type D.
The strength parameters of sand reinforced with Type A2 at 0.5% are comparable to that of both Type B and
Type D reinforced sand.
The strength parameters of sand reinforced with Type A1 fibre in a random arrangement at a content of 1% and
sand reinforced with Type A1 fibres at content of 1% as layered reinforcement are comparable to that of Type B
and Type C reinforced sand. Hence, they can be used in place of geotextiles.
Initial Tangent Modulus
The typical variation of initial tengent modulus with confining pressure and percentage inclusion of coir fibres is
presented in Table 7. Table 7 also contains the variation of initial tangent modulus with confining pressure for
sand reinforced with woven and non-woven coir geotextiles. A study of this table reveals:
For sand, unreinforced and reinforced with coir fibres and coir geotextiles, the initial tangent modulus increases
with increase in confining pressures.
For sand reinforced with randomly distributed as well as single layer of coir fibres of Type A1, the initial tangent
modulus in general increases marginally with the increase in coir fibres content from 0.5% to 1.0%.
For sand reinforced with randomly distributed as well as single layer of coir fibres of Type A2, the initial tangent
modulus in general decreases with the increase in coir fibres content from 0.5% to 1.0%.
Secant Modulus
The typical variation of secant modulus with confining pressure and percentage inclusion of coir fibres is
presented in Table 8. Table 8 also contains the variation of secant modulus with confining pressure for sand
reinforced with woven and non-woven coir geotextiles. A study of this table reveals:
For sand, unreinforced and reinforced with coir fibres and coir geotextiles, the secant modulus increases with
increase in confining pressures.
For sand reinforced with randomly distributed as well as single layer of coir fibres of Type A1, the secant
modulus in general increases marginally with the increase in coir fibres content from 0.5% to 1.0%.
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For sand reinecant modulus in general decreases with the increase in coir fibres content from 0.5% to
1.0%.
Table 7. Initial tangent modulus
Reinforcement Reinforcement Percentage Initial tangent modulus (Mpa) at confining pressure of (kPa)
type
arrangement reinforcement 24.5
49
98
196

Sand
A1
A1
A2
A2
A1
A1
A2
A2
B
C
D

Random
Random
Random
Random
Layered
Layered
Layered
Layered
Layered
Layered
Layered

0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
-

12.55
4.63
10.93
11.05
7.59
11.87
17.76
7.24
3.20
11.67
10.59
39.29

71.27
11.19
18.35
14.14
10.41
21.65
27.88
8.52
8.32
24.47
15.54
33.07

63.72
22.76
35.50
25.98
13.29
27.84
28.37
12.84
10.89
32.01
26.35
29.53

145.85
73.33
76.43
30.70
29.01
29.62
30.57
42.22
22.37
40.81
64.93
47.84

Table 8. Secant modulus
Reinforcement Reinforcement Percentage Initial tangent modulus (Mpa) at confining pressure of (kPa)
type
arrangement reinforcement 24.5
49
98
196
Sand
A1
A1
A2
A2
A1
A1
A2
A2
B
C
D

Random
Random
Random
Random
Layered
Layered
Layered
Layered
Layered
Layered
Layered

0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
-

19.18
4.23
8.09
7.77
5.10
8.48
10.79
4.59
2.37
8.27
7.94
26.57

41.42
11.28
16.95
11.85
7.63
18.72
17.10
7.38
6.39
17.29
9.17
20.66

43.52
16.18
22.93
16.95
8.83
19.46
16.64
9.82
8.56
20.16
15.31
20.78

80.43
45.26
45.66
19.77
19.82
23.83
20.19
29.86
12.24
27.64
34.41
33.04

CONCLUSION
The following conclusions are drawn from the experimental studies
The deviator stress at failure increases with reinforcement, which confirms the ability of coir fibre to
strengthen the sand, and more with increase in fibre content.
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The deviator stresses at failure in the sand-coir fibres random inclusion mixture occurred at higher axial
strain than sand alone at lower confining pressure.
In general the volume change behaviour is similar to that of unreinforced sand. The effect of reinforcement
is to decrease the volumetric expansion.
Sand with randomly distributed coir fibre exhibited higher increase in strength parameters than layered
one.
At lower confining pressures, Type A2 coir fibre exhibited higher increase in deviator stress at failure than
Type A1 for random inclusion.
At 0.5% coir fibre content, Type A2 fibre exhibited higher strength than Type A1 fibre and at 1% both
Type A1 and A2 has more or less similar strength for random inclusion.
For layered reinforcement, Type A1 fibre exhibited higher increase in strength than Type A2 and the
increase is larger at lower confining pressure.
The strength parameters of sand reinforced with Type A1 fibre in a random arrangement at a content of 1%
and sand reinforced with Type A1 fibres at content of 1% as layered reinforcement are comparable to that
of Type B and Type C reinforced sand. Hence, they can be used in place of geotextiles
The strength parameters of sand reinforced with Type A2 fibre at 1.0% content in a random arrangement is
greater than that reported for any of the coir geotextiles (Type B, C and D) reinforced soil.
The strength parameters of sand reinforced with Type A1 coir fibres at 1% content are comparable with
Type C and greater than Type B and Type D reinforced sand.
Sand reinforced with Type A1 fibre at 0.5% content exhibited the same strength as that of Type D.
The strength parameters of sand reinforced with Type A2 at 0.5% are comparable to that of both Type B
and Type D reinforced sand.
Coir fibre reinforcement increases the shear strength parameters of cohesionless soil. The observed
behaviour is similar to that observed for an over- consolidated soil.
For sand, unreinforced and reinforced with coir fibres and coir geotextiles, the initial tangent modulus and
secant modulus increases with increase in confining pressures.
For sand reinforced with randomly distributed as well as single layer of coir fibres of Type A1, the initial
tangent modulus and secant modulus in general increases marginally with the increase in coir
fibres content from 0.5% to 1.0%.
For sand reinforced with randomly distributed as well as single layer of coir fibres of Type A2, the initial
tangent modulus and secant modulus in general decreases with the increase in coir fibres content
from 0.5% to 1.0%.

The results are encouraging in that the behaviour is similar to that observed with synthetic fibres and meshes.
Considering that coir has a longer life compared to other natural fibres that degrade much faster, it is possible to
use these fibres in rural roads and ground improvement.
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1. Introduction

of global annual greenhouse gas emissions (GHG), contributing up to
40% of global energy, and consuming of 25% of global water worldwide
[1]. Global energy consumption is predicted to grow by 64% until the
year 2040 from the considerable increase in residential, industrial,
commercial, and urban construction due to the industrial development
and growth of population, according to the Energy Information Asso
ciation in 2018 [2]. As a result, environmental disasters and climate
change are becoming more apparent. For instance, global warming from
the greenhouse effect (45% carbon dioxide emissions in which buildings
and construction industry are major contributors, [3]) is predicted to
raise the Earth’s average surface temperature from 1.1◦ to 6.4 ◦ C by the
end of 2100 [4,5]. The increased consumption of natural resources for
lighting, refrigeration, ventilation, recycling, heating, and cooling sys
tem in commercial buildings due to the acceleration of urbanization,
causes an enormous expenditure for energy. Therefore, it is necessary to
use insulation materials for better energy conservation, and to enhance
sustainable energy strategies in the building sector.

1.1. Energy consumption in the building sector
The global energy expenditure in industrial and residential con
struction has become one of the most important concerns in the third
decade of the 21st century. Building construction, raw material pro
cessing, and product manufacturing are the largest sources of green
house gas emissions. Carbon dioxide compounds are the main byproducts of fossil fuel consumption, and since buildings are among the
biggest consumers of energy, they are also major contributors to global
warming which is accelerating climate change and threatening the
survival of millions of people, plants and animals. According to Directive
2010/31/EU of the European Parliament and of the Council of 19 May
2010, on the energy performance of buildings, new construction will
have to consume nearly zero energy and that energy will be to a very
large extent from renewable resources, because the construction sector
has been identified as the largest energy consumer, generating up to 1/3
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thermal conductivity for mineral wool is between 0.03 and 0.04 W/(m.
K) and the typical λ-values of glass wool and rock wool are 0.03–0.046
W/(m.K) and 0.033–0.046 W/(m.K), respectively. These materials have
the low thermal conductivity value, are non-flammable, and highly
resistant to moisture damage. However, it can affect health problems,
for example, skin and lung irritation [12]. Organic insulation materials
are derived from natural resources which are currently used in buildings
due to their attractiveness, renewable, recyclable, environmentally
friendly and required energy to manufacture is less than that of tradi
tional materials [10].
To retard the heat transfer in building envelopes, various of new
insulation materials has produced to achieve the highest possible ther
mal resistance. They are vacuum insulation panels (VIPs), gas filled
panels (GFPs), aerogels, and phase change materials (PCM). Among
them, VIPs exhibit one of the lowest thermal conductivity values (lower
than 0.004 W/(m.K)) and have a high life expectancy (over 50 years).
This super-insulated material is created inside the panel which decreases
the thickness of the thermal insulation materials, but the thermal con
ductivity will increase irreversible over time due to diffusion of water
vapor and air through the envelope [12]. Aerogels are also considered as
one of the state-of-the-art thermal insulators with the range of thermal
conductivity values from 0.013 to 0.014 W/(m.K) and the density for
buildings is usually 70–150 kg/m3 [11]. However, its commercial
availability is very limited due to the high cost production [16]. GFPs
and PCM are the thermal insulation materials of tomorrow due to their
low thermal conductivity values, 0.013 W/(m.K) and 0.004 W/(m.K),
respectively. While GFPs are made of a reflective structure containing a
gas insulated from the external environment by an envelope imperme
able as possible, PCM stores and releases heat as the surrounding change
by transforming from a solid state to liquid when heated and turning
into a solid state when the ambient temperature drops [10,11,16].
Table 1 shows the thermal properties of some common insulation
materials. The data are collected and synthesized according to the
literature and practical experiment. Thermal insulating materials are
usually tested which covered by standards such as EN 12664 (low
thermal resistance) [17], EN 12667 (high thermal resistance) [18], EN
12939 (thick materials) [19], ASTM C518 (heat flow meter apparatus)
[20], and ASTM C177 (guarded hot plate apparatus) [21]. Nevertheless,
as a result of the wide range of thermal properties of insulation mate
rials, there is no single measurement method for all thermal conductivity
measurements [22].
There is uncertainty about the thermal conductivity values for
inorganic, organic, and advanced materials which are 0.03–0.07 W/(m.
K), 0.02–0.055 W/(m.K), and lower than 0.01 W/(m.K), respectively.
Generally, the nominal thermal conductivity of porous materials range
from 0.02 to 0.08 W/(m.K), while the thermal conductivity values of
alternative insulation materials made from natural fibers vary from 0.04
to 0.09 W/(mK). Conventional materials such as mineral wool, foamed
polystyrene are mainly used in thermal energy storage systems due to
long term usage, and low cost. Natural fibers-based insulation materials
derived from agricultural waste such as coconut, rice straw, bagasse,
etc., currently applied in some building applications due to the envi
ronmentally friendly properties [33,34]. However, the main disadvan
tage is their relatively high-water absorption, resulting in high thermal
conductivity. Therefore, the use of VIPs or PUR-PIR foams with lower
thermal conductivity can be a good choice for reducing energy con
sumption as well as cost savings [15]. Additionally, there are efforts to
make thermal insulation from wood waste products [35], but they
should be protected against saturation, especially when used externally.
Another new development material is aerogel and VIPs with a low
thermal conductivity of just 0.017–0.021 W/(m.K) and 0.002–0.008
W/(m.K), respectively, which exhibits excellent thermal insulation
properties. In fibrous insulating materials, the fineness of the fibers and
their orientation play a main role. In foam insulating materials, the
thermal conductivity is determined by the fineness and distribution of
the cells and particularly by the gases in those cells. Insulating materials

Nomenclature
PS
EPS
XPS
PUR
PIR
PE
ENR
EVA
VIPs
GFPs
LWAC
PCM
OIT

Polystyrene
Expanded polystyrene
Extruded polystyrene
Polyurethane
Polyisocyanurate
Polyethylene
Expanded nitrile rubber
Ethylene vinyl acetate
Vacuum insulation panels
Gas filled panels
Lightweight aggregate concrete
Phase change materials
Optimum insulation thickness

Greek symbols
λ
Thermal conductivity (W/(m.K))
ρ
Density (kg/m3)
p
Pressure (Pa)
w
Moisture content (%)

1.2. The use of thermal insulation materials
As the energy becomes more precious, the use of thermal insulation
materials is being enforced in buildings. Thermal insulation is a material
or combination of materials that retard the rate of heat flow by con
duction, convection, and radiation when properly applied [6]. Using
thermal insulation products helps in reducing the dependence on heat
ing, ventilation, and air conditioning (HVAC) systems to manage
buildings comfortably. Therefore, it conserves energy and decreases the
use of natural resources. Other advantages are profits, environmentally
friendly materials, extending the periods of indoor thermal comfort,
reducing noise levels, fire protection, and so on [7]. These materials will
enable systems to achieve energy efficiency. They also have many ap
plications in food cold storage, refrigeration, petroleum and liquefied
natural gas pipelines [8]. Sustainable insulation products with lower
embodied energy and reduced environmental emissions are also
increasing in popularity and a large number of innovative types of
insulation are constantly entering the market [9].
Some former detailed reviews of thermal insulation materials and
their application in the building sector include Aditya et al. [10], and
D’Alessandro et al. [11]. Insulation materials are applied in some groups
including the walls, the roofs, the ceilings, the windows, and the floors.
Their types, properties, benefits, and drawbacks were also discussed.
The work of Abu-Jdayil et al. [12] has reviewed the different types,
methods of manufacturing, and features in both the traditional and
state-of-the-art thermal insulation materials in the last decades. Thermal
insulating materials are generally comprised of a solid matrix material
with a gaseous material interspersed randomly or regularly within the
cells, pores or interstices [13].
Most of the available thermal insulation materials can be classified in
four general groups including inorganic, organic, combined, and
advanced materials. They are created in several forms including porous,
blanket or batt form, rigid, natural form, and a reflective structure [14].
Inorganic materials (glass wool and rock wool) account for 60% of the
market, whereas organic insulation materials are 27%. Conventional
materials such as polyurethane (PUR), polyisocyanurate (PIR), extruded
polystyrene (XPS), expanded polystyrene (EPS) are preferred in many
buildings and thermal energy storage applications due to their low
thermal conductivity and low cost [15].
Mineral wool includes a variety of inorganic insulation materials
such as rock wool, glass wool, and slag wool. The average range of
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Table 1
Classification of the commonly used insulation materials and uncertainty about their thermal conductivity.
Main group

Subgroup

Insulation
Material

Temperature (◦ C)

Density (kg/m3)

Thermal conductivity (W/(m.K))

Reference

Inorganic

Fibrous

Glass wool
Rock wool
Calcium silicate
Cellular glass
Vermiculite
Ceramic
EPS
XPS
PUR
PIR
Cork
Melamine foam
Phenolic foam
Polyethylene foam
Fiberglass
Sheep wool
Cotton
Cellulose fibers
Jute
Rice straw
Hemp
Bagasse
Coconut
Flax
Gypsum foam
Wood wool
Wood fibers
VIPs
Aerogel

̶100–500
̶100–750
300
̶260–430
700–1600
N.A.
̶80–80
̶60–75
̶50–120
̶20–100
110–120
N.A.
150
̶40–105
̶4–350
130–150
100
60
N.A.
24
100–120
160–200
180–220
N.A.
N.A.
110–180
110
N.A.
N.A.

13–100
30–180
115–300
115–220
70–160
120–560
15–35
25–45
30–100
30–45
110–170
8–11
40–160
25–45
24–112
25–30
20–60
30–80
35–100
154–168
20–68
70–350
70–125
20–80
N.A.
350–600
30–270
150–300
60–80

0.03–0.045
0.033–0.045
0.045–0.065
0.04–0.06
0.046–0.07
0.03–0.07
0.035–0.04
0.03–0.04
0.024–0.03
0.018–0.028
0.037–0.050
0.035
0.022–0.04
0.033
0.033–0.04
0.04–0.045
0.035–0.06
0.04–0.045
0.038–0.055
0.046–0.056
0.04–0.05
0.046–0.055
0.04–0.05
0.03–0.045
0.045
0.09
0.04–0.09
0.002–0.008
0.013–0.014

[11,12,23]
[7,11,12,23–26]
[24]
[24]
[7,24,27]
[24]
[7,11,16,23,24]
[7,11,15,16,23,24,28]
[11,16,23,24,29]
[11,30]
[11,16,24]
[24]
[11,24]
[24]
[7,28]
[24]
[24]
[7,11,16,24]
[11]
[11]
[24]
[11,31]
[11,24,31]
[24]
[24]
[24]
[24]
[11,24]
[11,16,24,32]

Cellular

Organic

Foamed

Foamed, expanded

Fibrous

Combined
Advanced materials

Boards

made from wood fibers or wood wool, the density factor is critical for the
insulating capacity. The range of temperature shows the minimum and
maximum service temperatures based on manufacturers information.
Insulating materials can react very differently to hot and cold environ
ment and there is no uniform test method that enables a direct com
parison between insulating materials [24].
Previous studies have carried out the thermal conductivity coeffi
cient strongly depends on the temperature, moisture content, density [7,
11,12,16]. Some research gaps can be identified from existing literature
and published studies. Firstly, there has been no detailed overview of all
factors influencing in the thermal properties of building insulation ma
terials. Secondly, few empirical data evaluates the thermal performance
of insulation materials considering cost, environment impact, personal
comfort and lessen attention to other properties such as embodied en
ergy, embodied carbon, hygroscopic and fire protection. Furthermore,
thermal properties of insulation materials are mainly determined by
thermal conductivity, specific heat capacity, thermal diffusivity, coef
ficient of thermal expansion, and mass loss. However, most studied in
the field of heat and moisture transport have only focused on the thermal
conductivity for the steady state without evaluating the other properties.
Hence, it is imperative to understand the combined influence of the
many factors to gain useful insights into the actual performance of
insulation materials for practical applications.
This review aims to provide a fundamental understanding of
different building insulation materials and their thermal conductivities.
The main research question is to discuss the factors influencing thermal
conductivity coefficients of insulation materials used in building enve
lopes. Another object is to synthesize the relationship between mean
temperature, moisture content, and density with thermal conductivity as
a linear function. This article also exhibits the λ-values of some common
traditional and state-the-art materials to understand insulating materials
used in building construction.
This paper has been structured as follows. Section 2 explores the
main role of the thermal conductivity coefficient when studies the heat
transport in buildings as well as the values of various common building
insulation materials are displayed. The effects of factors including
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temperature, moisture content, density, thickness, pressure, aging, and
air surface velocity in the thermal conductivity are presented in section
3. Then, section 4 discussed how these factors influencing in the thermal
conductivity. Finally, section 5 concludes the present study.
2. Thermal conductivity coefficient
Insulation materials are supposed to conduct heat badly in order to
prevent large heat losses. The lower the heat conduction in a material,
the less heat flows through it. The thermal performance of a building
envelope depends to a great extent on the thermal effectiveness of the
insulation layer which is mainly determined by its λ-value. Thermal
conductivity is the time rate of steady-state heat flow through a unit area
of a homogeneous material in a direction perpendicular to its isothermal
planes, induced by a unit temperature difference across the sample [36].
At the microscopic level, the apparent thermal conductivity depends on
numerous factors such as cell size, diameter and arrangement of fibers or
particles, transparency to thermal radiation, type and pressure of the
gas, bonding materials, etc. A specific combination of these factors
produces the minimum thermal conductivity. At the macroscopic level,
the apparent thermal conductivity largely depends on various factors,
namely mean temperature, moisture content, density, and aging.
Therefore, thermal conductivity coefficient is always a primary param
eter measuring in every thermal calculation.
Thermal insulating materials can reduce the energy losses as well as
minimize the emissions of the greenhouse gases from buildings. The
choice of insulation material can have a great effect on energy efficiency
in both cooling and heating, and on health problems. Heat transfer in
thermal insulation materials is generally divided into heat conduction
through the solid material, conduction through its gas molecules and
radiation through its pores. Convection is insignificant because of the
small size of the air bubbles. To develop insulation materials in an
environmentally friendly manner, it is important to know their apparent
thermal conductivity [14]. According to the DIN 4108, “Thermal insu
lation and energy economy in buildings”, materials with a λ-value lower
0.1 W/(m.K) may be classed as thermal insulating materials. Materials
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with thermal conductivity values lower 0.03 W/(m.K) can be regarded
as very good, whereas values from 0.03 to 0.05 W/(m.K) are only
moderate, and higher 0.07 W/(m.K) are less effective [16,24,37,38].
The published thermal conductivity of insulation materials are usually
specified by manufactures and normally investigated under standard
laboratory conditions [39–42], for example, a standardized mean tem
perature around 24 ◦ C and relative humidity of 50 ± 10% [43].

relationships presented a slight increase with a rise of temperature. The
changes in temperature have always been ascribed to the variation of
thermal conductivity. Khoukhi et al. [65] showed that higher tempera
tures increase thermal conductivity for three types of polystyrene ma
terials. Their next study demonstrated a linear rise in thermal
conductivity with increasing temperatures in four PE insulation speci
mens with densities from low to super high [49]. Testing the effect of
temperature on thermal conductivity on EPS and polyurethane (PUR)
materials by using the hot wire method, Song et al. [56] revealed that at
the same density, the thermal conductivity coefficient increases with
increasing ambient temperature.
A series of empirical observations of some insulation materials
including EPS, extruded polystyrene (XPS), PUR have shown the influ
ence of temperature on their effective thermal conductivity [47]. The
data shows the relationship between λ-values and temperatures is a
linear function. An evaluation of alternative insulation materials based
on sheep wool has also shown the linear increase with increasing tem
perature from 10◦ to 40 ◦ C [66]. Koru [37] studied the effects of tem
perature on thermal conductivity closed-cell thermal insulation
materials, namely EPS, XPS, expanded nitrile rubber (ENR), PUR, PE,
and ethylene vinyl acetate (EVA) with a heat flow meter using the
standards EN 12664, 12667, and ASTM C518. The results revealed that
thermal conductivity increases with the rise of the range temperature
between ̶ 10◦ and 50 ◦ C. Based on the empirical data, the author
expressed the relationships among the λ-values and the temperature as
linear equations. A similar assertion also comes from the experimental
investigation of Berardi et al. [28]. Zhang et al. [8] investigated the
change of thermal conductivity of five polyurethane foams occurs at
temperatures varying from ̶ 40◦ to 70 ◦ C. Resembling the previous
publication, Khoukhi also affirmed the incremental increases of thermal
conductivity of polystyrene expanded insulation materials as the oper
ating temperature increases when studying the combined impact of heat
and moisture transfer on building energy performance [39]. Next, he
continued to investigate the dynamic thermal effect of thermal con
ductivity at different temperatures of the same insulation materials. The
experimental data showed that thermal conductivity increases linearly
with temperature [67].
Besides the studies on temperature-dependent thermal conductivity
of various traditional materials, there is an interesting in manufacturing
natural fiber-based insulation materials with high thermal resistance.
These insulators are derived from natural materials such as hemp, cot
ton, rice straw, or wood waste products. Manohar et al. [68] tested the
apparent thermal conductivity of coconut and sugarcane fiber at a mean
temperature of 24 ◦ C with different densities. The λ-value of both
biodegradable materials increased with an increase in temperature. The
minimum thermal conductivity of coconut and sugarcane ranged from
0.048 to 0.049 W/(m.K) and 0.046 to 0.049 W/(m.K) showing low
values when compared to some conventional insulation materials.
Wood-based fiberboards are also used as thermal insulation materials
due to their low density, and high thermal resistance, etc. However, they
are sensitive to changes in environmental conditions because of their
porous internal structures. Hence, the thermal conductivity will increase
by approximately 50% as the temperature goes up from ̶ 10◦ to 60 ◦ C
[50].

3. Factors influence thermal conductivity coefficient
It is essential to examine the thermal properties of any insulation
materials due to its important role affecting the heat transfer in building
envelopes. Thermal properties are mainly defined by thermal conduc
tivity, specific heat, thermal diffusivity, thermal expansion, and mass
loss [44]. Among them, the thermal conductivity coefficient is the main
key to measure the ability of a material to transfer or restrain heat flows
through building insulation materials. At the macroscopic level, thermal
conductivity largely depends on three main factors: operating temper
ature, moisture content, and density [33,37,42]. Other factors are a
thickness, pressure, air surface velocity, and aging.
3.1. Temperature
The temperature dependency of thermal conductivity in building
insulation materials has been investigated by a large number of theo
retical and practical studies. Based on these results, the λ-value usually
increases with increasing temperature [28,37,39,42,45–62].
3.1.1. Inorganic materials
Abdou and Budaiwi elucidated the dependence of thermal conduc
tivity of inorganic materials under mean temperatures ranging from 4◦
to 43 ◦ C. Their first study was conducted for rock wool and fiberglass
with different densities [57]. Their results showed an increase in ther
mal conductivity values as a linear relation with mean temperatures.
The variation was clearer with less density materials. An equivalent
analysis of rock wool, mineral wool, and fiberglass with a thickness
ranging from 5 to 100 mm in their next study indicated that higher
operating temperatures are associated with higher λ-values, and the
relationship is presented by a linear regression with temperature for
most insulation materials [42]. Experiments with fiberglass and rock
wool were observed in their third article in accordance with the impact
of moisture content [63]. They assessed the changes in thermal con
ductivity with different densities not only the variation of operating
temperatures ranging from 14◦ to 34 ◦ C but also the effect of moisture
content. Examination of their results continues to confirm that a higher
operating temperature is always associated with higher thermal con
ductivity. The effective thermal conductivity of some conventional
materials such as mineral wool and foam glass as a linearly increasing
function at mean temperatures varying from 0◦ to 100 ◦ C was studied
with a protected heating plate device [47]. The λ-values of these insu
lation materials were 0.04 W/(m.K), 0.045 W/(m.K), and 0.05 W/(m.K)
at mean temperature of 10 ◦ C. Occasionally, inorganic open-cell mate
rials, such as fiberglass or rock wool, have been proposed the linear
temperature-dependent law that displays a decreased thermal conduc
tivity at low temperatures [45].

3.1.3. Combined materials
Bio-based materials can be used as an effective alternative product in
buildings which reduce energy consumption and optimize the utilization
of fossil fuels for the sake of sustainable development. Some natural
materials such as hemp, flax, jute or rice straw can be combined with
concrete to create material with high thermal resistance, low density,
and high durability. According to the study of Rahim et al. [69], the
effect of temperature on λ-values is important. The thermal conductivity
of bio-based materials rose slightly with increasing temperature from
10◦ to 40 ◦ C and the relationship is a linear function. The same trend was
demonstrated in the work of Srivaro et al. [70], with empirical tests of

3.1.2. Organic materials
The change of thermal conductivity of polystyrene (PS) and poly
ethylene (PE) with mean temperatures was evaluated [42,57]. The rate
of heat exchanges of PE was the most sensitive to temperature, while PS
insulation was the least affected, approximately of 0.000384 (W/(m.
C)/◦ C) and 0.0001 (W/(m.C)/◦ C), respectively. According to the statis
tical data of expanded polystyrene (EPS) material in determining the
impact of the temperature on thermal conductivity, Gnip et al. [64]
calculated the λ-value at any point in a range temperature from 0◦ to
50 ◦ C by using a calculated value of thermal conductivity at 10 ◦ C. The
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some rubberwood specimens which had a linear change between their
thermal conductivity and the varying temperatures. The thermal con
ductivity of three different samples sheep wool, goat wool, and horse
mane increases significantly by approximately 55% with increases in
temperature [46].
Lightweight aggregate concrete (LWAC) shows better thermal per
formance than conventional concrete, so, it is currently used in the
construction sector [71]. The study of twelve mixtures of LWAC proved
that its thermal conductivity increases with the temperature range be
tween 5◦ and 35 ◦ C [72]. A novel multilayer reflecting thermal insu
lation material called “mirror-panel” made from aluminum foil and
coated paper using in building envelope was developed and tested to
determine the temperature dependency of its thermal resistance.
Experimental results showed that its thermal conductivity increases
almost linearly with an increase of temperature [73].
A series of practical observations studied the temperature-dependent
thermal conductivity of the composite materials [74–76]. Using
water-based nanofluids, the results from measurements of Das et al. [77]
and Mintsa et al. [78] showed a linear increase of effective thermal
conductivity with temperature varying between 20◦ and 50 ◦ C. Working
with nanotube specimens, Khordad et al. [75] found that thermal con
ductivity increases as temperature increases. The same upward trend
was also documented in a paper of Wang et al. [79] with the composite
phase change materials. The data is expressed by a highly accurate linear
fit. The recent study of Guo et al. [80] on aerogel blankets, phenolic, and
polyisocyanurate foams has shown a linear increase in thermal con
ductivity by 24%, 13%, and 14% respectively when the mean temper
ature varies from 280◦ to 300 K.

Table 2
Temperature-dependent thermal conductivity shown as a linear function of
insulation materials.
Insulation
Materials

Relationship

Mean
temperature
(◦ C)

Reference

Inorganic

Rock wool

4–43

[42]

materials

Fiberglass

1.915e–4 × T
+ 0.0336
3.01e–4 × T +
0.0281
3.368e–4 × T
+ 0.0414
1.476e–4 × T
+ 0.0356
5e–5 × T +
0.0347
6e–5 × T +
0.033
1.045e–4 × T
+ 0.0276
8.46e–5 × T +
0.03746
3.19e–4 × T +
0.04589
2e–4 × T –
0.0273
1.71e–4 × T +
0.027
2e–4 × T +
0.047
2e–4 × T +
0.0349
2.84e–6 × T +
0.0487
2.38e–4 × T +
0.0456
4e–4 × T +
0.1246
3.06e–4 × T +
0.0607
4e–5 × T +
0.0049
5e–5 × T +
0.0166

14–39

[89]

4–43

[42]

0–50

[64]

10–43

[67]

10–43

[39]

10–43

[42]

̶10–50

[37]

̶10–50

[37]

7–27

[80]

0–100

[90]

10–40

[69]

10–40

[66]

10–40

[68]

10–40

[68]

̶10–40

[70]

4–43

[42]

̶15–63

[48]

̶10–50

[88]

Organic
materials

EPS

XPS
EVA
PE
PIR
PUR
Hemp
Sheep wool
Coconut

3.1.4. New technology materials
The combination of technical development and advanced materials
produced state-of-the-art thermal building insulation including vacuum
insulation panels (VIPs), aerogels, gas filled panels (GFPs), phase change
material (PCM), and closed-cell foam [10]. Among them, VIPs exhibit
the lowest thermal conductivity. Its main benefit is the reduction of the
required thickness of the insulation layers compared to conventional
materials in buildings [81].
Fantucci et al. [82]. investigated the temperature dependence of
thermal conductivity in fumed silica-based VIPs. The main advantage is
its relatively low thermal conductivity in the case of a complete loss of
vacuum. Experimental analyses of two samples with different thickness
showed an increase up to 45% when the temperature increases from 2◦
to 50 ◦ C. The next study noted that a 53% increase in thermal conduc
tivity of the raw VIPs from 0.0049 to 0.0075 W/(m.K), and from 0.0021
to 0.0028 W/(m.K) in fumed silica over the range of temperatures be
tween ̶ 7.5◦ and 55 ◦ C [48].
Aerogel is one of the thermal building insulations of tomorrow due to
its low density, high porosity, small average pore size, and very low
thermal conductivity. They have found potential practical applications
for thermal insulation systems including energy storage, construction
and building [83]. Several studies have investigated the effect of tem
perature on thermal models of aerogel composite insulation materials
[84–86]. The data of Liu et al. [87]. showed a low effective thermal
conductivity of silica aerogels from 0.014 to 0.044 W/(m.K) and a
nonlinear increasing correlation with increasing temperature from 28◦
to 108 K. There was the same result of three samples of silica aerogel but
different densities with temperature ranges from 300◦ to 700 K [86].
Thermal conductivity of aerogel blankets increased from 0.0135 to
0.0175 W/(m.K) at mean temperatures varying from ̶ 20◦ to 80 ◦ C and
the relationship was almost linear [32]. Same conclusions with
increasing slightly were also shown in the study of Nosrati et al. [88].
Table 2 shows practical equations to illustrate the temperaturedependent thermal conductivity of different insulation materials using
data collected from articles.
A higher operating temperature is always associated with higher
thermal conductivity for most insulation materials. As the temperature
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Main group

Bagasse
Rubberwood
Combined
materials
New
materials

Wood wool
VIPs
Aerogel
blanket

rises, the rate of heat conduction increases, then increasing the λ-value
but within the limited temperature range, usually from ̶ 10◦ to 50 ◦ C and
typically up to 20%–30%. This is the case with inorganic fiber insulation
and some petrochemical insulating materials which show lower thermal
conductivity at lower temperatures [45]. Additionally, the relationship
between thermal conductivity and temperature is almost linear. Firstly,
the measurements are focused separately on the effect of these influ
encing factors. Secondly, the experimental conditions are set up in a
steady-state condition. According to the American Society for Testing
and Materials ASTM-C518 standard, thermal conductivity is only given
for standardized conditions and most of the published thermal con
ductivity values from experimental investigations as well as from man
ufacturers from laboratory work [37]. However, weather conditions,
exterior temperature, and moisture values vary over the course of a day.
Therefore, it is important to determine the thermal conductivity of
insulation materials and their dependence on temperature.
3.2. Moisture content
In the normal environmental conditions around buildings, all these
three stages of moisture (solid, liquid, gas) can be dangerous for building
materials. Excessive moisture causes the following five problems: dete
riorated habitation quality, reduced thermal resistance, additional me
chanical stresses, salt transport, and material decay. This phenomenon is
due to both obvious as well as more inconspicuous causes: moisture
intrusion into building interior due to contact with liquid water, mois
ture deposition on the building surface due to contact with water vapor,
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moisture intrusion into the building due to contact with water vapor and
built-in moisture [91]. For building envelopes, insulated walls, and
roofs, moisture can diminish their effective thermal properties. Addi
tionally, moisture migrating through building envelopes can also lead to
poor interior air quality as high ambient moisture levels cause microbial
growth, which may seriously affect human health and be a cause of al
lergies and respiratory symptoms [92]. As the thermal conductivity of
water is about 20 times greater than that of stationary air, water ab
sorption is always connected with an increase in thermal conductivity
[24]. Therefore, it is crucial to study the impact of moisture on thermal
performance, especially in building insulating materials.
It is essential to measure the initial and the increased moisture
content of building insulation materials. Various techniques have been
suggested for each type of measurement such as drilling techniques,
electrical techniques, environmental monitoring, thermographic imag
ing [93]. Zhang et al. measured the moisture content from the change in
volumetric heat capacity before and after the moisture acquirement
using a hot wire [94]. The same method was adopted in another
investigation but using the transient temperature [95]. The moisture
content of a building material is calculated based on the weight of
absorbed moisture to the dry weight of the material. According to the
ASTM C1616, the moisture content of organic and inorganic insulation
materials by mass is calculated from the following equation:
w =

m − md
md

influence of water content on the thermo-acoustic performance of
building insulation materials [103]. Samples of high porosity insulation
materials were treated by heat treatment through some steps before
measuring with the transient plane method to assess how thermal con
ductivity is influenced by water content. This showed a linear increase
for four types of specimens including mineral wool, melamine foam,
polyurethane, and cork. When the building materials are moistened, wet
insulation can increase to the maximum ratio of thermal conductivity
between the dry and wet samples by 3.51 with a maximum moisture
content of 15.1% in the ambient temperature ranged from 24.9◦ to
38.6 ◦ C after 55 days [104]. Thermal conductivity increases by
approximately 200% when the moisture content reaches 10% in foam
concrete [102]. In contrast to the above conclusions, another study with
wood frame insulation walls made of spruce-pine-fir concluded that
there was no obvious effect on thermal conductivity since moisture
content was less than 19% [105].
A study carried out by Gawin et al. [106] measured the impact of the
initial moisture content on the thermal conductivity of wood-concrete
and EPS-concrete materials using a heat flow meter. The results
showed an increase of thermal conductivity with increasing the water
content in the range of 70%–85% relative humidity. Using the same
lightweight specimens but with different densities, Taoukil et al. [107]
also confirmed the influence of relative humidity on thermal properties.
Thermal conductivity rose rapidly with water content and was presented
as an exponential equation. The next laboratory study from Nguyen L.H.
et al. [72] contributed to the assumption of the moisture dependence of
thermal conductivity of lightweight concretes. In this case, the result
showed a linear relationship.

(1)

where w is the moisture content (%), md is the mass of the dried sample
(kg), m is the mass of damped sample (kg).

3.2.2. Alternative materials
In recent years, thermal protection used of natural fibrous materials,
agricultural wastes, forest product wastes as the raw materials of ther
mal insulation products. Therefore, the amount of harmful waste gas
caused by petrochemical insulating materials in the atmosphere will
decrease. However, these kinds of materials are more sensitive to
moisture, so, it is necessary to evaluate their thermal performance due to
the change of relative humidity. The moisture dependence of thermal
conductivity values of different insulating materials made from hemp,
jute, and flax was investigated in the study [108]. Results showed a high
increase of thermal conductivity with increasing moisture content. Data
for the effect of water content in thermal conductivity of three bio-based
concretes derived from hemp, jute, flax noted that there is a linear in
crease in λ-values as the moisture content increases and its effect is more
crucial due to the increase of thermal conductivity of air and water at
high temperature [69]. An experimental study on the effect of humidity
on thermal conductivity of binderless board made from date palm fibers
was investigated in a study of Boukhattem et al. [109]. It showed a
significant increase with volumetric water content ranges from 0 to 40%
and the relationship was expressed as a polynomial function. As a result,
date palm fiberboard can be used as insulation materials in buildings
due to its low thermal conductivity of 0.033 W/(m.K) in a dry state. The
effect of moisture content due to the changes of relative humidity on
thermal performance of wood-based fiberboards was evaluated. Ther
mal conductivity increased almost linearly with increasing moisture
content [50]. The tests carried out on twenty-four soft fiberboards made
from wood fibers also showed that thermal conductivity increases lin
early with increasing moisture content [110]. Abdou and Budaiwi [63]
investigated the thermal performance of eleven different fibrous mate
rials at different percentages of moisture content. The results showed
that higher moisture content is always associated with higher thermal
conductivity for different densities. The data fit a linear relationship for
almost all the specimens except for mineral wool which was expressed
by a non-linear function.
The natural insulators show a low value of thermal conductivity and
better thermal technical characteristics than other conventional mate
rials. However, a major drawback is their high wettability and

3.2.1. Conventional materials
Some experimental investigations in building insulation materials
including mineral wool, fiberglass, and polystyrene have found that an
increase of thermal conductivity is always associated with rising mois
ture content [50,96–98]. Lakatos observed a slight increase of up to 0.2
W/(m.K) for mineral wool and fiberglass samples with varying of
moisture content from 0 to 100% [98]. His previous study with extruded
polystyrene (XPS) confirmed the influence of moisture content on
thermal conductivity [99]. Jerman et al. [97] concluded that thermal
conductivity of mineral wool rises quickly from 0.041 W/(m.K) to
approximately 0.9 W/(m.K) with rising moisture content. Another
investigation was concluded, in which the thermal conductivity of
mineral wool increased from 0.037 to 0.055 W/(m.K) with increasing
moisture content from 0% to 10% by volume [16]. Conversely,
expanded polystyrene (EPS) is only slightly affected by an increase of
moisture content. Its value was 0.037 W/(m.K) in a dry state and 0.051
W/(m.K) in saturated conditions. Another study investigated thermal
performance by cooling polystyrene insulation materials documented
the rise of thermal conductivity due to the increases in moisture content
[39]. An increase of thermal conductivity of mineral wool can reach a
maximum of 446% with increasing moisture content of 15% [63],
compared to the thermal conductivity of rock wool which can increase
312.8% with an increase in moisture content of 13.6% in the latest study
of Gusyachkin et al. [96], and thermal conductivity of fiberglass in
creases nearly 300% by the time if it gained 3% moisture [100]. It can be
explained by the initial moisture content. Samples with higher initial
moisture content always show higher percentage change of thermal
conductivity.
Most of building insulation materials are normally porous and their
the coefficient of thermal conductivity usually ranges from 0.02 to 0.08
W/(m.K) [101]. Due to the high porosity, porous materials can absorb
large amounts of moisture under high humidity conditions resulting in
an increase in the thermal conductivity coefficient [54]. A study of Liu
et al. [102] showed that thermal conductivity of foam concrete rose
rapidly in the low volumetric fraction of moisture content and slowly
increased with increased moisture. The authors later measured the
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absorbability due to an open structure of natural fiber, which can
negatively affect the mechanical and thermal properties. Natural fiber
can be activated with silane surfactant to combat effectively hydrophi
licity and prevent rotting [111]. Some different products for hydro
phobic treatment were chosen to deal with the water absorption and
hygroscopicity of hemp fibers in the study. It was found that the
hydrophobic-treated fibers have shown lower short-term absorbability
compared to untreated ones [112].

3.3. Heat and moisture transport
Both operating temperature and relative humidity have a significant
influence on the thermal energy performance of insulation materials.
Employing experimental analyses, most of the studies have focused on
determining the influencing temperature and moisture content in ther
mal conductivity in a steady state in which its value can be determined
independently at a mean temperature and specific humidity. In reality, it
is essential to determine a simultaneous calculation of the effect of
influencing factors such as temperature, moisture levels, air velocity,
and thickness in thermal conductivity due to the heat transport transient
process. Therefore, many scholars focused on the combined effect of
heat and moisture transfer simultaneously on the insulation λ-values of
materials, based on numerical simulation and experimental investiga
tion [50,72,92,99,116–119].
A numerical problem was modeled to study four stages of heat and
moisture transfer in porous insulation materials [120]. The result
showed that the effective thermal conductivity increases with increasing
ambient humidity. The energy transfer in a multilayered building en
velope was investigated through the coupled heat and moisture transfer.
Modeling the problem in two dimensions and using the Comsol program
[121], Liu et al. analyzed the change of temperature due to the change of
moisture transfer with space and time in both horizontal and vertical
directions. In order to obtain the actual thermal conductivity in the
combined heat and moisture transfer mechanism of porous materials, i.
e., normal concrete, clay brick and aerated concrete, Wang et al. [122]
built a mathematical model calculating the actual thermal conductivity
caused by moisture, different temperatures, and humidity. From the
numerical model, there is an increase in the actual thermal conductivity
when the temperature decreases, and the water vapor pressure in
creases. Khoukhi examined the combined effect of temperature and
moisture content on the change of thermal conductivity of polystyrene
materials and their impact on the energy performance of building [43].
The findings confirmed the increase of thermal conductivity as tem
perature and moisture content increase and the results can be used for
reference to other insulation materials.

3.2.3. Advanced materials
Aerogel is one of the new insulating materials, commonly used in
construction due to its nano-porous structure and excellent thermal
conductivity between 0.014 and 0.022 W/(m.K). In these studies [113,
114], there are some experimental steps, in which the thermal con
ductivity of aerogel in the form of blankets is significantly effect by the
moisture content. The first one documented that the thermal conduc
tivity increases by up to 15% as the relative humidity increases from 0%
to 90%. Whereas the second study showed an increase by 36% in ther
mal conductivity in the same range of relative humidity. An increase in
the thermal conductivity of aerogel-enhanced insulation materials due
to high levels of moisture content was observed in the study [88]. Re
sults showed that the thermal conductivity increased in a wide range of
relative humidity from 0% to 95%. Additionally, there was a correlation
between the density distribution and the increase in the λ-values in
which the lower the density the lower the increasing rate of thermal
conductivity.
The most beneficial conclusion from numerous studies mentioned
above, is to elucidate the crucial impact of moisture content on thermal
conductivity. As a result, thermal conductivity increases with increasing
moisture content due to the presence of liquid phase. Moisture content is
related to thermal conductivity in accordance with a linear law for most
insulation materials. However, some experimental investigations of
mineral wool and foamed insulation materials showed non-linear
equations [46,66]. It could be caused by an increase in the quantity of
air from the increasing the number and size of cells. Another reason
could be the accuracy of experimental measurements and variable lab
oratory conditions or the imperfections of the materials. Supposing that
higher moisture content increases thermal conductivity, Table 3 pre
sents the increased linear between the λ-values and the moisture content
of building insulation materials.

3.4. Density
3.4.1. Traditional materials
The density dependence of thermal conductivity of polystyrene,
fiberglass, and mineral wool was investigated at various mean temper
atures [42]. The thermal conductivity of expanded polystyrene (EPS)
decreases from 0.043 and reached the minimum value of 0.032 W/(m.K)
with rising density from 14 to 38 kg/m3 at a mean temperature of 10 ◦ C
[64]. There was no discussion for this behavior in the article, however, it
may be explained by the air bubble sizes of porous materials in case of
low density which are bigger than in the higher density foam materials.
The higher bubbles provide more intense heat transfer through the
material. As the density increases the air bubbles will be smaller and the
frame structure become more complex. In the smaller bubble the heat
transfer is lower, and additionally the more complex solid matrix system
has a higher thermal resistance. By increasing the density, the solid
content of the system will be higher consequently the thermal conduc
tivity of solid parts become more dominant. These three phenomena
(bubble size, complexity of the frame, amount of solid content) results
an effective thermal conductivity which can reach a minimum value.
Another study also found that the thermal conductivity of EPS decreases
with increasing density in the range of 10 and 25 kg/m3 and the rela
tionship was expressed by a linear function [123]. It is known that
increasing density of the foam materials led to decreasing air content
and size of the air inclusions. In this case, the convection of air and gas
conduction are insignificant, and the heat flow is directed by the con
duction of the solid particles resulting the decreased thermal conduc
tivity. The experimental data of Khoukhi and Tahat contributed to the
assumption that higher density produces lower thermal conductivity. In

Table 3
Thermal conductivity as a linear function of moisture content.
Main group

Insulation
Materials

Relationship

Moisture
range (%)

Reference

Conventional
materials

Fiberglass

4.6e–5 × w +
0.0372
1.023e–3 × w
+ 0.0323
1e–5 × w +
0.0398
7e–4 × w +
0.035
0.017 × w +
0.039
0.00187 × w +
0.039
2.31e–4 × w +
0.0383
7.2e–4 × w +
0.08807
0.298 × w +
0.118
0.365 × w +
0.157
0.239 × w +
0.088
0.2 × w +
0,01859

0–50

[63]

0–35

[89]

0–50

[63]

0–80

[99]

0–40

[67]

0–80

[100]

0–14

[110]

5–30

[115]

0–80

[69]

0–80

[69]

0–80

[69]

0–6

[114]

Rock wool
EPS

PUR
Fiberboard
Alternative
materials

Bagasse
Hemp
Flax
Straw

Advanced
materials

Aerogel
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their first study [65], they measured thermal conductivity of three
polystyrene samples with different densities at four different tempera
tures varying from 10◦ to 43 ◦ C using the guarded hot plate method. The
result showed that lower material density leads to higher thermal con
ductivity values. An equivalent experiment was conducted to support
this hypothesis in their next studies [49,124]. When testing four
heat-insulated EPS and PU samples at the same temperature, the thermal
conductivity first went down and then increased with an increase in
density and reached its minimum value at 0.029 W/(m.K) and 0.026
W/(m.K) in the range of 17 to 18 kg/m3 and 30 to 45 kg/m3, respectively
[56]. Experimental studies of 17 different inorganic samples were
investigated with changing densities from 8.9 to 60 kg/m3 [37]. It is
seen that the thermal conductivity decreases with increasing density for
the same types of materials. Furthermore, the thermal conductivity of
specimens having lower densities increased faster the others.

densities on their thermal conductivity [86]. In the range of optimal
density from 110 to 160 kg/m3, the thermal conductivity of aerogel
reached the minimum value of approximately 0.016 W/(m.K) and the
density of calcium silicate was the key factor to affect the λ-values of the
aerogel composite. Moreover, with an increase of the density of the
silicate up to 250 kg/m3, the thermal conductivity of the aerogel com
posite increased by 200%. The relation between thermal conductivity
and density is nonlinear, the limiting low value of thermal conductivity
is 0.012 W/(m.K) which is denoted for density as 150 kg/m3 [131].
Investigation of VIPs with wood fiber core materials noted that their
thermal conductivity increases slowly with increasing density less than
240 kg/m3 and rapidly increases since the density reaches 260 kg/m3
[132].

3.4.2. Alternative materials
Although conventional materials are mainly used in buildings,
alternative materials derived from natural sources also show the same
performance requirements in heating. A study with open-cell insulation
materials which are made from hemp fibers found that a reduction of
thermal conductivity with an increase of density due to the condensation
inside the sample [125]. Whereas, the thermal conductivity of
concrete-based hemp fibers increases by about 54% when the density
increases by 2/3 [126]. The test of sheep wool showed the thermal
conductivity decreases by up to 21% at 40 ◦ C when the bulk density
increases 50%, from 20 to 40 kg/m3 [66]. However, Sekino concluded
the opposite trend in his experiment with cellulose fibers [127]. The
λ-values increase slightly by approximately 5% with increasing density
from 20 to 110 kg/m3. To explain this conclusion, a parameter named
“the apparent thermal conductivity” was created to elucidate how
density affects λ-values. The number of heat bridges formed by cellulose
fibers increases with rising material density which causes increased
thermal conductivity. The same result in investigating the effect of
moisture on thermal conductivity at various of densities was obtained
experimentally with three bio-based materials: hemp concrete, flax
concrete, and rape straw concrete. It is showed that dry thermal con
ductivity was expressed as a linearly increasing function of the dry
density [69]. Another study of G. Balčiūnas et al. [128] demonstrated
that the thermal conductivity of hemp shives composites depends on
97% of density and the relationship shown as a multiple regression
equation. Also, this specimen had low thermal conductivity from 0.055
to 0.076 W/(m.K) within the range of 210 to 410 kg/m3 due to the low
density of the sapropel binder addictive. Among the different types of
natural fibers, coconut fiber has been used as the potential lightweight
material when using as reinforcement in a composite. A study of three
types of coconut samples exhibited that thermal conductivity decreased
from 0.052 to 0.024 W/(m.K) with an increase in density from 30 to 120
kg/m3 [129].
Table 4 shows the increased linear of some fibrous insulation
materials.

It is a common understanding that the thicker the insulation, the
lower the heat transfer through it [133]. However, thermal conductivity
is not dependent on the thickness of insulation, which instead affects its
thermal resistance [134].
Lakatos et al. investigated the dependence of the thermal conduc
tivity on the thickness of the expanded materials [123]. They proved
that thermal conductivity does not depend on the thickness of the
specimens, contrary to the R-values. The thermal resistance increased
regarding to the calculated data from the measurement. In another study
with sheep wool, the thermal resistance showed an increase with
increasing thickness of samples from 40 to 80 mm at varying of mean
temperature [66]. Mahlia et al. evaluated the correlation between the
thickness and the thermal resistance of fiberglass, urethane, EPS through
the thermal conductivity values [135]. The main objective of the
research was to point out the optimum thickness to achieve the highest
thermal conductivity or the lowest thermal resistance.
The impact of thickness on the thermal transmittance of expanded
polystyrene, glass wool, and wood cement board for the external wall
structure has been investigated [136]. For construction, the thermal
transmittance and its thermal resistance have a reciprocal relationship;
the lower the thermal transmittance, the higher the thermal resistance;
and consequently, the higher thermal insulation of wall structure. The
results indicated that the thermal resistance increased for all three types
of insulation material as the thickness increased up to 0.2 m. In addition,
there is a critical thickness for the thermal insulation of the external
wall. One of the popular ways to improve thermal performance is to use
an enclosed air layer in exterior building envelopes since the air has low
thermal conductivity. Zhang et al. found that the thermal resistance
increased by 14.77% when the thickness of the air layer increased from
10 to 20 mm, but the effect was limited when the thickness exceeded 20
mm [137].
Insulation thickness with material costs, energy saving, and energy
consumption was investigated in some studies whose data is shown in
Table 5.

3.5. Thickness

3.6. Air surface velocity

3.4.3. New technology materials
A model consisting of aerogel, calcium silicate and xonotlite-aerogel
composite insulation materials was built to determine the effect of their

Air surface velocity can affect the heat transfer coefficients, and
therefore, it can affect the heat transfer process. Higher the rate of air
movement across a surface, higher is the rate of heat transfer, and
consequently, higher the surface coefficient [141]. The outside surface
convective heat transfer coefficient is a function of windward speed
which varied from 1 to 10 m/s in a study. From this relationship, the
higher the rate of air speed across a surface, the higher the rate of heat
transfer through the building envelope. Consequently, the higher heat
transfer coefficient resulted in the moderation in the temperature dif
ference between outdoor and indoor temperature. Therefore, it in
fluences the thermal performances of insulation materials. Effects of
wind velocity and orientation were investigated considering four
surface-to-air temperature differences [142]. Results showed that the

Table 4
Thermal conductivity as a linear function of density.
Insulation
Materials

Relationship

Density range (kg/
m3)

Reference

Cellulose fiber
Hemp concrete
Flax concrete
Straw concrete
Straw bale

1.73e–4 × ρ + 0.0262
2.37e–4 × ρ + 0.0196
2.48e–4 × ρ + 0.0192
1.61e–4 × ρ + 0.0221
1.9e–4 × ρ + 0.045

20–110
200–600
200–600
200–600
50–130

[127]
[69]
[69]
[69]
[130]
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Table 5
Insulation thickness with material cost energy saving, and energy consumption of various thermal insulation materials.
Insulation
Materials

Thermal conductivity (W/(m.
K))

Thickness
(mm)

Material cost
($/m3)

Energy Saving
($/m)

Energy Consumption (MJ/f. u.
kg)

Reference

Rock wool
Glass wool
Fiberglass
XPS
EPS

0.04
0.038
0.05
0.035
0.035

50
50
50
50
50

95
155
350
224
155

6.2
5.6
25.6
27.2
28.4

53.09
229.02
–
127.31
80.8–127

PUR
PIR
VIPs
Aerogels

0.022
0.025
0.008
0.015

50
25
5
20

156
152
247
547

–
–
–
–

99.63
69.8
149–226
53.9

[134,138,139]
[15,139]
[139,140]
[37,134,139]
[15,30,37,
139]
[15,139,140]
[15,139]
[15,139]
[15,139]

wind velocity strongly affects the convective heat transfer coefficient, in
which the wind direction had a notable effect for vertical walls and
roofs, but the surface-to-air temperature difference had a negligible ef
fect for wind velocity higher than 2 m/s. The obtained results are also
useful for designing appropriate building envelopes. Moreover, when
calculating the thermal properties of buildings and constructions, sur
face resistance should be considered on the outside and inside of the
structure. Surface resistance generally comprises of the combined heat
transfer by radiation and convection, it can be increased by decreasing
the air velocity and can be used to calculate the energy need for heating
or cooling [143].
In the laboratory, where sample is well-insulated and well-protected
from the wind, there is negligible influence on the permeability of the
insulation materials. However, in real climate conditions, there is a
significant impact of wind on thermal performances of building enve
lopes, which has not yet been determined. Excellent thermal perfor
mance can be achieved by using thicker layer, higher airflow velocity, or
lower thermal conductivity of porous material. The heat flux entering
the indoor space can be reduced to practically zero, when the exhaust
airflow velocity in porous layer reaches to 0.003 m/s [101].

The other specimens of aerogel and xonotlite calcium silicate also
showed a considerable decrease in thermal conductivity with a drop of
pressure, and approach to a constant when pressure is less than 104 Pa,
and 102 Pa, respectively [86]. The same trend was also derived from the
experimental study of Tang et al. [61].
3.8. Aging
It is generally known that the mechanical properties and thermal
performances of insulation materials alter significant over the time. One
of the most impactful aging influences on the thermal conductivity is the
diffusion of the highly insulating blowing agents, and the infusion of air
from the environment which may absorb moisture into the material
[148]. Bhattacharjee et al. has first given the model of thermal con
ductivity of foam insulation materials which experience three stages
throughout their aging process [149]. The impact of environmental
aging, through exposure to high temperature and moisture on the tem
perature and humidity dependent conductivity of polyurethane (PUR)
and polyisocyanurate (PIR) foam materials has investigated in the study
[148]. Results showed that the thermal conductivity of closed-cell PUR
is much higher after the aging from 1 to 4.5 months and the change in
the first month is greater than the rate change later in the process.
Whereas the effect of aging in the open-cell PUR is minimal but the
initial λ-value is higher than the measured closed-cell materials. In case
of determining the moisture dependent conductivity, all samples were
stored in the chamber to expose the materials from dry state to relative
humidity of 90%. The effective thermal conductivity was subsequently
observed that there was a slightly increase with higher humidity,
especially at very low temperature. In the latest study of Winkler-Skalna
et al. [90], the changes in the effective thermal conductivity of five PUR
samples with the effects of density, thickness, and average temperature
after the aging was analyzed. The first stage is to determine the initial
thermal conductivity values at different mean temperature before
heating for 7 days, 21 days, 90 days, and 175 days. For most PUR types,
the highest increment in the value of λ coefficient with mean tempera
ture was noted in the 7 days and 21 days of conditioning. Meanwhile,
there was a distinct drop in the rise of the λ coefficient with increasing
density from 40 kg/m3 to 80 kg/m3. To investigate the effect of the age
of materials on the effective thermal conductivity of foam insulation,
Berardi observed the impact of temperature and moisture content on
thermal conductivity in a pristine condition and after heating for 4.5
months [148]. As a result, there is a minimal increase in thermal con
ductivity with temperature of polyurethane materials after aging. It is
explained by the diffusion of gas in the material of lower density,
because the lower is the apparent density of the foam material, the
higher the percentage of gas filling up the cells, and thus the higher the
impact of aging.
The main aging mechanism of VIPs are moisture penetration and air
impact in which air causes the pressure growth inside the materials and
moisture can penetrate the core structure [131]. The influence of aging
on thermal properties was also tested for VIPs in some studies [146,

3.7. Pressure
The most commonly used insulation materials in buildings are
fibrous insulations. Heat transfers through a fibrous insulation involves
combined modes of heat transfer: solid conduction through fibers, gas
conduction and natural convection in the space between fibers, radia
tion interchange through participating media. If solid and radiative
contributions are independent of gas pressure, changing pressure affects
the effect of gas conduction to the effective thermal conductivity. This
contribution investigated by Zhao et al. [144]. The results noted a sig
nificant increase in effective thermal conductivity of fibrous insulation
materials from 0.01 to 0.04 W/(m.K) with an increase of pressure from
10-2 to 105 Pa.
Vacuum insulation panels (VIPs) are effective thermal insulators due
to their lower thermal conductivity compared to other traditional
insulation materials. The thermal conductivity coefficient of VIPs at
vacuum pressure varied in the range of 0.001 to 0.002 W/(m.K). Some
conventional materials used as the core in VIPs such as glass fiber,
polyurethane foam, or polystyrene foam showed an increase in λ-values
with increasing pressure in the range from 10 to 105Pa [145]. For
instance, the thermal conductivity of extruded polystyrene showed an
increase from 0.006 W/(m.K) at 10 Pa to 0.031 at 105 Pa [146]. A
possible explanation is that the thermal conductivity of air inside the
pore structures increases when the pressure increases from vacuum to
ambient over the time [147]. Another potential insulation material,
aerogel, has low thermal conductivity of approximately 0.0135 W/(m.K)
at ambient pressure and can be reduced to 0.004 W/(m.K) at a pressure
reduced to 50 mbar [83]. Liu Hua et al. [87] documented the effective
thermal conductivity of silica aerogel increased nonlinearly from 0.014
to 0.044 W/(m.K) with raising the pressure using the inverse method.
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150]. Fantucci et al. [48] evaluated the changes in thermal conductivity
of VIPs with aging. It showed a rapid increase of λ-values from 0.0048 to
0.0051 W/(m.K) after the first 20 months and a slow increase between
8% and 10% for the next 20 months. Generally, in order to predict the
aging influence and further exceed the service life of VIPs, it is essential
to determine the gas and water vapor permeance velocity as well as the
relation between these parameters and the materials properties, size,
and temperature of the VIPs.
In general, evaluation of the effects of aging through the tempera
ture, moisture, density on the dependence of thermal conductivity is
very useful to develop the hygrothermal models in order to assess how
insulation materials perform over the life cycle of a building under real
environmental conditions.

from ̶ 10◦ to 50 ◦ C [28,37,42,48,66,68,69,88]. Fibrous insulation ma
terials such as fiberglass, hemp fibers, flax fibers, cellulose fibers, sheep
wool are more affected by temperature than other insulation materials.
Besides, thermal conductivity of samples having lower densities
increased faster in relation to the increase in temperature. In other
words, low density implies large pore volume and much more air con
tent which causes a greater effect of operating temperature on λ-values.
Additionally, the starting thermal conductivity of the open cell materials
(fiberglass, rockwool) is much higher than that of the closed-cell ma
terials (XPS, EPS, PUR). due to the high initial moisture content of the
samples. Also, the thermal conductivity of aerogel and VIPs may be 2–3
times lower than that of conventional insulating materials. The increase
in the thermal conductivity of new advanced materials is subjected to
high levels of temperature, moisture content, and aging effect. Com
bined insulation materials also exhibit temperature-dependence due to
the high density and water absorption from surroundings. It is reported
that the temperature-dependent laws is linear.
Changes in thermal conductivity due to moisture variations can be
explained by a shift in the division of the thermal and humidity distri
bution in the structure, which alters the sorption properties of the ma
terial. Fig. 3 [63,66,88,115,158] illustrates the changes in thermal
conductivity as the moisture content increases. The thermal conduc
tivity of natural fibrous insulating materials rises more sharply than that
of foam materials for the same increase in moisture content at the same
temperature of 24 ◦ C. Since the fibrous materials are naturally hygro
scopic and have a porous structure, they can accumulate moisture by
adsorption from the air. The ability of moisture to penetrate into the
internal open pore system at increased relative humidity significantly
affects the temperature distribution as well as the thermal conductivity.
Examination of results revealed that higher moisture content is always
related to higher thermal conductivity for all densities. In addition,
samples with higher density generally exhibit larger changes in λ-values
at the same moisture content. Materials having similar density but
conditioned at different initial moisture content exhibit different re
lationships between the thermal conductivity and moisture content. The
rate of change in thermal conductivity with moisture content is higher at
higher initial moisture content. The lower the density of open-cell
insulation materials, the higher the effect of moisture content on the
thermal conductivity. An increasing in thermal conductivity of aerogel
with increasing moisture content reflects that the hydrophilic properties
of the materials need to be investigated for use in building and
construction.
Recent studies confirmed that thermal building materials are
considerably influenced by moisture and to a lesser degree, by ambient

4. Discussion
Insulation materials can be classified as conventional and state-ofthe-art materials. Specifically, conventional materials are fibrous ma
terials including inorganic such as fiber glass, mineral wool (rock wool,
glass wool) or natural/bio-based insulation materials and organic, like,
polystyrene, polyurethane (PUR), polyisocyanurate (PIR). Besides,
recent applications in building envelopes are using innovative materials
such as vacuum insulation panels (VIPs), aerogel due to their high
thermal resistance. Most of commonly used building insulation mate
rials considerable influenced by the environmental conditions due to
their porous structure and the proportional of air or other gas filling up
the cells. The heat conduction of an insulator is strongly influenced by
several factors: temperature, moisture content, density, aging time,
along with secondary factors such as raw material, cell gases, nature and
microstructural of solid component, air surface velocity, pressing, and
sample thickness. A comparison of thermal conductivity and density in
common building insulation materials collected from published studies
are shown in Fig. 1 [8,12,28,32,35,37,42,46–48,63–66,80,89,96,
151–157]. Materials having low thermal conductivity (below 0.05
W/(m.K)) and low density (below 100 kg/m3) are placed in the first
group. These are the most commonly used insulation materials in
buildings today. The second group with aerogel and VIPs also has low
thermal conductivity, but higher density than that in the first group. The
last group shows materials with the highest thermal conductivity and
the highest density.
Due to the fact that molecule movements is the basic of heat con
duction, the temperature has a huge impact on thermal conductivity of
insulation materials. Fig. 2 shows an increase in thermal conductivity for
four groups of insulation materials with increasing mean temperature

Fig. 1. Comparison of thermal conductivity and density in common insulating materials.
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Fig. 2. Effect of mean temperature on thermal conductivity of various building insulation materials: (a) inorganic materials; (b) organic materials; (c) advanced
materials; (d) combined materials.

temperature. Due to the accumulation of moisture on the surface of a
building envelope, some vapor condenses into liquid and changes the
relative humidity. This leads to an increase in thermal conductivity by
an extent greater than that caused by the temperature variation. How
ever, these studies have primarily focused on foam insulation materials
with a large moisture content and latent heat storage capacity. Hence, it
is crucial to study the combined effect of heat and moisture transfers on
the thermal conductivity of building components.
The density is critical for the thermal performance of an insulating
material. Fig. 4 illustrates the variation in thermal conductivity at mean
temperature of 24 ◦ C with density of conventional insulation materials
(Fig. 4a) and natural fibrous insulating materials (Fig. 4b). Generally,
the most favourable densities range for practical investigation falls be
tween 20 and 140 kg/m3.
For closed-cell materials, it can be stated that high density shows low
thermal conductivity. At densities range from 20 to 40 kg/m3, the
thermal conductivity of EPS, XPS, and PUR insulation materials shows

Effect of Various Factors Influencing Thermal...

the trend that decreases as density increases as shown in Fig. 4a [37,42,
63]. It is because higher density means smaller pores and less than air
volume, resulting in the heat flow through the materials is mainly
governed by the thermal conduction of the solid particles, while the
effect of the heat transfer by convection and radiation becomes insig
nificant. This causes a decrease in λ-values. Besides, the variation in
thermal conductivity values of EPS and PUR can be explained by the
difference of microstructure, porosity, and pore dimensions of the foam
insulation materials. The thermal conductivity of open-cell materials
also shows the linear decrease as the density increases in the range of 40
and 140 kg/m3 and the changes in thermal conductivity values of
mineral wool and fiberglass can be explained by the air bubbles present
in the porous structures. Besides, the effect of density on thermal con
ductivity of open-cell materials is generally lesser than that of closed-cell
materials. It is because the diffusion of gas in the foam materials; the
higher the apparent density the lower the proportional of gas filling up
the cells, and thus the lower the impact of other influencing factors like
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Fig. 3. Effect of moisture content on thermal conductivity of various building insulation materials: (a) fiberglass, (b) rockwool; (c) natural materials; (d) aerogel.

mean temperature, moisture content, or aging. On the other hand,
fibrous materials such as bagasse, palm, coconut fibers showed the
variation in which the thermal conductivity decreased to a minimum
and then increased as density increased from the minimum possible
value upwards [66,129,155]. This behavior shows the same reaction
with the result in article [64], therefore, it can be explained by three
phenomenon include bubble size, complexity of the frame, and the
amount of solid particles. Besides, the non-linear decrease may come
from the reduction of wettability and absorbability due to a reduction of
the voids in open structure of the natural fiber since increased density.
The decreased thermal conductivity may be explained by the heat
conduction mechanism, if fibrous materials are high density, thermal
conductance through the solid particles is more important than both
radiation and convection. In this conduction, the thermal conductivity is
decreased whit the density increases. Additionally, it is also shown that
an increase in solid fiber density reflected an increase in thermal con
ductivity values of the fibrous batt after reaching the minimum value
and it is consistent with loose fill materials having higher thermal con
ductivity than closed-cell insulation materials.
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5. Conclusions
This comprehensive review provides a detailed discussion on the
factors influencing the thermal conductivity of insulation materials.
Temperature, moisture content, and bulk density are the primary factors
significantly affecting the thermal conductivity coefficient, depending
on the material. Other factors such as thickness, airflow velocity, pres
sure, aging also influence the thermal performances. In most cases, the
thermal conductivity shows a linearly increasing trend with tempera
ture. The moisture content strongly affects the thermal conductivity of
both organic and inorganic materials. Bulk density also plays an
important role in determining the thermal conductivity with opposite
trends, it may exhibit a linear decrease for conventional materials and
nonlinear variation for organic materials. This function seems to be
linear decrease in types of conventional materials or shows a non-linear
with natural fiber materials. Depending on the relationship between
thermal conductivity and influencing factors, fibrous insulation mate
rials show more sensitivity to temperature, moisture, and density
compared to the other conventional materials. Understanding the
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Fig. 4. Effect of density on thermal conductivity of various building insulation materials: (a) conventional insulation materials; (b) natural fibrous insu
lation materials.

quantitative relationship between the effective thermal conductivity
and the influencing factors of the insulation materials is fundamental in
determining the envelope heat, mass transfer, and building energy
consumption.
Published studies demonstrate that influencing factors cannot be
ignored. Recently, the design methods calculate with a standardized
value, measured in ideal laboratory conditions and these results are
shown in marketing products. However, reality is much more transient.
With the increasing importance of energy savings and decreasing the
embodied energy of insulation materials, more sophisticated calculation
methods will be needed in the near future. These new methods can
rearrange the evaluation aspects, but undoubtedly will need more
complex technical equipment and calculation processes. In fact, new
calculation methods could not determine the perfect values, but they
provide a better approximation of the performance of insulation.
Furthermore, the research gaps found in some publications and existing
empirical studies should be considered in future works.
In further investigations, it would be interesting to compare the
calculated thermal performance and the real performance on the site of
an insulated structure. This finding provides the following insights for
future research to examine the dependence of thermal properties
including thermal conductivity, thermal diffusivity, heat specific ca
pacity, coefficient of thermal expansion on their moisture content,
temperature differences, density, and air velocity of the thermal in
sulators derived from natural fibers.

References
[1] S. Lemmet, Buildings and Climate Change. Summary for Decision-Makers, UNEP
SBCI, 2009.
[2] E. Useia, International energy outlook 2018 - highlights. https://www.eia.
gov/pressroom/presentations/capuano_07242018.pdf, 2018.
[3] J.G. Olivier, K. Schure, J. Peters, Trends in Global CO2 and Total Greenhouse Gas
Emissions, PBL Netherlands Environmental Assessment Agency, 2017, p. 5.
[4] S. Solomon, IPCC (2007): Climate Change the Physical Science Basis vol. 2007,
AGUFM, 2007. U43D-U01.
[5] R. Pachauri, A. Reisinger, Climate Change 2007. Synthesis Report. Contribution
of Working Groups I, II and III to the Fourth Assessment Report, Cambridge
University Press, Cambridge, 2008.
[6] R. American Society of Heating, I. Air Conditioning Engineers, ASHRAE
Fundamentals Handbook 2001 (SI, American Society of Heating, Refrigerating &
Air Conditioning Engineers, Incorporated, 2001.
[7] M.S. Al-Homoud, Performance characteristics and practical applications of
common building thermal insulation materials, Build. Environ. 40 (3) (2005)
353–366.
[8] H. Zhang, W.-Z. Fang, Y.-M. Li, W.-Q. Tao, Experimental study of the thermal
conductivity of polyurethane foams, Appl. Therm. Eng. 115 (2017) 528–538.
[9] R. Walker, S. Pavía, Thermal performance of a selection of insulation materials
suitable for historic buildings, Build. Environ. 94 (2015) 155–165.
[10] L. Aditya, T. Mahlia, B. Rismanchi, H. Ng, M. Hasan, H. Metselaar, O. Muraza,
H. Aditiya, A review on insulation materials for energy conservation in buildings,
Renew. Sustain. Energy Rev. 73 (2017) 1352–1365.
[11] F. D’Alessandro, S. Schiavoni, F. Bianchi, F. Asdrubali, Insulation materials for
the building sector: a review and comparative analysis, Renew. Sustain. Energy
Rev. 62 (2016) 988–1011.
[12] B. Abu-Jdayil, A.-H. Mourad, W. Hittini, M. Hassan, S. Hameedi, Traditional,
state-of-the-art and renewable thermal building insulation materials: an
overview, Construct. Build. Mater. 214 (2019) 709–735.
[13] B. Peavy, A heat transfer note on temperature dependent thermal conductivity,
J. Therm. Insul. Build. Envelopes 20 (1) (1996) 76–90.
[14] N. Yüksel, The Review of Some Commonly Used Methods and Techniques to
Measure the Thermal Conductivity of Insulation Materials, Insulation Materials in
Context of Sustainability, IntechOpen, 2016.
[15] W. Villasmil, L.J. Fischer, J. Worlitschek, A review and evaluation of thermal
insulation materials and methods for thermal energy storage systems, Renew.
Sustain. Energy Rev. 103 (2019) 71–84.
[16] B.P. Jelle, Traditional, state-of-the-art and future thermal building insulation
materials and solutions–Properties, requirements and possibilities, Energy Build.
43 (10) (2011) 2549–2563.
[17] E.C.f. Standardization, Thermal Performance of Building Materials and Products Determination of Thermal Resistance by Means of Guarded Hot Plate and Heat
Flow Meter Methods - Dry and Moist Products of Medium and Low Thermal
Resistance, 2001.
[18] E.C.f. Standardization, Thermal Performance of Building Materials and Products Determination of Thermal Resistance by Means of Guarded Hot Plate and Heat
Flow Meter Methods - Products of High and Medium Thermal Resistance, 2001.
[19] E.C.f. Standardization, Thermal Performance of Building Materials and Products Determination of Thermal Resistance by Means of Guarded Hot Plate and Heat
Flow Meter Methods - Thick Products of High and Medium Thermal Resistance,
2000.

Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgement
The work was carried out as part of the “Sustainable Raw Material
Management Thematic Network – RING 201”, EFOP-3.6.2-16-201700010 project in the framework of the Széchenyi 2020 Program. The
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ABSTRACT
In the laboratory, a new approach of soil enhancement involving semi-flexible vertical reinforcing pieces was
studied, and it shows promise for further research. Load testing were performed in a sand box on two model
footings utilising unreinforced sand subgrades as well as after reinforcing the sand with vertical reinforcing
pieces. The unreinforced and reinforced sand cases' ultimate bearing capabilities were compared. The impact of
length, spacing, lateral extent of reinforcement, and initial relative sand density on ultimate bearing capacity is
explored. The effect of reinforcing element roughness has also been explored. Based on the findings of these
experiments, it appears that reinforcing loose and medium sands with flexible vertical pieces can significantly
improve their final bearing capacity.
Keywords: reinforcement, footings, bearing capacity, and soil improvement.

INTRODUCTION
The concept of improving week and difficult subsoils for safe and economical construction has been in use for
more than a century. However, the techniques for soil improvement have been changing and, during the last
three decades, the concept of soil improvement by reinforcing it with tension-resistant elements in the form of
sheets, strips, metal nets, woven or resin fibers, polymers, and plastics has received the attention of researchers
and field engineers alike. The applications of reinforced earth technology to date show that most of the work has
been done with reinforcement laid horizontally. Several studies relating to the evolution of bearing capacity of
shallow foundations supported on soil with horizontal layers of reinforcement have been published.
In recent years major research effort has been applied on use of geotextiles and geogrids soil improvements.
Hence it appears possible to use semi-flexible non-horizontal reinforcement in soil to improve its load-bearing
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capacity for supporting shallow foundation. Vertical reinforcement may be easier to install than the horizontal
reinforcement since no soil excavation or recompaction may be needed. A preliminary study for determination
of the beneficial effects of vertical reinforcement on the load-bearing capacity of a model footing resting on the
surface of a sand layer reinforced with vertical semi-flexible reinforcement (i.e., metal rods) has been reported
by Verma and Char (1986).
The present study deals with the evaluation of beneficial effects of vertical reinforcement in sand in relation to
the improvement in ultimate bearing capacity of shallow strip foundations. A laboratory investigation was
conducted to study the important parameters influencing the effectiveness of the vertical reinforcement in
improving the load-settlement characteristics of sand subgrades by conducting a series of model footing tests.
The details of these tests and the results are presented here.
MODEL TEST DETAILS
Test Set-Up
Model footing tests under plane strain conditions were conducted in a sand box measuring 914.4 mm x 152.4
mm x 609.6mm (length x width x height). The larger side of the box was made of thick plexiglass to observe the
deposition of sand in the box during sample preparation and the development of the failure surface in the sand
under the foundation during the model tests. The sooth surface of the plexiglass also helped to minimize the
effect of side resistance on the rupture surface in the soil resulting in plane strain condition. The walls of the box
were also restrained against lateral deformation by stiffing them with angle irons. A schematic diagram of the
test arrangement is shown in Figure 1.
The load on the model footing was applied with the help of a hand-operated screw jack and measured with a
proving ring. The vertical settlement of the footing was observed with a pair of dial gauges fixed to extension
links on either side of the model footing.
Test Parameters
The model footing used in this study measured 50.8 mm x 152.4 mm x50.8 mm (thickness) and 101.6 mm x
152.4 mm x 50.8 mm (thickness) and were cut from hard wood. The base of the footings was made rough by
gluing sand grains to the base.

The soil used for this study was medium silica sand with a unified soil classified of SP. The effective size of the
sand and the uniformity coefficient were 0.398 mm and 1.2 mm, respectively. The tests were conducted by
depositing sand at initial relative densities of 45, 60, and 70 percent.

Determination of Ultimate Bearing Capacity...

513

R. B. Rao et al.

National Conference on Structural Design and Engineering Materials (SDEM'17)
Organised by Department of Civil and Mechanical Engineering, AIET Bhubaneswar. 21st - 23rd Oct. 2017

Figure 1. Schematic of the load set-up
Two types of reinforcing elements were used in the investigation: (a) plain reinforcement that consisted of 1.58
mm diameter steel rods and (b) rough (or ribbed) reinforcement which consisted of steel rods with a single
grain layer of very fine sand bonded onto its surface using epoxy glue. The over all diameter of the steel rod
with glued sand was also kept as 1.58 mm. tests were conducted using several combinations of length (L),
spacing (S), and extent of the reinforcement (R) as shown in T
able 1. The parameters L, S, and R are defined in
Figure 2a, b.
Table 1. Test Parameters
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Figure 2. Geometry of reinforcement in the soil box (a) Section view (b) Top view
Test Procedure
The sand test beds were prepared by depositing sand in layers through a long –stemmed funnel. The height of
free fall of sand to ensure a deposit of uniform density was decided by conducting trail tests. The uniformity of
deposit was checked by placing small containers before depositing any sand layer and taking out and weighing
them after the layer was deposited.
The vertical reinforcement was gently pushed into the sand bed at predetermined spacings. The sand bed was
leveled after the placement of the reinforcement and before placing the model footing on it.
The load to the foundation was applied in increments. Each load was maintained constant until no
further settlement of the footing occurred. The process of loading was continued until ultimate load was reached
or the settlement became excessive (25 mm).
TEST RESULTS AND DISCUSSION
The effect of providing vertical reinforcement in the soil was to increase its ultimate bearing capacity compared
to the case where no reinforcement was provided. Figure 3 shows typical plots of load intensity versus
settlement for footing of width 50.8 mm for the cases of unreinforced sand and for reinforced sand (for L = B,
1.5B and 2B, and S/B=0.4 ). These plots are sand at an initial relative density of 45%. It can be seen from these
plots that, with the introduction of reinforcement, the ultimate bearing capacity increases and the load intensity
for any given value of settlement is higher for a reinforced soil than for the unreinforced soil. The improvement
in the load-settlement characteristics of the soil reinforced with vertical elements may be due to several factors,
such as increase in density of sand (due to installation of reinforcing elements), the change in stress distribution
within the soil and the change in the mode of failure.
Determination of Ultimate Bearing Capacity...
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The effect of reinforcement parameters such as length (L), spacing (S), and extent (R) was first investigated
and an optimum combination of these parameters was determined. The effects of initial soil density and
roughness of reinforcement were then determined.
Effect of the Length of Reinforcement (L)
Typical plots showing the effect of length of reinforcing elements on the load settlement characteristics of the
footing with a width B = 50.8 mm tested on a sand bed at an initial relative density of 45% are been shown in
Figure 3. In these tests the spacing (S) and extent of reinforcement (R) were maintained constant at 0.4B and B,
respectively, and the tests were conducted by using reinforcing elements of length, L = B, 1.5B and 2B. As can
be seen from this figure, both the ultimate bearing capacity and the load-settlement characteristics improve with
increase in length of reinforcing elements. Similar effects of length of reinforcing elements on bearing capacity
were observed in all other tests as well.

Figure 3. Settlement versus load intensity for footing, B = 50.8 mm, R = B, and S/B = 0.4
Effect of Spacing on Reinforcement (S)
Typical plots showing the effect of spacing of vertical reinforcing elements on the bearing capacity and loadsettlement characteristics of the footing with B = 50.8 mm are shown in Figure 4. For these tests, the length of
reinforcement (L) and its extent (R) were maintained constant, and spacings S = 0.2B, 0.3B, and 0.4B were
used. It may be observed in Figure 4 that the ultimate bearing capacity and the soil pressure for a given value of
settlement increase as the spacing of reinforcing elements is decreased. The result of other tests conducted for
investigating the effect of spacing also gave similar results.
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Figure 4. Settlement versus load intensity for footing, B = 50.8 mm, R = B, and L = B
Effect of Extent (R)
A typical plot showing the effect of the extent of reinforcement (R) is shown in Figure 5. The general effect of
increasing the extent from R = B to R = 2B is to increase the ultimate bearing capacity (with parameters L and S
kept constant).

Figure 5. Settlement versus load intensity for footing, B = 50.8 mm, L = B, and S/B = 0.4
Optimum Combination of Length, Spacing, and Extent of Reinforcement
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Based upon the results of load tests conducted on the model footing with B = 50.8 mm and 101.6 mm and within
the range of variables L, R, and S used in this study, it was observed that for the best improvement in ultimate
bearing capacity, the combination of reinforcement parameters would be as shown in Table 2 for any given
initial relative density of sand. Spacing of vertical reinforcement for best results (i.e., maximum improvements
in this case) is in the range of 0.15B to 0.2B.
Table 2. Optimum Combination of Reinforcement Parameters

In order to make a quantitative assessment of the beneficial effects of vertical reinforcing elements in improving
the ultimate bearing capacity of the reinforced soil compared to unreinforced soil at different placement densities
of sand, a nondimensional term, bearing capacity ratio (BCR) can be defined as
(1)
in which qu(u) = ultimate bearing capacity of unreinforced soil and qu(r) = ultimate bearing capacity of
reinforced soil.
Plots were then made of the ‘BCR’ versus initial relative density of sand ‘Dr’ for footing with B = 50.8 mm and
101.6 mm at optimum combinations of reinforcement parameters as shown in Table 2. It can be observed from
Figure 6 that the value of BCR for all initial relative densities of soil used in the tests is greater than one. The
beneficial effect of the vertical reinforcement therefore occurred at all placement densities used in this study. The
magnitude of the increase in BCR is, however, a function of the initial relative density of sand. The value of BCR
is seen to increase with the increase in initial relative density Dr up to a maximum value and decreases thereafter
(Figure 6). This may be due to the fact that when the vertical reinforcement (elements) are installed in sand at
relatively lower densities, it gets somewhat compacted and the combined effect of this increase in density and
presence of reinforcing elements results in a substantial increase in the value of the BCR. When the
reinforcements are installed in a relatively dense sand, the upper sand layer get somewhat loosened and the
increase in BCR diminishes somewhat. The maximum value od BCR will thus be achieved at some intermediate
density. For the present tests, the maximum value was observed at a relative densities of compaction of about 50
to 60%. It is also seen from Figure 6 that the plots of BCR vs. Dr for the footings of width 50.8 mm and 101.6
mm used in this study, are rather close and may be represented by an average curve and thus may be considered
to be practically independent of the width of the foundation.
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Figure 6. Plot for BCR versus Dr for optimum combination of reinforcement parameters
Effects of Roughness of Reinforcement
The tests conducted by using rough (ribbed) reinforcement showed that rough reinforcing elements are more
effective in improving the load settlement behavior of sand as compared to the case of plain reinforcement.
Figure 7 shows typical pressure versus settlement plots for the footing with B= 101.6 mm for sand reinforced
with plain and ribbed reinforcement at an initial relative density of 60%, L = 1.5B, R = 2B, and S = 0.4B.
Benefits of using ribbed reinforcement as compared to plain reinforcement are obvious from these plots (Figure
7). A similar trend was observed in all tests where rough reinforcement was used. Other parameters remaining
constant, the ultimate bearing capacity was generally 40-50% higher with ribbed reinforcement as compared to
the value for the case of plain reinforcement. It must be mentioned here that, even though rough reinforcement is
more effective in improving the load settlement behavior of sand deposits compared to plain reinforcement, its
installation poses some problems.

Figure 7. Plot for settlement versus load intensity for footing
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B =101.6 mm, L/B = 1.5, R/B = 2, and S/B = 0.2
CONCLUSIONS
The beneficial effects of using vertical reinforcing elements in improving the load settlement behavior of sand
subgrades have been demonstrated through a series of small scale footing tests in the laboratory. The
improvement in the ultimate bearing capacity of reinforced sand subgrades depends upon the spacing, length,
and extent of the reinforcing elements. Based on the results of these tests the best results can be obtained by
using the reinforcing elements as suggested below:
Spacing of the vertical reinforcement used should be about 0.15 to 0.2 times the width of the footing.
The length of the reinforcement used should be at least equal to the width of the footing and preferably should be
1.5 times the footing width. Reinforcing elements longer than about 1.5 times the footing width may pose
problems during placement and may not enhance the bearing capacity further.
The extent of the reinforcement used should be at least 1 to 1.5B. The rough reinforcement was found more
effective in improving the ultimate bearing capacity as compared to plain reinforcement.
For the sand used in this study, the beneficial effects of using vertical reinforcement are more prominent for soils
at lower initial densities. The bearing capacity ratio increases as the initial density of sand increases, becomes
maximum at a certain optimum density, and decreases thereafter. Further studies are necessary to quantify
parameters for actual design conditions.
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