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A B S T R A C T  

 

This paper analysis heat transfer and angular velocity of micropolar ethylene-glycol nanofluid over the 

triangular, rectangular and chamfer fins on the stretching sheet. The innovation of this paper is to 
investigate parameters of nanofluid flow passing from the different fins on the stretching surface. The 

finite Element Method is selected for solving governing equations. The nanofluid temperature in the 

space of fins is warm and equal to the surface temperature. The temperature value is 30 degrees. The 
maximum values of nanofluid temperature exist in the last fin of surfaces. By passing the nanofluid flow 

from the first fins of the surface, the temperature of flow comes from 25℃ to 31℃  and at the ends of 

the surface, the temperature is high value. The maximum of ethylene glycol angular velocity occurs at 
x=0.9 for chamfer and rectangular modes and the minimum of temperature occurs at x=0.8 for 3 different 

fins. The angular velocity for nanofluid on the triangular and chamfer modes is 6.5% bigger than other 

baffles. 

doi: 10.5829/ije.2022.35.05b.01 
 

NOMENCLATURE 

H Distance the plates (m) Nb Brownian motion 

C Nanofluid concentration Tc Temperature of the cold wall (K) 

K Dimensionless temperature ∆� Temperature difference 

x, y Coordinates (m) Greek Symbols 

u,v      Velocity components (m/s)   Density (kg/m3) 

 � Dimensionless temperature µ Dynamic viscosity (kg/m. s) 

�    Kinematic viscosity (m2/s)  � Thermal expansion (1/K) 

Cp Specific heat at constant pressure (J/kg.k) α Thermal diffusivity (m2/s) 

k Thermal conductivity (W/m.k )   Kinematic viscosity (m2/s) 

P Modified fluid pressure ∅   Dimensionless concentration 

g	  Gravitational acceleration (m/s2)  σ Electrical conductivity (s/m) 

Pr Prandtl number (υ/α) B0    Magnetic field intensity 

Nt Thermo-phoretic parameter σnf Ferrofluid electric conductivity 

 
1. INTRODUCTION1 

 

Thread stretching sheet with different fins at steady-state 

two-dimensional flow of a micropolar/classical ferro-

 
*Corresponding Author Email: pasha.pooya@yahoo.com (P. Pasha) 

fluid was investigated. A ferrofluid is a form of fluid that 

exists in which micro particles of iron, magnetite, or 

cobalt. Ferrofluids are made-up of magnetic iron pieces 

suspended in oil, commonly kerosene, with a surfactant 
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to prevent oleic acid. Ferrofluids and nanofluids are used 

in rotary seals in computer hard drives and other rotating 

shaft motors [1–9]. Ţălu et al. [10] investigated the fractal 

geometry of internal thread surfaces manufactured by 

cutting tap and rolling tap. The application of fractal 

geometry in internal threads surface characterization to 

disclose fault fine structures of the internal thread 

geometry caused by the manufacturing process is briefly 

presented in this work. Zheng and Dai [11] studied a new 

finite element method for computing structural stochastic 

responses of linear problems. The method decouples the 

stochastic response into a sequence of deterministic 

responses with random variable coefficients and gives a 

new expansion of stochastic response. Pasha et al. [12] 

investigated the analytical solution of non -Newtonian 

second–grade fluid flow by VIM and ADM methods on 

a stretching sheet. This study aimed at investigating the 

variation of heat transfer and velocity changes of the fluid 

flow along the vertical line on a surface drawn from both 

sides. Coggon [13] have reviewed electromagnetic and 

electrical modeling by the finite element method. The 

finite element approach is based on energy minimization 

in the solution of physical problems; in this case, 

electromagnetic energy is minimized. Numerical and 

analytical comparison of the stability and instability of 

angular motion of a bar drawn by a spring by AGM 

method reviewed by Pasha et al. [14]. Krishna et al. [15] 

have researched Hall and ion slip effects on unsteady 

MHD free convective rotating flow through a saturated 

porous medium. The present study has an immediate 

application in understanding the drag experienced at the 

heated and inclined surfaces. Tripathy et al. [16] 

investigated the chemical reaction effect on MHD free 

convective surface over a moving vertical plate. In this 

research, the nonlinear partial differential equations were 

transformed into a two-point limit value problem with the 

help of similarity and t variables. Sarkar and Sahoo [17] 

studied the unsteady MHD flow on a stretchable rotating 

disk with heat transfer. Turner and Weidman [18] 

investigated Homann stagnation-point flow impinging on 

a biaxially stretching surface. The normal impact of the 

axial flow of the Homann stagnation point on a surface 

running perpendicularly, planar, biaxial is investigated. 

Application of numerical methods in micropolar fluid 

flow and heat transfer in permeable reviewed by Pasha et 

al. [19]. Thread stretching sheet with different fins at 

steady-state two-dimensional flow of a 

micropolar/classical ferro fluid was investigated [20–32]. 

This paper analysis heat transfer and angular velocity of 

micropolar ethylene-glycol nanofluid over the triangular, 

rectangular, and chamfer fins on the stretching sheet and 

investigated the magnetism effect around the different 

fins. The innovation of this paper is to investigate 

parameters of nanofluid flow passing from different 

positions of the fins ({rectangular, triangular and chamfer 

fins}- {rectangular and chamfer fins}-{ rectangular and 

triangular fins}-{ triangular and chamfer fins}) on the 

stretching surface. The structure of this paper is a study 

on the differential equations of ethylene glycol nanofluid 

by finite element strategy. By this strategy, the magnetic 

parameter, velocity, and temperature of the nanofluid 

were studied in separate contours. The problem of grid 

study is shown in Figure 1 as flowsheet.  

 

 

2. PROBLEM DEFINITION 

 

On a stretching sheet with ten numbers of different fins 

in the y > 0 direction, a steady-state two-dimensional 

flow of a micropolar/classical ferrofluid was assumed as 

shown in Figure 2. In the geometry of this paper, we 

discussed the effect of using fins with different shapes on 

nanofluid heat transfer and nanofluid flow velocity. In 

the industry, heat transfer can be optimized and increased 

by using fans with different positions and at the same 

distance from each other. Triangular and rectangular and 

chamfer fins are used on the surfaces. Nanofluid flow is 

entered with 25 °C and angular velocity is entered from 

1 direction and passes through the fins and surface. The 

surface temperature is 30°C and the surface have been 

stretched by velocity in the X direction (UW(x) =ax, 

a>0). The velocity in the x-direction is 2m/s and the 

velocity in the y-direction is 0.2m/s. In this paper, the 

effect of the magnetic force (B) on the surface is 

investigated. The finite element method is used for 

solving this case. The governing equation for ferrofluid 

was simulated as Follows. The physical properties of 

water and Ethylene- glycol nanofluid at 25 °C are 

summarized in Table 1. 

 

 

 
Figure 1. Grid study of the problem 
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Figure 2. Schematic of different fins on the stretching sheet 

 

 
TABLE 1. Properties of water and ethylene-glycol nanofluid at 

25 °C [20] 

  
 (kg/m3) K (W/m.k) Cp (J/kg.k) � 

Ethylene 

glycol 
1111 0.252 2415 57000 

H2O 997 0.613 4179 0.05 

 

 
The finite element method is used to solve this case. In 

the below, the governing equation for ferrofluid is [27]: 

�
� ����� � ∇. ������  (1) 

��� ���
�� � ��� � �2��� � ℵ��!�. �" � ���� �

ℵ��. !�. �" � ℵ!�. #" � $. % � ���&  
(2) 

���$ ��'
� � � �( � ⅄ � *���∇. ���� . #� �

*��∇. !∇. #" � ℵ!∇. �" � 2ℵ# � ���+  
(3) 

where effective density, effective dynamic viscosity, and 

spin gradient viscosity are presented by Brinkman [21], 

Bourantas and Loukopoulos [22], respectively: 

��� � !1 � ("�� � ∅�-  (4) 

��� � ./
!012"3.4  (5) 

*�� � ���� � ℵ 25 �$  (6) 

In addition, flow is incompressible in the absence of 

external forces. Therefore, equations will be difficult to 

solve. 

��� ���
� � !�. ∇"�� � ���� � ℵ�∇6� � ℵ!∇. #" � $. %  (7) 

���$ ��'
� � !#. ∇"#� � *�� . ∇6# � ℵ!∇. �" � 2ℵ#  (8) 

and the body force proposed by hussanan et al. [23] is: 

$. % � �7��%86�   (9) 

The ferrofluid electric conductivity represents [24]: 

7�� � 91 � :!;10"∅
!;<6"1!;10"∅= 7�  (10) 

and the governing equations would be: 

��� �> �?
�@ � � �?

�A� � ���� � ℵ� �3?
�A3 � ℵ �'

�A �
7��%86>  

(11) 

���$ �> �'
�@ � � �'

�A� � *�� �3'
�A3 � ℵ �2# � �?

�A�  (12) 

The specific heat capacity and the effective thermal 

conductivities were defind by Mohyud-Din et al. [25]. 

B�,�� � DE"-<!01∅"�FDE��
FG/

  (13) 

HG/
H/

� HI<6H/16∅!H/1HI"
HI<6H/<∅!H/1HI"   (14) 

The energy equation represented as follows: 

> �J
�@ � � �J

�A � HG/
DE"��

�3J
�A3 � �KL

�A   (15) 

It is stated as according to Roseland’s approximation as 

follows: 

> �J
�@ � � �J

�A � 0
DE"�� �M�� � 0N;∗JPQ

:H∗ � �3J
�A3  (16) 

The boundary conditions are: 

> � R>S!T",   � � �S,   RU  V � 0,   > ↔ 0,   V → ∞   (17) 

# � �[ �?
�A    RU   V � 0,    # ↔ 0,   V → ∞  (18) 

� � �S , RU    V � 0,     � ↔ �S ,    V → ∞  (19) 

In order to familiarize ourselves with these calculations, 

We have defined the velocity components in the x and y 

directions u and v, respectively. The suction and injection 

are represented by the positive and negative values of the 

surface mass transfer velocity, vw. The angular velocity 

is denoted by N. � is dynamic viscosity, and  [ is a 

constant in the 0-1 range. When set to 0, the 

microelement is specified. If [=1/2, the concentration of 

microelements was shown to be weak. Furthermore, 

when the turbulent boundary layer flow is required, [=1. 

j represents microelement inertia per unit mass, where [ 

is spin gradient viscosity. To solve comfortably these 

nonlinear differential equations, we utilized similarity 

variables such as: 

ƞ � V] ^
�/

,   > � RT_`!ƞ",   � � �aR��_!ƞ",   # �
RT] ^

�/
b!ƞ,   �!ƞ" � J1JP

Jc1JP
,  

(20) 

By substituting the variables in relations (20) in to the 

Equations (11), (12), (16), we have: 

� 0
!01∅"3.4 � M� _```!ƞ" � d1 � ∅ �

∅ FI
F/

e _!ƞ"_``!ƞ" � d1 � ∅ � ∅ FI
F/

e _`6!ƞ" �
f �1 � :!;10"∅

;<61!;10"∅� _`!ƞ" � Mb`!ƞ" � 0  

(21) 
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� 0
!01∅"3.4 � H

6� b``!ƞ" � d1 � ∅ �
∅ FI

F/
e _!ƞ"b`!ƞ" � d1 � ∅ � ∅ FI

F/
e _`!ƞ"b!ƞ" �

M�2b!ƞ" � _``!ƞ"� � 0  

(22) 

0
gh dHI<6H/16∅�H/1HI�

HI<6H/<∅�H/1HI� � ie �``!ƞ" � d1 � ∅ �
DE"-
DE"�e _!ƞ"�`!ƞ" � 0  

(23) 

and here the new boundary conditions are: 

_!ƞ" � j, _`!ƞ" � k, b!ƞ" � �[_``!ƞ", �!ƞ" �
1,   RU ƞ � 0  

(24) 

_`!ƞ" ↔ 0, b!ƞ" ↔ 0, �!ƞ" → 0   RU  ƞ → ∞  (25) 

 
 

3. SIMULATION METHODOLOGY 

 

3. 1. Finite Element Method (FEM)         Finite Element 

Method is an important numerical method that one of the 

practical applications for this method is Flexpde 

software, That is solved the nonlinear partial differential 

equations and ordinary differential equations.The output 

of the results FlexPDE is also a ‘problem-solving 

environment’ that executes the full range of functions 

required to resolve partial differential equation systems. 

The finite element method is a numerical method for 

solving partial differential equations defined based on 

one or two spatial variables. In this method, to solve the 

problem, a large system is divided into smaller and 

simpler parts called finite elements. This spatial 

discretization requires defining the object or environment 

of the problem as a network, or mesh. 

According to Figure 3, the largest grid of mesh is 

around the edges, because around the baffles the fluid 

properties such as temperature and velocity of nanofluid 

flow changed. 

 

3. 2. Validation for Methods           In this section, for 

validation, we compared our work with Jalili et al. [20]. 

The computational error in our work is very low 

compared to others. The maximum number of errors 

happened when ƞ=1.5 and minimum number of errors 

happened when ƞ=1. Figure 4 shows comparison of data 

presentations for present study and Jalili et al. [20]. The 

Comparison of velocity for present work and Jalili’s 

work at K=10, δ=0.5, ϕ=0.03 are summarized in Table 2. 

 

 

4. RESULTS AND DISCUSSION 
 

Figure 5 shows the nanofluid velocity is low around the 

space of the surface and fins. The maximum nanofluid 

velocity is attached to the surface of fins. The value of 

the   maximum   velocity   is   2 m/s.   By   increasing   the 

 
a) Rectangular, triangular and chamfer fins 

 
b) Rrectangular and chamfer fins 

 
c) Rectangular and triangular fins 

 
d) Triangular and chamfer fins 

Figure 3. Comparison of mesh geometry for stretching 

surface 

 

 

 
Figure 4. Comparison of velocity for present work and Jalili 

[20] at K=10, δ=0.5, ϕ =0.03 
 
 

TABLE 2. Comparison of velocity for present work and Jalili 

work at K=10, δ=0.5, ϕ =0.03 

 
l �
m. m  

l � n  
l �
n. o  

l � p  
l �
p. o  

l � q  

Present 

work 
2 0.8 0.6 0.5 0.3 0 

Jalili et 

al. [20] 
2 0.8 0.6 0.5 0.3 0 
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a) Triangular and rectangular fins 

 
b) Rectangular and chamfer fins 

 
c) Triangular and chamfer fins 

 
d) Rectangular, triangular and chamfer fins 

Figure 5.  Comparison of velocity changes in the X direction 

in different fins for stretching surface 
 

 

distance of nanofluid from the surface, the velocity is 

reduced but by decreasing the distance from the surface, 

the velocity is increased. By comparing modes a-5 and b-

5 we find that if we use a triangular blade instead of a 

chamber blade, we create a larger velocity gradient. 

Figure 6 shows the angular velocity of nanofluid flow 

passing the stretching surface. On the surface, many fins 

exist, such as rectangular fins, triangular and chamfer 

fins. Under the surface, the angular velocity of nanofluid 

is very low but on the surface and near the fins, the 

angular velocity increases. In general, the angular 

velocities near the rectangular and chamfer fins (b-6) 

have an additional value than the triangular fins, because 

the surface of their side is larger than the triangular side. 

With an increase in variety of the fins (d-6) on the 

surface, the angular velocity of nanofluid has a maximum 

value. 

Figure 7 shows the changes of nanofluid temperature 

passing the stretching surface. The nanofluid temperature 

in the space of fins is warm and equal to the surface 

temperature. The value of temperature is 30°C. The 

maximum values of nanofluid temperature exist in the 

last fin of surfaces. By passing the nanofluid flow from 

the   first   fins   of   the   surface,   the   flow   temperature  

 
a) Triangular and rectangular fins 

 
b) Rectangular and chamfer fins 

 
c) Triangular and chamfer fins 

 
d) Rectangular, triangular and chamfer fins 

Figure 6. Comparison of angular velocity changes in 

different fins for stretching surface 

 

 

increased from 25 to 31°C and at the ends of the surface, 

the temperature is high. Due to the different positions of 

the fin at the top of the page, we find that if we use a 

chamfer blade at the top of the page, we create a larger 

temperature gradient than other modes. 

The vectors of angular velocity for nanofluid flow are 

shown in Figure 8. The most dispersion of velocity (N) is 

shown in Figure 8d. As in the middle of the surface near 

the third and eighth fins, the value of angular velocity is 

low and at the beginning and the end, the value of 

velocity is high. 

Figure 9 shows the changes of nanofluid flow near the 

rectangular and triangular and chamfer fins in the chart. 

The lowest value of velocity in the x-direction of 

nanofluid flow is in the x=0 to x=0.1 with u=0.3m/s. the 

maximum velocity in the x-direction is 2m/s. The 

variations in velocity all over the different fins are very 

high. 

In the state of triangular and chamfer fins (b-10) on 

the surface, the maximum angular velocity exists at x=0.2 

near the first fins. The value of the velocity at x=0.2 is 

400. In the position of different fins shapes next to each 

other (triangular and rectangular and chamfer), most 

changes of angular velocity are created in the x=0  to  x=1. 
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a) Triangular and rectangular fins 

 

 
b) Rectangular and chamfer fins 

 

 
c) Triangular and chamfer fins 

 

 
d) Rectangular, triangular and chamfer fins 

Figure 7. Comparison of temperature profiles for threated 

stretching surface with different fins 

In the same case, the velocity has a variation in the 

modes. In the x=0, the value of angular velocity is 30 and 

in x=0.4, the value of velocity is N=150. 

Figure 11 shows the changes of nanofluid 

temperature passing the stretching surfaces. The value of 

temperature begins from 28 to 31°C all over the different 

fins. The temperature of nanofluid in the x=0.2 to x=0.8 

have a constant value (T=30 °C) and no changes around 

the fins. 

According to Table 3, the maximum ethylene glycol 

temperature occurs in the x=0.1 for three different fins, 

and the minimum temperature occurs in the x=0 for 3 

different fins. The maximum nanofluid temperature is 

T=30.36℃ and minimum temperature is T=28.13℃. The 

maximum temperature change exists around the 3 

different (rectangular, triangular and chamfer) baffles, 

and the thermal boundary layer in this position is larger 

than in other cases. The nanofluid temperature on the 3 

different fins is 4.5% bigger than chamfer and 

rectangular fins and 5.34% bigger than chamfer and 

triangular modes. Due to the different positions of the fin 

at the top of the page, we find that if we use a chamfer 

blade at the top of the page, we create a larger 

temperature gradient than other modes . 

 
 

 
a) Triangular and rectangular fins 

 
b) Rectangular and chamfer fins 

 
c) Triangular and chamfer fins 

 
d) Rectangular, triangular and chamfer fins 

Figure 8. Comparison of vector grid temperature changes in 

different fins for stretching surface 
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a) Triangular and rectangular fins 

 
b) Triangular and chamfer fins 

 
c) Rectangular and chamfer fins 

 
d) Rectangular, triangular and chamfer fins 

Figure 9. Comparison of velocity (u) changes in in 

rectangular and triangular fins for threated stretching surface 

 
a) Triangular and rectangular fins 

 
b) Triangular and chamfer fins 

 
c) Rectangular and chamfer fins 

 
d) Rectangular, triangular and chamfer fins 

Figure 10. Comparison of angular velocity changes in in 

rectangular and triangular fins for threated stretching surface 
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a) Triangular and rectangular fins 

 
b) Triangular and chamfer fins 

 
c) Rectangular and chamfer fins 

 
d) Rectangular, triangular and chamfer fins 

Figure 11. Comparison of temperature changes in in 

rectangular and triangular fins for threated stretching surface 

TABLE 3.  Numerical comparison of temperature between 

different modes of fins 

ƞ rs tuvvwxwyz vuy{ r|}~�vwx ~yt xw|z~y���~x
 r|}~�vwx ~yt zxu~y���~x

 rxw|z~y���~x ~yt
 zxu~y���~x

 

0 28.13 28.33 28.34 28.33 

0.1 30.36 29.94 29.96 29.89 

0.2 30.00 30.00 29.99 29.97 

0.5 30.00 30.00 29.99 29.97 

0.8 29.99 30.00 30.00 29.99 

0.9 30.09 30.08 30.34 29.83 

1 29.09 29.09 29.09 29.11 

 

 

According to Table 4, the maximum of ethylene 

glycol velocity occurs in the x=0.3with T=399.98 for 

chamfer and triangular modes and the minimum of 

temperature occurs in the x=0.8 with T=33.34 °C for 3 

different fins. The angular velocity for nanofluid on the 

triangular and chamfer modes is 34.5% bigger than 

3different baffles and 58.54% bigger than chamfer and 

rectangular baffles. The most boundary condition for 

angular velocity shown around the initial baffles of the 

stretching sheet. 

 

 
TABLE 4. Numerical comparison of angular velocity between 

different modes of fins 

ƞ �s tuvvwxwyz vuy{ �|}~�vwx ~yt xw|z~y���~x
 �|}~�vwx ~yt zxu~y���~x

 �xw|z~y���~x ~yt
 zxu~y���~x

 

0 37.85 49.97 49.95 49.95 

0.1 100.99 48.87 48.01 47.76 

0.2 43.33 45.25 399.98 46.06 

0.5 57.87 47.89 69.33 76.55 

0.8 33.34 46.76 70.90 77.89 

0.9 89.08 120.43 89.05 55.48 

1 34.04 47.56 48.02 48.76 

 

 

5. CONCLUSION 

 

In this paper, variation of temperature and velocity in the 

x-direction and the angular velocity of the nanofluid flow 

through triangular and rectangular fins are investigated in 

the existence of a uniform magnetic field. The innovation 

of this paper is to investigate parameters of nanofluid 

flow passing from the different fins on the stretching 

surface. The finite element method is selected for solving 

governing equations. 

 The effect of velocity changes in the x-direction 

around the baffles has more value than the surrounding 

space. The amount of flow velocity is reduced by 

increasing the distance from the surface in the y-
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direction. General, the angular velocities near the 

rectangular fins and chamfer fins have an additional 

value than the triangular fins, because the surface of their 

side is larger than the triangular side. With the increasing, 

variation of the fins on the surface, the angular velocity 

of nanofluid has a maximum value. 

  The temperature of nanofluid in the space of fins is 

warm and equal to the temperature of a surface. The value 

of temperature is 30°C. The maximum values of 

nanofluid temperature exist in the last fin of surfaces. By 

passing the nanofluid flow from the first fins of the 

surface, the temperature of flow comes from 25 to 31°C 

and at the ends of the surface, the temperature is high. 

 The lowest value of velocity in the x -direction of 

nanofluid flow is in the x=0 to x=0.1 by u=0.3m/s. the 

maximum velocity in the x direction is 2m/s. changes in 

velocity all over the different fins are very high. 

 In the state of triangular and chamfer fins together on 

the surface, the maximum angular velocity exists at x=0.2 

near the first fins. The value of velocity at x=0.2 is 400. 

In the position of different fins shapes next to each other 

(triangular and rectangular and chamfer), most changes 

of angular velocity are created in the x=0 to x=1. In the 

same case, the velocity has a variation the modes. In the 

x=0, the value of angular velocity is 30 and in x=0.4, the 

value of velocity is N=150. The angular velocity for 

nanofluid on the triangular and chamfer modes is 

6.5% more than other baffles. 

 The value of temperature begins from 28 to 31°C in 

all over the different fins. The temperature of nanofluid 

in the x=0.2 to x=0.8 have a constant value (T=30°C) and 

no changes around the fins. 
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A B S T R A C T  

 

Modification of bitumen allows an improving the properties of bitumen, which can be a useful technique 

to enhance asphalt’s characteristics. Therefore, this research intended to study the effect of mixing time 

of different percentages of epoxy resin, between 0 to 8%, doped into bitumens on the moisture sensitivity 
of asphalt compounds containing two types of aggregates, i.e. limestone and siliceous. For this aim, the 

Sessile Drop Method (SDM) was employed, and moisture resistant parameters associated to surface free 

energy concept such as surface free energy components, work of cohesion, work of adhesion, work of 
debonding, adhesion bitumen to aggregate, and wetting bitumen around aggregate surface were assessed. 

The results revealed that the effect of the mixing time of bitumen and epoxy resin on moisture resistance 

properties of asphalt compounds significantly depends on the percentage of epoxy resin used in bitumen 
mixture. For bitumens with 4 and 6% epoxy resin, adhesion and wetting parameters had a similar 

performance for both mixing times of 10 and 60 minutes.  However, asphalt compounds containing 2 

and 8% epoxy resin modified bitumens prepared for 10 min mixing time had a better adhesion and 
wetting performance than those prepared for the longer mixing time, 60 minutes.  The effect of mixing 

time of bitumen modified with epoxy resin on the bitumen and asphalt compound’ performance depend 

on the percent of additive in the bitumen. 

doi: 10.5829/ije.2022.35.05b.02 
 

 
1. INTRODUCTION1 

 
The Moisture sensitivity of asphalt compounds is one of 

the most common damages that occurs in asphalt 

pavements [1–8]. The reduction in the pavement integrity 

due to moisture damage plays an important role in other 

types of distresses, such as rutting, fatigue cracking, and 

raveling [9]. 

There are three mechanisms in which moisture is 

capable of degrading the asphalt compound: (1) loss of 

cohesion within the bitumen, (2) adhesive failure 

between aggregate and bitumen, and (3) degradation of 

the aggregates. The cohesive failure occurs due to the 

rupture of bonds between molecules in the bitumen, and 

                                                           

*Corresponding Author Institutional Email: s.h.hosseini@ilam.ac.ir  

(S. H. Hosseini). 

the work of cohesion describes the resistance of bitumen 

against cohesive failure. On the other hand, adhesive 

failure happens when the bonds between bitumen and 

aggregate are ruptured, and work of adhesion explains 

the resistance of asphalt compounds against this type of 

failure. Moreover, the work of debonding is the measure 

of the work of adhesion between bitumen and aggregate 

in the presence of water [10].   

The moisture damage is usually studied using 

experimental laboratory testing methods.  A number of 

laboratory tests have been developed over the years to 

determine the moisture susceptibility of bituminous 

compounds. They include the modified Lottman test, 

Tunnicliff and Root method, Hamburg wheel tracking, 
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asphalt pavement analyzer, saturation ageing tensile 

stiffness (SATS), Marshall immersion test, resilient 

modulus test, and immersion–compression test [11–14]. 

Nevertheless, these approaches are not able to examine 

fundamental features of materials to predict adhesion 

and wetting ability of each bitumen-aggregate 

composition [15]. An important material property 

concerning the moisture sensitivity of asphalt 

compounds is the surface free energy of the asphalt 

binder and the aggregate. The surface free energy of 

these materials can be used to determine work of 

cohesion, work of adhesion, and work of debonding 

[15]. In the surface free energy method, surface free 

energy properties of the materials are used to assess both 

the adhesion and wetting characteristics of bitumen and 

aggregate composition, and thereby the moisture 

sensitivity of asphalt compounds [15]. It was already 

shown that the surface free energy method is suitable for 

the selection of materials resistant to moisture [16–19]. 

There are different methods of measuring surface 

energy of asphalt compounds. In some researches, the 

surface free energy of bitumen and components of 

aggregates have been measured using the Wilhelmy 

plate method and the universal sorption device (USD), 

respectively [20–22]. On the same subject, the sessile 

drop method (SDM) has been used to measure the 

surface free energy of bitumen [23]. Using the SDM by 

a number of researchers, the effect of additives on the 

adhesion mechanism of bitumen and aggregates was 

investigated [24–26]. These studies showed that the 

SDM is a suitable technique for assessing the effect of 

moisture on the bitumen-aggregate system. 

The bitumen modification with additives is one of 

the common methods to reduce moisture damage of 

asphalt compounds [27, 28]. Also, the epoxy resin is a 

type of polymer, which has many applications in 

engineering industries. The effect of this additive on 

improving the performance of bitumen and asphalt 

compounds has been previously studied [29]. Bitumen 

modification process is usually accomplished at a high 

temperature and a specified mixing time. The available 

studies in the open literature proved that changing the 

conditions such as mixing time, mixing temperature, 

and mixing speed during the preparation of the modified 

bitumen, affected on the performance of the bitumen 

[30–32]. Pérez-Lepe [33] showed the influence of the 

conditions during the bitumens modification process 

with polymer additives on their rheological properties. 

In another study, the influence of the processing of 

bitumen modified with tire crumb rubber and polymeric 

additives was studied [31]. The results showed that a 

mixing time above 45 minutes exponentially increased 

the  viscosity  of  the  bitumen.  Although  the  influence 

of the conditions for the preparation of the modified 

bitumens  on  their  performance  has  been  proven,  

their  effect  on  the  performance  of  asphalt  

compounds in terms of moisture sensitivity, has been 

rarely studied.  

This study focuses on the effect of amount of epoxy 

resin percentage and its mixing time during the bitumen 

modification process on the moisture sensitivity of 

asphalt compounds including two kinds of aggregates. 

Accordingly, two times, i.e. 10 and 60 minutes as a short 

and a long mixing times, respectively, are chosen to 

prepare bitumen modified with epoxy resin. In addition, 

the SDM is used to evaluate the moisture sensitivity of 

each asphalt compound by the measuring of moisture 

sensitivity parameters associated to the surface free 

energy of bitumen and aggregate. 

 
 
2. SURFACE FREE ENERGY CONCEPT 
 
The surface free energy is defined as the amount of 

energy required to create a unit surface area of a material 

under vacuum [34]. The surface free energy of a material 

(𝛾𝑡𝑜𝑡𝑎𝑙) consists of two components: a non-polar or 

Lifshitz-van der Waals component (𝛾𝐿𝑊) and a polar 

component or acid-base component (𝛾𝐴𝐵). 

Consequently, the surface free energy is given by 

Equation (1) as follows: 

 𝛾𝑡𝑜𝑡𝑎𝑙 = 𝛾𝐿𝑊 + 𝛾𝐴𝐵  (1) 

The acid-base component (𝛾𝐴𝐵) can be calculated 

according to Equation (2): 

𝛾𝐴𝐵 = 2√𝛾+𝛾−  (2) 

where ( 𝛾+ ) is the Lewis acid parameter of the surface 

free energy and ( 𝛾−)  is the Lewis base parameter of the 

surface free energy [35]. 

 

2. 1. Work of Cohesion            The work of cohesion 

for a material is the required work for splitting a column 

of the material with a unit cross sectional area into two 

separate columns. From the definition of surface free 

energy, it is easy to derive the work of cohesion, WBB, 

of the bitumen (material ‘B’) as follows: 

𝑊𝐵𝐵 = 𝛾𝐵
𝑡𝑜𝑡𝑎𝑙  (3) 

the higher value of this parameter indicates the more 

resistant of the bitumen against cohesive failure [15]. 

 
2. 2. Work of Adhesion and Work of Debonding       
The adhesive bond strength under dry conditions refers 

to the work done by adhesion phase between bitumen 

and aggregate. The adhesive bond strength in the 

presence of water is termed the work of debonding. The 

work of adhesion and the work of debonding can be 

calculated using Equations (4) and (5), respectively, i.e., 

from the surface free energy components of the 

bitumen, aggregate and water. A higher value of the 
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work of adhesion and work of debonding indicates the 

more resistance to moisture damage [34]. 

𝑊𝐴𝐵 = 2√𝛾𝐴
𝐿𝑊𝛾𝐵

𝐿𝑊 +  2√𝛾𝐴
+𝛾𝐵

− + 2√𝛾𝐴
−𝛾𝐵

+  (4) 

𝑊𝐴𝑊𝐵
𝑤𝑒𝑡 = 2𝛾𝑊

𝐿𝑊 + 2√𝛾𝐴
𝐿𝑊𝛾𝐵

𝐿𝑊 −

 2√𝛾𝐴
𝐿𝑊𝛾𝑤

𝐿𝑊 − 2√𝛾𝐵
𝐿𝑊𝛾𝑊

𝐿𝑊 + 4√𝛾𝑊
+𝛾𝑊

− −

2√𝛾𝑊
+(√𝛾𝐴

− + √𝛾𝐵
−) − 2√𝛾𝑊

−(√𝛾𝐴
+ + √𝛾𝐵

+) +

2√𝛾𝐴
+𝛾𝐵

−  + 2√𝛾𝐴
−𝛾𝐵

+   

(5) 

where 𝛾𝐿𝑊, 𝛾+ and 𝛾−  are the surface energy 

components. In addition, A, B, and W denote aggregate, 

bitumen, and water, respectively. 

 
2. 3. Energy Parameter Related to Moisture 
Sensitivity of Asphalt Compound            The two 

main factors of asphalt compound stripping are the 

reduction of bitumen adhesion to aggregates (EP1) and 

the reduction of bitumen wetting on the aggregate 

surface (EP2), which they are given by Equations (6) 

and (7).  

𝐸𝑃1 =
𝑊𝐴𝐵

𝑊𝐴𝑊𝐵
𝑤𝑒𝑡   (6) 

𝐸𝑃2 =
𝑊𝐴𝐵−𝑊𝐵𝐵

𝑊𝐴𝑊𝐵
𝑤𝑒𝑡   (7) 

The greater the energy EP1 parameter, the higher the 

asphalt compound resistance against moisture [15]. 

Even though EP1 is an important parameter in 

determining the stripping of asphalt compound, it does 

not determine the degree of wettability of aggregates 

surface by a bitumen, which is represented by EP2 

parameter. A higher the EP2 parameter indicates more 

wettability the bitumen on the aggregate surface, so that 

the stripping of bitumen-aggregate is less probable [15].  

 
 

3. MATERIALS AND METHOD 
 
In this study, nine types of bitumens were used, namely, 

eight modified ones at two mixing times and base 

bitumen, along with two types of aggregate, i.e., siliceous 

matter and limestone. Different amounts of epoxy resin 

(2, 4, 6 and 8%) were used to prepare the modified 

bitumen that is within the range used by Çubuk et al. [36]. 

As reported in the open literature, epoxy resin, as a 

bitumen modifier, has also been applied at high 

percentages, up to 50% [37]. In this study, a lower 

amount of epoxy resin (2–8%) was utilized to modify 

bitumen, from the economic point of view [38]. The 

prolonged mixing time can age bitumen and reduce the 

performance of bitumen and asphalt compounds 

containing it, during the modification process. 

Nevertheless, when bitumen is mixed with additives for 

a short mixing time, bitumen and additives fail to mix 

properly, leading to a weak in bitumen and asphalt 

pavement structure. Therefore, it is imperative to 

determine the influence of mixing time and its optimal 

value for bitumen modification with additives. A 

minimum mixing time of 10 minutes was chosen to 

ensure the additive adequately mixes with bitumen, and 

a maximum 60 minutes was selected to avoid aging 

bitumen at a constant temperature and speed of mixing 

condition. 

In overall, 18 types of asphalt compounds were 

evaluated. By measuring the surface free energy of each 

type of the bitumen and aggregate, the energy 

parameters  associated  to  the  moisture  sensitivity  of 

each  asphalt  compounds  were  calculated,   thereby  

the  moisture  resistance  of  each  bitumen  and 

aggregate composition was evaluated. Figure 1 shows 

the  methodology  used  in  this  study  to  obtain  the 

effect of mixing time on adhesion and wetting 

performances.  

 
3. 1. Materials              The commonly used bitumen in 

Iran which has been provided by Isfahan refinery with 

60–70 penetration grade, was used. The main 

characteristics of the used bitumen are set out in Table 1. 

Two types of aggregates, i.e. limestone and siliceous, 

which have a considerable range of characteristics in 

aspect of mineralogy and degree of moisture resistant 

variety were also used, here. The chemical compositions 

of the aggregates that were obtained by performing XRF 

test are listed in Table 2. The epoxy resin applied in all 

experiments as the modifying agent was a type of 

Bisphenol-A Diglycidyl Ether, whose characteristics and 

chemical open formula are listed in Table 3 and Figure 2, 

respectively. 

 

 

 
Figure 1. Research plan 
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TABLE 1. Properties of the bitumen used 

Characteristic Standard Value 

Specific gravity at 25 oC, (g/cm3) ASTM D70 1.02 

Penetration (100 g, 5 s, 25 oC), 0.1 mm ASTM D5 65 

Softening point (oC) ASTM D36 50 

Flash point (oC) ASTM D92 324 

Kinematic viscosity at 135 oC, (c.st) ASTM D2170 344 

Ductility (25 oC, 5 cm/min), cm ASTM D113 155 

 

 
TABLE 2. Chemical compositions of aggregates used 

Component Limestone (%) Siliceous (%) 

K2O 0.1 0.5 

Fe2O3 0.3 0.4 

MgO 1.6 1.0 

Al2O3 1.2 9.0 

SiO2 1.3 55.0 

CaO 52.1 10.0 

L.O.I. 43.4 24.1 

 

 

 
Figure 2. Chemical formula of BPA type epoxy resin 

 

 
TABLE 3. Chemical compositions of epoxy resin used 

Characteristic Value 

Equivalent weight of epoxy (g/eq) 184-190 

Viscosity (cps at 25°c) 11500-13500 

Hy-Cl (wt%) 0.05 max 

Specific gravity (g/cm3 at 20°c) 1.17 

Color (g) 0.5 max 

 

 

3. 2. Bitumen Modification Process          Bitumen 

modified were prepared by adding epoxy resin 

percentages being as follows 0, 2, 4, 6, and 8%(w/w) 

under a specific process. Firstly, pure bitumen preheated 

at 130 °C was mixed with the specified amount of the 

mentioned epoxy resin percentages (0, 2, 4, 6, and 8% 

(w/w) for two mixing times of 10 and 60 minutes at a 

speed of 600 rpm and temperature of 130 °C. After 

completing the mixing process, the bitumen samples 

were kept at 110°C and then 25°C for one hour and one 

day, respectively. According to this methodology, 8 types 

of modified bitumens were prepared, at which 4 types 

refer to mixing time of 10 minutes and 4 remaining ones 

refer to long mixing time of 60 minutes. 

 

3. 3. Sessile Drop Method (SDM) and Measuring 
Surface Free Energy of Bitumen                 SDM is a 

common method for measuring the surface free energy of 

solids and liquids [15]. In this study, it was used for 

measuring surface free energy components of bitumens. 

According to this method, the surface free energy is 

calculated using the contact angles of three probe liquids 

on the bitumen substrate. The probe liquids used in this 

study were distilled water, ethylene glycol, and 

formamide. These liquids always have the same 

magnitude of surface free energy component values, 

which can also be used to calculate the surface free 

energy components for other materials, such as bitumen, 

as reported by Little and Bhasin [15]. The surface free 

energy components of the mentioned probe liquids for 

the bitumen are presented in Table 4. In the process of 

SDM, the prepared bitumens were heated to 135 °C in a 

50 ml container. The bitumen heated was poured onto the 

glass slide surface with dimensions of 75 * 25 mm. The 

glass samples covered with bitumen were stored in a 

desiccator and cooled to room temperature. For each of 

the bitumens studied, at least 3 samples (the number of 

probe liquids) were prepared. The bitumen glass slides 

were placed between a light source and a camera. A 

micro syringe filled with the probe liquid was placed 

above the bitumen surface and a small drop of the probe 

liquid from the syringe was dispensed on a bitumen 

surface and an image of the drop was captured using a 

camera (Figure 3). For each bitumen sample, the contact 

angle at least three drops of each probe liquid were 

measured and their average was taken as the contact 

angle of that probe liquid with the bitumen. 

The contact angle values are substituted into the 

following equation to obtain the surface free energy 

components of bitumen: 

𝛾𝐿𝑖(1 + 𝑐𝑜𝑠𝜃) = 2√𝛾𝐵
𝐿𝑊𝛾𝐿𝐼

𝐿𝑊 + 2√𝛾𝐵
+𝛾𝐿𝐼

− + 2√𝛾𝐵
−𝛾𝐿𝐼

+  (8) 

where 𝛾𝐿𝐼
𝐿𝑊, 𝛾𝐿𝐼

− , and 𝛾𝐿𝐼
+  are the surface free energy 

components of the probe liquid and 𝛾𝐵
𝐿𝑊, 𝛾𝐵

+, and 𝛾𝐵
− are 

the  surface energy components of the bitumen. 

Furthermore, 𝛾𝐿𝑖 is the total surface energy of the probe 

liquid and 𝜃 represents the contact angle between the 

bitumen and the probe liquid. By substituting the 

surface free energy values of each probe liquid in 

Equation (8), three equations with three unknowns 

(𝛾𝐵
𝐿𝑊, 𝛾𝐵

+, and 𝛾𝐵
−) are obtained. By solving the set of 

these equations, the surface free energy components of 

the bitumen are determined. 

 

3. 4. Surface Free Energy of Aggregates               Table 

5 presents the surface free energy components for both 

aggregates of limestone and siliceous. It can be seen that 

siliceous has the higher basic polar component than that 

of limestone. likewise, acidic polar component and total 

SFE of limestone are higher than those of siliceous. 
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TABLE 4. Surface free energy components of probe liquids  

Probe 

liquid 

Non-polar 

component 

(J/m2) 

Acidic 

polar 

component 

(J/m2) 

Basic polar 

component 

(J/m2) 

Total 

surface free 

energy 

(J/m2) 

Distilled 

water 
21.8 25.5 25.5 72.8 

Ethylene 

glycol 
29.0 1.9 47.0 48.0 

Formamide 39.0 2.3 39.6 58.0 

 

 

  
Figure 3. The SDM procedure 

 

 
TABLE 5. Surface free energy values of aggregates used [15] 

Aggregate 

type 

Non-polar 

component 

(J/m2) 

Acidic polar 

component 

(J/m2) 

Basic polar 

component 

(J/m2) 

Total 

surface free 

energy 

(J/m2) 

Limestone 44.1 2.4 259.0 93.6 

Siliceous 48.8 0 412 48.8 

 
 
4. RESULT AND DISCUSSION 
 
4. 1. Contact Angle Measurement              The measured 

contact angles for different probe liquids, i.e., distilled 

water, ethylene glycol and formamide, on the bitumen 

surface are shown in Figure 4(a, b and c). Figure 4 

presents the standard deviations by error bars for the 

bitumen specimens with three probe liquids. For each 

probe  liquid  and  asphalt  binder  tested  in  five 

replicates, there is a small deviation less than 5° in 

contact angle [15].  

In addition, the findings show the maximum standard 

deviation of 1.3 °  that confirms the repeatability of 

results.  According to the figure, for the probe liquids of 

distilled water and ethylene glycol, the contact angles of 

bitumens modified with 2 and 4% epoxy resin are 

different in mixing time of 10 and 60 minutes; however, 

the contact angles of bitumens containing 0, 6, and 8% 

epoxy resin are equal for both mixing times of 10 and 60 

minutes. The contact angle of the formamide probe liquid 

for mixing time of 10 minutes is higher than that of 60 

minutes for bitumens modified by 2 and 8% epoxy resin; 

however, these values are equal for the bitumens 

containing 4 and 6% epoxy resin for both mixing times. 

According to the results, the change of the process 

mixing time and the percentage of epoxy resin in bitumen 

leads to a change of the contact angle of the probe liquids 

with the bitumen surface due to a change in the chemical 

nature of bitumen.  

 

4. 2. Surface Free Energy Component of Bitumens         
The surface free energy components of each bitumen 

were obtained using the contact angle measured with the 

probe liquids by SDM. Figure 5 shows the surface free 

energy components of bitumens modified with 2, 4, 6 and 

8% epoxy resin and mixed for different mixing times (10 

and 60 minutes). The zero-minute mixing time shown in 

Figure 5 refers to the value of the surface free energy 

components for the base bitumen. As can be seen, the 

surface free energy components change with the epoxy 

resin percentage and mixing time. The values of the 

surface free energy components are 25, 2.4, and 22.6 

µj/m2, respectively, for the total, polar, and non- polar 

surface free energy components in the case of base 

bitumen. These results mainly show the base bitumen, 

unmodified, is a kind of the non-polarity material.  

The bitumen with 4% epoxy resin shows the highest 

polarities of 14 and 11.8 µj/m2 for the mixing times of 10 

and 60 minutes, respectively, among the other cases.  

Whereas the bitumen modified with 8% epoxy resin 

exhibits the maximum value of total surface free energy 

 

 

 

 

 
Figure 4. Measurement of contact angle of probe liquids with 

bitumen 
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Figure 5. Surface free energy components for modified 

bitumens at different mixing times: a) 2% epoxy resin, b) 4% 

epoxy resin, c) 6% epoxy resin, d) 8% epoxy resin 

 
 

and the non-polar surface free energy, it shows the 

minimum value of polar surface free energy. On the other 

hand, the influence of mixing time is quite different for 

bitumens with various epoxy resin percentages. In the 

surface free energy component of the bitumen containing 

2% epoxy resin and mixed for 10 minutes, the total 

surface free energy and the non-polar surface free energy 

decrease; while, the polarity of the modified bitumen 

increases in comparison with the base bitumen. When the 

mixing time is 60 minutes, the surface free energy 

components of the modified bitumen are very close to 

those of base bitumen surface free energy component. 

These results show that at 2% epoxy resin, 10 minutes 

mixing time has a greater effect on the polarity of the 

modified bitumen than 60 minutes mixing time. There is 

an increase in the polar component of the surface free 

energy for the bitumen modified with 4% epoxy resin 

comparison with the base bitumen. It should be noted that 

modified bitumens for 10 minutes mixing time lead to 

more polarity than those mixed for 60 minutes. In the 

case of bitumens containing 6% epoxy resin, the total 

surface free energy and the non-polar surface free energy 

decrease compared to the base bitumen, while, the polar 

surface free energy does not change. In fact, the value of 

polarity of this type of modified bitumen is similar to the 

base bitumen independently of the mixing time.  

Regarding the bitumen containing 8% epoxy resin, the 

amount of total surface free energy and the non-polar 

surface free energy increased compared to the base 

bitumen, but the polar surface free energy decreased. 

Therefore, the results show that the effect of mixing time 

on the bitumen surface free energy components for the 

bitumens containing lower percentages of epoxy resin (2 

and 4%) is more noticeable than the bitumens containing 

higher percentages, i.e. 6 and 8%. 

 

4. 3. Work of Cohesion of Bitumens          As 

mentioned before, the cohesion energy or work of 

cohesion is calculated from the surface free energy 

components of the bitumen using Equation (3). It should 

be noted that when the value of this parameter is high, the 

bitumen is more resistant against crack propagation and 

crack growth [15]. Figure 6 shows the cohesion energy 

for different modified bitumens. As observed, adding 

epoxy resin to bitumen at both mixing times alters the 

work of cohesion of bitumen. The bitumens modified 

with 4 and 6% epoxy resin for both mixing times, and 

with 2% epoxy resin for the mixing time of 10 minutes, 

decrease the work of cohesion compared to the base 

bitumen. When bitumen is mixed with 8% epoxy resin 

for 10 and 60 minutes, and also with 2% epoxy resin for 

60 minutes, its cohesive performance has improved 

compared to the unmodified bitumen. Furthermore, the 

maximum and minimum values of the work of cohesion 

are determined by mixing of bitumen with 8% epoxy 

resin for 60 minutes and with 2% epoxy resin for 10 

minutes, respectively. It is also found that the values of 

work of cohesion for the 4 and 6% epoxy resin modified 

bitumens are almost the same for both mixing times. 

Moreover, the work of cohesion improved by 4.1% for 

the 8% epoxy resin modified bitumen prepared at a 

longer mixing time. It is also observed that the work of 

cohesion increased by 60% for the 2% epoxy resin 

modified bitumen prepared at a longer mixing time. In 

overall, the results show that the work of cohesion is 

affected by the mixing time of bitumen with epoxy resin 

based on the amount of additive used. 

 

4. 4. Work of Adhesion and Debonding             Figure 

7 shows the variation of the values of work of adhesion 

and work of debonding for two mixing times of 10 and 

60 minutes. Increasing the values of both parameters in 

positive direction shows the enhancing the performance 

of the bitumen-aggregate system against moisture. 

According to Figure 7a (limestone asphalt compounds) 

and Figure 7b (siliceous asphalt compounds), although 

the effect of mixing time on these parameters is 

negligible for bitumens containing 4 and 6% epoxy resin, 

the corresponding effect for bitumens containing 2 and 

8%  epoxy resin is considerable.  These results show that 

 

 

 
Figure 6. Work of cohesion for bitumens modified for 10 

and 60 minutes mixing times 
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the effect of mixing time on the mentioned parameters 

depends on the percentage of additive, epoxy resin, in 

bitumen. As observed, both asphalt compounds 

(limestone and siliceous) have a similar impact on the 

work of adhesion and work of debonding based on the 

amount of epoxy resin in modified bitumen. The work of 

adhesion and work of debonding and thereby the 

performance of asphalt compound decrease with longer 

mixing time for the bitumen modified with 2% epoxy 

resin, whereas the performance of asphalt compound 

improves with time for the bitumen modified with 8% 

epoxy resin.  According to Equations (6) and (7), as 

discussed in section 4.5, these results were used to 

calculate the magnitude of energy parameters related to 

moisture resistance of asphalt compound. 

 

4. 5. Energy Parameters Related To Moisture 
Resistance of Asphalt Compound            EP1 and EP2 

are the parameters that predict the moisture resistance of 

the asphalt compounds. EP1 and EP2 denote the bitumen 

adhesion to the aggregate and the extent of bitumen 

wetting on the aggregate surface, respectively. It should 

be noted, when EP1 and EP2 increase, the moisture 

resistance of bitumen-aggregate also increases. In the 

following, the behavior of these two parameters for the 

asphalt compounds containing different aggregates are 

studied for two mixing times. 

 

 

 
Figure 7. Work of adhesion and work of debonding for 

limestone and siliceous asphalt compounds for 10 and 60 

minute mixing times 

4. 5. 1. Influence of Mixing Time on EP1                
Figure 8 shows the variation of EP1 for asphalt 

compounds containing limestone/siliceous aggregates 

and modified bitumens for mixing times of 10 and 60 

minutes. The minimum and maximum values of EP1 

parameter for limestone asphalt are 1.14 and 1.20, 

respectively, while, the corresponding values for asphalt 

compounds containing siliceous aggregate are 0.89 and 

0.93. These results of EP1 parameter show that asphalt 

compounds comprising limestone aggregate leads to a 

better adhesion performance than that of the siliceous 

aggregate. It is also evident that the effect of mixing time 

on the EP1 parameter is insignificant. Nevertheless, for 

the mixing time of 10 minutes, the value of EP1 increases 

by a maximum 5.26% in comparison with the mixing 

time of 60 minutes for the asphalt compound containing 

limestone aggregate and bitumen modified with 2% 

epoxy resin. As observed, in the case of siliceous 

compounds, the maximum difference between the values 

of EP1 occurs for the modified bitumen with 8% epoxy 

resin under both mixing times of 10 and 60 minutes. 

Also, the EP1 parameter for the prepared bitumen with a 

mixing time of 10 minutes is 3.3% higher than that of 60 

minutes. Consequently, the mixing time of the bitumen 

with different percentages of epoxy resin cannot be an 

effective parameter for improving the adhesive 

performance of the asphalt compounds including 

limestone/siliceous aggregates and modified bitumen. 

Also, an increase of the mixing time not only is 

 

 

 
Figure 8. EP1 variations for asphalt mixtures containing 

modified bitumen using mixing times of 10 and 60 minutes: 

a) limestone aggregate, b) siliceous aggregate 
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ineffectual in improving the asphalt compound 

performance, but also leads to energy loss in the process. 

Accordingly, a mixing time of 10 minutes is sufficient to 

reach a suitable adhesive performance. 

 

4. 5. 2. Influence of Mixing Time on EP2                
Figure 9 shows the variation of EP2 when siliceous or 

limestone aggregates are mixed with each modified 

bitumen for mixing times of 10 and 60 minutes. As 

shown in this figure, the value of EP2 for limestone 

aggregate is greater than that of the siliceous aggregate 

for the asphalt compounds with almost all percentages of 

epoxy resin. This reveals that the wetting performance of 

limestone aggregates is higher than that of siliceous 

aggregates. For both aggregates in the compounds, the 

mixing time of 10 minutes for preparing the modified 

bitumens with 2 and 8% epoxy resin leads to higher 

values of EP2 than those preparing the modified 

bitumens for 60 minutes’ mixing time. This finding 

proves the importance of the mixing time impact on the 

process of providing the modified bitumens, thereby on 

the performance of asphalt compounds. Therefore, an 

appropriate mixing time of modified bitumen beside the 

proper value of additive percentage adjust the wetting 

performance of the asphalt compound.  

When 4 and 6% epoxy resin are used to modify the 

bitumen, the samples prepared using the both mixing 

times leads to the identical EP2 values for both 

 

 

 
Figure 9. EP2 variations for asphalt mixtures containing 

modified bitumen using mixing times of 10 and 60 minutes: 

a) limestone aggregate, b) siliceous aggregate times 

aggregates. However, there are significant differences 

between the values of EP2 for both mixing times and 

aggregates in the cases of the bitumens modified by 2 

and 8% epoxy resin. The values of EP2 increase about 

32.8 and 23.5% for the mixing time of 10 minutes in 

comparison with those of mixing time of 60 minutes for 

the modified bitumens with 2% epoxy resin mixed with 

limestone and siliceous aggregates, respectively. 

Moreover, 8% epoxy resin with limestone and siliceous 

aggregates at the mixing time of 10 minutes led to 

increasing in the values of EP2 of 22.2 and 25.5%, 

respectively, compared with those of 60 minutes mixing 

time. Generally, an increase in the mixing time of 

modified bitumen causes a decrease in the wetting 

performance of asphalt’ compounds, so that the mixing 

time of 10 minutes is a better time than 60 minutes.  

 
 
5. CONCLUSIONS 
 
The effects of mixing time and additive percentage in 

the modified bitumen with combination of two 

important aggregates on the moisture sensitivity of 

asphalt compounds were investigated using surface free 

energy measurement. The main findings of the study 

can be summarized as follows: 

 The values of total, polar, and non- polar surface free 

energy for the base bitumen are 25, 2.4 and 22.6 

µj/m2, respectively; which reveals the bitumen is a 

kind of non-polarity material. 

 The 8% epoxy resin modified bitumen produces the 

maximum values of total surface free energy and non-

polar surface free energy. However, the minimum 

value of polar surface free energy is also relevant to 

this specimen. Also, the maximum polarity is 

obtained by the bitumen modified with 4% epoxy 

resin with the values of 14 and 11.8 µj/m2 for the 

mixing times of 10 and 60 minutes, respectively. 

 The effect of mixing time on bitumen surface free 

energy components is more noticeable in case of 

bitumens with the lower percentages of epoxy resin 

additive (2 and 4%) compared to the bitumens with 

higher ones (6 and 8%).  

 In each modified bitumen, the value of the work of 

cohesion corresponding to the mixing time of 60-

minutes is higher than that corresponding to 10-

minutes one. In fact, an increase in the mixing time 

leads to enhancing the cohesion bitumen energy. 

 The mixing time affects the work of adhesion and 

work of debonding based on the percentage of 

additive in bitumen. There is no important difference 

between the values of these parameters in the two 

mentioned mixing times for bitumens containing 4 

and 6% epoxy resin. Nevertheless, the values of the 

work of adhesion and work of debonding for 

bitumens with the addition of 2 and 8% epoxy resin 
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for 10- and 60-minutes mixing time are quite 

different.  

 The minimum and maximum values of EP1 

parameter for limestone asphalt are 1.14 and 1.20, 

respectively. Those values for asphalt compounds 

containing siliceous aggregate are 0.89 and 0.93. 

These results show that asphalt compounds 

containing limestone aggregates lead to a better 

adhesion performance than those containing siliceous 

aggregates. 

 The value of EP2 for limestone aggregates is greater 

than that of siliceous aggregates for asphalt 

compounds containing epoxy resin in almost all 

percentages. This means that limestone aggregates 

have a higher wetting performance than siliceous 

aggregates. 

  In the modified bitumens with amount of epoxy resin 

4 and 6%, the values of EP1 and EP2 parameters are 

very close to each other for both 10- and 60-minutes 

mixing times. This means that the mixing time of 

bitumen with various percentages of epoxy resin is 

not influential in improving the adhesion and wetting 

performance of asphalt compounds. 

 The asphalt compounds containing bitumens with 2 

and 8% epoxy resin prepared for 10 minutes’ mixing 

time show a better performance in terms of adhesion 

(EP1) and wetting (EP2) compared to those prepared 

for mixing time 60 minutes. 

 Finally, the mixing time of 10 minutes is 

recommended as a suitable value for bitumens with 0 

to 8% epoxy resin in order to reduce the moisture 

sensitivity of asphalt compounds. 
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Persian Abstract 

 چکیده

های آسفالتی مورد استفاده قرار گیرد. بنابراین این تواند به عنوان یک روش مناسب در جهت بهبود خواص ترکیبکند و میاصلاح قیر، امکان بهبود خواص آن را فراهم می

های آسفالتی حاوی دو زنی قیر، بر حساسیت رطوبتی ترکیبدرصد و 8مطالعه به بررسی اثر زمان اختلاط قیرهای اصلاح شده با درصدهای متفاوت رزین اپوکسی از صفر تا 

طحی شامل به انرژی آزاد سنوع سنگدانه آهکی و سیلیسی پرداخته است. به این منظور، روش قطره چسبیده مورد استفاده قرار گرفت و پارامترهای حساسیت رطوبتی مربوط 

رژی شکست پیوند، میزان ترشوندگی قیر بر سطح سنگدانه، و میزان چسبندگی قیر به سنگدانه محاسبه و مورد اجزای انرژی آزاد سطحی، انرژی پیوستگی، انرژی چسبندگی، ان

ی وابسته به درصد های آسفالتی به طور قابل توجهارزیابی قرار گرفتند. نتایج نشان دادند میزان اثر زمان اختلاط قیرهای اصلاح شده با رزین اپوکسی بر حساسیت رطوبتی ترکیب

دقیقه  61دقیقه و  01های اختلاط درصد اپوکسی رزین، عملکرد چسبندگی و ترشوندگی قیر به سنگدانه برای زمان 6تا  4رزین اپوکسی موجود در قیر است. برای قیرهای با 

دقیقه عملکرد بهتری نسبت به قیرهای با زمان اختلاط  01 ، قیرهای اصلاح شده با زمان اختلاطدرصد رزین اپوکسی 8و  2های آسفالتی حاوی مشابه بود. با این حال، در ترکیب

 قیرهای اصلاح شده با رزین اپوکسی بر عملکرد قیر و ترکیب آسفالتی وابسته به درصد افزودنی به کارگرفته شده در قیر است. دقیقه از خود نشان دادند. اثر زمان اختلاط  61
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A B S T R A C T  

 

Many factors play a role in the life cycle of construction industry projects, focusing on human resources 
and relationships as the main axis of business development. Thus, the conflict of interests between the 

stakeholders in the construction industry projects is a clear and challenging problem. The increased 

number of stakeholders in the project complicates human relationships and, consequently, increases the 
possible conflicts. The conflicts may result in claims if not resolved. The success of construction projects 

and their cost and time management can be affected by the poor management of claims. Therefore, this 

research aims to take a significant step to improve the efficiency of projects by identifying and ranking 
the causes of claims and analyzing their effects on key efficiency indicators. Firstly, causes of claim are 

collected according to experts’ opinions and literature and classified based on key efficiency indicators 

using the integrated analytic hierarchy process-technique for order preference by similarity to ideal 
solution (AHP-TOPSIS) technique. According to findings, delays with a proximity coefficient of 0.728 

are the most significant factors in making claims with a great effect on the key efficiency indicators of 

the construction project. The changes in most construction projects are ranked in second place, followed 
by acceleration command, extra work, changing workshop conditions, and contractual ambiguities. The 

present study results may reduce the challenges in managing the construction industry claims and ensure 

the successful completion of projects . 

doi: 10.5829/ije.2022.35.05b.03 

 

NOMENCLATURE 

AHP Analytic Hierarchy Process PIS Positive Ideal Solution 

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution NIS Negative Ideal Solution 

EPC Engineering, procurement, and construction KPIs Key Performance Indicators 

 
1. INTRODUCTION1 
 
The term ‘claim’ can be confusing and have several 

meanings. The following are two definitions of claims in 

the Cambridge English Dictionary: 1) To say that 

something is true or real, though you cannot prove it and 

people might not believe it, and 2) To ask for something 

valuable because you think it is yours or has a right to it. 

As defined by the Project Management Institute, a 

party may submit a claim when it believes that the 
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counterparty should not be met the contractual obligation 

or expectations and is deserved to financial and time 

compensation [1]. In the Oxford  Advanced Learner’s 
Dictionary, claim means demanding something as right. 

In Webster Dictionary, the claim is defined as proving 

and demanding what is right or seems right. According to 

the Canadian Law Dictionary, a claim can be ‘an 

assertion to the right to remedy, relief, or property or a 

‘failure to fulfill obligations under the contract’ [2]. 

Other terms used for a claim are conflict and disputes. In 
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the construction industry, claims are usually used to 

describe any request by the contractor for payments other 

than the contractual payments [3].  

Conflict can be a factor in making a claim, and the 

dispute can be seen as the result. Disputes in the 

construction industry arise when claims can not be 

resolved, while claims arise because of mismanagement 

of conflicts [4]. Claims can be examined from two points 

of view, the party that submits the claim and the party 

that rejects or accepts the claim. What distinguishes 

claims from ‘change’ is the agreed element from both 

parties about what was promised. If the agreement is 

reached, the claim becomes a ‘change’; otherwise, it 

becomes a ‘dispute.’ Conflicts in human relationships are 

unavoidable, so construction projects involving many 

factors can also occur. The more parties involved in a 

project, the more relationships, so there are more 

potential sources for conflict [5]. The use of the word 

‘claim’ creates a kind of emotional confrontation usually 

accompanied by a charge and retaliation. The 

consequences of these claims are, in many cases, the 

disruption of relationships, arbitration, or litigation with 

all its delays and costs [6]. Claims are a major source of 

problems for the construction industry, and construction 

claims by any of the parties involved in the project are 

considered one of the most destructive and unpleasant 

events in a project [7]. In fact, claims are made when one 

party is harmed, and the other party has to make up for it 

[8].  More simply, a claim may be regarded as a claim for 

compensation for damages incurred by any party to the 

contract [2]. 

Due to the nature of the contracts, their complexity, 

the number of involved parties, risk, and pressure of time 

constraints in preparing contract documents, claims are 

unavoidable [4]. The claims are of concern to all parties 

involved in the construction project contract. Claims may 

result in increased costs and scheduling delays or 

jeopardize the working relationship between the parties 

involved in the contract. Claims and their causes are the 

main drivers of rising costs [9]. 

A survey conducted in western Canada showed that a 

large proportion of claims had been accompanied by 

delay and, in many cases delayed by more than 100% of 

the original contract period, as to the project cost, more 

than half of the claims resulted in an additional cost of at 

least 30% of their original contract value [2]. Other 

research work done in the United States and Thailand 

showed similar results: The average cost increase due to 

the claim is approximately 7% of the original contract 

price [10, 11]. 

In general, any construction contract is challenging 

because it seeks to provide a specific solution in violation 

of any terms or conditions. Therefore, it is essential for 

the parties involved in the contract to be well aware of its 

provisions [12]. 

Claims unknowingly consume project resources and 

are considered as one of the important reasons for project 

cost increases [13]. In fact, they divert resources away 

from project goals and thereby increase costs [14]. This 

may lead to project failure [15]. Completing projects 

without a claim is a key factor in the success of 

construction projects [16]. In fact, early identification of 

potential differences will help complete the project 

successfully [17].  

In the construction industry, project managers must 

be able to make reliable predictions about the future 

status of the project. Such forecasts may help contractors 

control projects during the construction phase and give 

them early warning of potential problems. However, 

predicting performance is a complex and dynamic 

process involving many distinct indicators [18]. At the 

same time, changes in one performance index due to their 

very complex structures and interactions may affect other 

indicators [19]. Numerous other factors have an impact 

on these indicators and, ultimately, the overall 

performance of construction projects; one of them is the 

claims and their causes. 

According to previous research, claims are 

unavoidable at various stages of the project. All efforts 

have been made to reduce claims, provide preventive 

solutions, and finally establish these claims, which is 

necessary to improve the performance of projects. 

In fact, construction claims management is critical to 

success in executing construction projects. Research has 

also shown that poor claims management can affect the 

success of construction projects and their budgeting and 

scheduling. Despite the challenges of construction 

claims, different controls can be adopted to manage these 

claims to ensure that projects with minimal claim impact 

are implemented. In addition, claim control guarantees 

the successful completion of construction projects and 

minimizes delays and disputes [20]. 

The concept of project success is difficult to find 

because projects are complex and dynamic. The 

definition of this concept can vary depending on the type 

of industry, project team, or individual perspective [21]. 

An architect may evaluate success in aesthetic terms, and 

an engineer may be technically qualified, an accountant 

in terms of budgeted expenses, a human resources 

manager in terms of employee satisfaction, and an 

executive in terms of market shares [22]. In previous 

years, the simple definition of project success was based 

solely on project life cycle implementation stages. But it 

is now that project success needs to be defined from the 

beginning to the end of the project life cycle. 

Their success can be evaluated and controlled through 

project efficiency measurement. Different techniques and 

approaches have been used in recent years to predict and 

evaluate the efficiency of construction, some of which are 

on the basis of key efficiency indicators. As can be  
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concluded from the review of previous research, the 

study of the causes of claims in construction projects 

from the key efficiency indicators’ perspective has 

received less attention from researchers. Hence, 

integrating key efficiency indicators and determining 

their importance in construction projects is the first 

achievement of this paper, which has not been fully and 

comprehensively examined in other related studies. 

Examining the effect of claims on key efficiency 

indicators and, consequently, the construction project’s 

success is the second achievement. According to 

different researches on the causes of claims and their 

resolution, a study that examines the effect of each reason 

on project efficiency was not observed in the literature. 

Accordingly, in this study, the key efficiency 

indicators are ranked based on the causes of claims, 

following identifying the key efficiency indicators of 

construction projects and identifying the reasons for 

making claims using integrated AHP-TOPSIS and multi-

criteria decision-making MCDM techniques. The 

association between the causes of claims and the key 

efficiency indicators helps project managers have a better 

view relative to the effect of their activities on the 

objectives and development of the project over time . 
 

 
2. LITERATURE REVIEW 
 

Projects completed in the construction industry receive 

different claims from stakeholders based on projects’ 

specific conditions. These claims by project stakeholders 

significantly affect project efficiency and success [23]. 

In recent years, different definitions of the claim have 

been raised, but they all share the concept that a dispute 

arises between parties after a claim based on a rejected 

change [24-26]. Given the negative impact of possible 

claims on the ultimate goals and project success, more 

studies have been conducted on construction claims 

management in the past two decades [27-29]. One study 

conducted in 1993 showed that the causes of claims often 

include poor forecasting and review of workplace 

conditions, bidding with incomplete maps, early 

introduction of design reviews, and construction 

disturbance [30]. Half of the contractual claims are 

related to design errors [3]. Another study in Canada 

showed that the common causes of all claims are project 

acceleration, limited access, climate, and increased scope 

[4]. 

Likewise, studies have been conducted in different 

countries to examine the causes of claims, the types of 

claims, and the claims management process. One of these 

studies has been conducted in the UAE. The causes of 

claims concerning their priority include changes, extra-

work, delays, different site conditions, acceleration, and 

contract ambiguity. In this research, the claims settlement 

methods were also examined and classified according to 

the priority used in the projects (negotiation, mediation, 

arbitration, and litigation) [31].  

Most research has focused on two factors, delay, and 

change, which are the main drivers of claims in 

construction projects. According to a study in the state of 

Colorado, the delay is the main reason behind claims in 

the projects under consideration, and even more 

important than change and additional orders. It also 

proves that projects with fixed completion dates are more 

susceptible to claims than projects with more flexible 

planning [9]. Further research has also been done to 

prove that changes in employers’ requirements are the 

most important reason for making a claim [32].  

Since claim management is a process that requires 

analyzing a large amount of diverse information, old 

documentation methods developed by industry experts 

can be considered as one of the most important 

challenges for successful claims management. The 

feasibility of existing claim management systems is 

questionable due to problems with input and document 

information. For this reason, a study has been conducted 

to develop a BIM-based claim management system [13]. 

In a study aimed by Bakhary et al. [33]at categorizing 

the claim management process-related problems from the 

contractors’ and consultants’ viewpoints, classified 

conventional claim management procedures into six 

main stages, including identification, notification, 

examination, documentation, presentation, and 

negotiation. The findings of this study emphasize the 

need for a proper documentation and recording system 

with qualified staff to identify the claims during the 

project. Researchers also state that a standard and 

transparent procedure needs to be established by which 

contractors can make the right claim by following it. 

Construction claims are now an unavoidable concern 

and have a major impact on project efficiency. The timely 

completion of construction projects is an important 

criterion for measuring project success. However, most 

construction projects are delayed due to problems with 

claims and their management, which will have a negative 

impact on project efficiency. Claims also have a 

significant impact on the cost of construction projects and 

cause negative cost performance [34]. A study has also 

been conducted to enhance understanding of the 

relationship between conflict management, team 

coordination, and project efficiency [35].  

In another study [36] project claim management has 

been investigated to minimize project cost and time 

functions using a meta-heuristic algorithm with the EPC 

project as a case study. The experimental results 

demonstrate the minimum time and delay of the project 

with better stability and effectiveness of the system. 

Since 1980, more emphasis has been placed on non-

financial and multidimensional performance indicators to 

understand better and manage construction projects’ 

performance [37, 38].  
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Asgari et al. [39] have examined the key success 

factors in the construction industry from the owners, 

contractors, and consultants’ point of view. They 

classified the identified indicators into five main 

categories, including financial, interactive processes, 

human resources, contract agreements, and project 

specifications. Their results showed that the human 

resources group-related indicators from the owners’ and 

contractors’ point of view and financial and project 

specifications-related indicators from the consultants’ 

point of view are the main features for project success 

[39]. In 2009, the effect of rework on project efficiency 

was evaluated both in terms of employer and contractor 

[40]. In 2016, another researcher evaluated and modeled 

the competence of construction projects and their 

relationships to project efficiency [41]. In the next study, 

the system dynamics approach was used to model the 

relationship between tender strategy and construction 

project efficiency [42]. In the same year, a model was 

presented for predicting the performance of construction 

projects to manage the performance of construction 

projects with a system dynamic approach [18]. In recent 

years, many studies have been complete in the field of 

performance management, key performance indicators, 

and different performance management systems in 

different countries [43-46]. 

 

2. 1. CAUSES of CLAIM             According to the literature 

review of claims in the construction projects, there are 

several reasons for making claims, the most important of 

which were considered to determine their impact on the 

performance of construction projects in this study, 

changes, delays, acceleration, extra work due to change 

commands, different site conditions, and contract 

ambiguity.  

 

2. 1. 1. Changes          The complexity and uniqueness of 

construction projects and the involvement of different 

individuals and stakeholders in these projects are 

characteristic of these projects. In fact, these features 

result in changes. Changes in construction projects are 

common and appear to be the main source of conflict but 

are sometimes required to complete the project. From the 

perspective of the employer or the main contractor, the 

changes are undesirable because some of them have 

indirect effects on the cost and schedule of the project 

[47]. Changes should not include removing something 

intended to be done by others. Claims for changes made 

while executing a project are inevitable because all 

possible states cannot be predicted. The main source of 

dispute is what changes are and are not. Any change from 

the specified sequence or timing stated in a program 

submitted by the contractor and instructed by the 

engineer would therefore qualify as a change. The 

employer is not permitted to make changes without 

giving instructions, and these instructions must be in 

written form. We should know that extra work does not 

mean change because extra work is not in the contract, 

but change means changing what was in the contract and 

done before. Changes can occur at any stage, including 

design, specifications, and implementation. A change 

announcement can be written or structured; a structured 

announcement means making the change and reacting 

immediately [48]. 
 

2. 1. 2. Delays               Claims due to delays in the 

construction industry are among the most common types 

of claims. This claim relates to a period of time when 

construction is prolonged or activities are not performed 

as expected and are not in agreement with the parties. The 

delay must be justified to provide a basis for the cost or 

additional payment. However, types of justifiable delays 

occur once in a contract and naturally relate to events 

beyond the control of the contract [49]. To complete the 

project within the designated time, the contractor and the 

employer must make every effort. Failure in this area will 

create a claim and eventually a dispute. 
But in most cases, ‘extension of time’ is considered a 

need for the project, and in fact, the extension of time is 

‘money,’ and the same claim for compensation by each 

factor causes a great deal of conflict and dispute [48]. 

Employer delays are one of the most important issues for 

contractor claims, and contractors can raise claims by 

documenting claims that, in most cases, result in 

employer financial and non-financial compensation. 

Employer delays include delays in delivery of the site, 

suspensions, delays in delivering documents, delays in 

payments, and so on. 

 

2. 1. 3. Acceleration             Construction contracts 

clearly consider important milestone times, completion 

date together with probably liquidated damages for delay 

or additions for completing on time. Thus time is a key 

factor in project decisions. Speeding up arises when the 

work of the contractor is accelerated to finish a specific 

task earlier than the designated time. Acceleration in 

construction projects is classified into two types:  

directed acceleration and constructive acceleration [50]. 

To compensate for lost time, most employers order 

contractors to speed up work. To achieve this goal, 

more resources may be employed, which is inconsistent 

with productivity and the planned linear performance 

and can be costly [48]. In fact, another reason for the 

claim is an acceleration order by the employer, 

and because it is unforeseen, it will impose additional 

costs on the contractor and is, therefore, one of the 

foundations of the claim. Accelerated costs include 

additional labor costs, overtime costs, additional 

equipment costs, stacking of trade costs, increased 

overhead costs, loss of labor efficiency costs, additional 

supervision costs, increased material delivery costs, and 

so on [48].  
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2. 1. 4. Extra Work Due to Change Commands            
Any changes to the project will cause extra work. But 

there is a difference between overtime and extra work. 

Because extra work is freelance and off-contract, 

overtime is for the full realization of the contract terms. 

One of the inevitable cases of project implementation is 

the change in the technical specifications and the order of 

change in the execution of works for various reasons. 

One of the inevitable cases of project implementation is 

the change in technical specifications and execution of 

works for various reasons. These changes cause extra 

work on the project, including change orders according 

to the employer’s opinion, changes due to inevitable and 

executive reasons, deficiencies in technical specifications 

and schedules, confusion in technical specifications, lack 

of transparency in decisions, and previous executive 

measures [48]. 

 

2. 1. 5. Different Site Conditions            Claims due to 

different site conditions after the contract are one of the 

common claims, and these changes may occur during soil 

testing and drilling of boreholes, excavation, leveling, or 

construction of buildings and installations. Changing 

workplace conditions may increase the cost of 

implementation, an unpredictable delay, the need to 

employ sophisticated technical practices, and ultimately 

disrupt the normal operation of the project. If, in the 

condition of a tender or before the contract, the contractor 

is required to visit the site and then submit an offer, then 

it will be extremely difficult for the contractor to submit 

a claim on the condition of the site. If the contractor is 

not fully aware of the environmental conditions of the 

workshop or somehow hidden from the contractor’s 

view, in this case, secrecy may cause the contractor to 

make a claim, even in court [47]. 
 

2. 1. 6.Contract Ambiguity           Mistakes in the 

preparation of documents as well as bid-offer are a fairly 

common topic. Mistakes can take many forms. Common 

mistakes include computational or written errors, 

deletion of some rows, mistaken assumptions, different 

or inaccurate understanding of concepts, and dual 

interpretation. Other types of errors are related to the 

contractor’s viewpoint in setting and bidding. These 

errors include estimation with an error about the project 

completion time or workforce or materials and 

equipment. Mistakes due to ignoring facts or legal 

matters or the essential requirements of the contract do 

not normally have no way of getting rid of the legal 

consequences [48]. 
 

2. 2. Analytical Hierarchy Process Method (AHP)          
Analytical Hierarchy Process is one of the most widely 

used Multiple Criteria Decision Making methods, 

 
1 Technique for Order Preference by Similarity to ideal Solution 

developed by Saaty [51]. The principles of the AHP 

process are: 

• The reverse condition 

• The principle of homogeneity 

• The principle of dependency 

• The principle of expectations 

• This method can do two things: find the relative 

importance of the indexes and rank the options. 
 

2. 2. 1. Steps of the Analytical Hierarchy Process 
Method 
Step 1: First, a logical pairwise comparison matrix is 

created using a scale ranging from 1-9. The scale (1-9) is 

shown in Table 1. The number of pairwise comparisons 

is calculated using Equation (1). 

2

 
=  
 

n
number of Pairwise  (1) 

where n is the number of factors. 

Step 2: Normalizing the Matrix Values Pairwise 

Comparisons. To do this, we divide the values of each 

matrix component into the sum of the column 

components containing the same component. 

Step 3: Calculating the relative importance of each 

index. The arithmetic mean of each row is the relative 

importance of each index. 

Step 4: Determining the incompatibility rate. If the 

rate is greater than 0.1, the comparisons should be 

revised; otherwise, there is compatibility, and work can 

continue. 

 

2. 3. TOPSIS1 Method            The TOPSIS method is 

another multi-criteria decision-making method used by 

Hwang et al. [40]. In this research, this method was used 

in combination with the AHP method. The basic concept 

of this method is that the chosen option should be the 

shortest distance from the best possible and the longest 

distance from the worst possible [52, 53].  
 

2. 3. 1. Steps of TOPSIS Method       1) Determining the 

decision matrix. Given a set of alternatives, A = {Ak | k = 

1,…, m} [7], and a set of criteria, C = {Cj | j = 1,…, n}, 

where X = {xkj | k = 1,…, m; j = 1,…, n}denotes the set of 

performance ratings and w = {wj | j = 1,…, n} is a set of 
 

 
TABLE 1. Scale (1-9) [51] 

Definition Standard values Inverse values 

The same importance 1 1/1 

Weak dominance 3 1/3 

Strong dominance 5 1/5 

Very strong dominance 7 1/7 

Absolute dominance 9 1/9 

Inter values 2,4,6,8 1/2,1/4,1/6,1/8 
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weights as follows: 

 nwwwW 21=  (2) 

(2) Calculating the normalized decision matrix. The 

normalized value rij is calculated as follows: 

(3) 
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(3) Calculating the weighted normalized decision matrix. 

The weighted normalized value vij is calculated as 

follows: 

(5) 
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where wj  is the weight of the ith attribute or criterion, and 

1
1

= =

n

j jw . 

(4) Determining the positive ideal solution (PIS) and 

negative ideal solution (NIS): 

(6) 
 

(7) 
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where I is associated with benefit criteria, and J is 

associated with cost criteria. 

(5) Calculating the separation measures using the n-

dimensional Euclidean distance. The separation of each 

alternative from the ideal solution is given by: 

(8) 
 

(9) 



=

−−

=

++

−=

−=

n

j

jiji

n

j

jiji

VVS

VVS

1

2

1

2

)(

)(  

(6) Calculating the relative closeness to the ideal 

solution. The relative closeness of the alternative Ai with 

respect to A+ is defined as follows: 

(10) +−

−

+
=

ii

i
i

SS

S
C  

Finally, the preferred orders can be obtained 

according to the similarities to PIS (Ci) in descending 

order to choose the best alternatives 
 

 

3. RESEARCH METHODOLOGY 
 

According to the literature review, 42 key performance 

indicators were obtained, the number of these indices 

reached 22 by the Delphi method with a statistical 

population consisting of 10 experts. All steps performed 

in this study are shown in Figure 1. 

A total of 24 indicators were assessed by distributing 

the questionnaire based on the Likert scale between 

experts. Cronbach’s alpha was used to measure the 

internal consistency of the questionnaire and, in fact, its 

reliability. Cronbach’s alpha is obtained at 0.83, which is 

good according to Table 2. At this stage, 130 

questionnaires were distributed and ranked according to 

Table 3 to select the most important indicators. 

 

 
TABLE 2. Cronbach’s alpha values [54] 

Reliability Cronbach’s alpha coefficients 

Excellent α ≥0.9 

Good 0.8≤α ≤0.9 

Acceptable 0.7≤α ≤0.8 

Questioned 0.6≤α ≤0.7 

Poor 0.5≤α ≤0.6 

unacceptable α ≤0.5 

 

 
TABLE 3. Selection of the most important key performance 

indicators 

KPIs Mean Index Rank 

Cost 4.289 1 

Schedule 4.273 2 

Safety 4.260 3 

Quality 4.242 4 

Environment 4.210 5 

Client satisfaction 4.202 6 

Team satisfaction 4.192 7 

Profitability 4.172 8 

Productivity 4.140 9 

Sustainability 4.120 10 

Stakeholder satisfaction 4.111 11 

Integration 4.091 12 

User expectation and satisfaction 4.091 13 

Communication 4.061 14 

Functionality 4.050 15 

Risk 4.040 16 

Billing 4.020 
17 

Procurement 4.020 

Technical performance 4.010 18 

Supply chain 4.000 19 

Scope 3.990 20 

Innovation 3.959 21 
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Figure 1. Diagram of Research Methodology 

 

 
 

Figure 2. Research hierarchy model 

 

 

4. RESULTS 
 

In this study, due to a large number of options and factors 

resulting in increased pairwise comparisons, a hybrid 

approach was used to ensure accuracy. The relative 

importance of the indicators was determined by  

the AHP method and the ranking of options by the 

TOPSIS method. In fact, using the hybrid method 

reduces the number of computations and even 
comparisons by at least half, which is an acceptable and 

reasonable solution besides accurately calculating and 

computing results. Quantitative and qualitative criteria 

can also be involved in the evaluation at the same time. 

The ranking hierarchy for the research is shown in 

Figure 3.  

We examined the performance indicators of 

scheduling, safety, cost, customer satisfaction, quality, 

team satisfaction, profitability, productivity, 

sustainability, and the environment, among the 

questionnaire’s first 10 performance indicators. 
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Thus, 10 factors obtained from the analysis of the 

questionnaire results were ranked by the AHP method, 

and each weight was determined as required by the 

TOPSIS method. Since the software incompatibility rate 

is 0.03, then the compatibility is found in paired 

comparisons, and the results can be trusted. The ratings 

and weights of the AHP are summarized in Table 4. 

The options were then ranked by the TOPSIS method, 

and the results from the analysis of the answers are listed 

in Table 5. 

 

 
TABLE 4. Relative importance of key performance indicators 

KPIs Wi Rank 

Safety 0.212 1 

Environmental 0.107 2 

Cost 0.101 3 

Profitability 0.094 4 

Schedule 0.093 5 

Productivity 0.092 6 

Sustainability 0.082 7 

Quality 0.082 7 

Client satisfaction 0.076 8 

Team satisfaction 0.063 9 

 

 

TABLE 5. Ranking the causes of claim 

Causes of claim Pi Rank 

Delays 0.728 1 

Changes 0.640 2 

Acceleration 0.632 3 

Extra work 0.519 4 

Different site conditions 0.493 5 

Contract ambiguity 0.114 6 

 

 

 

Figure 3. Comparative graph of the proximity coefficients 

of options 

 
 

5. DISCUSSION AND CONCLUSIONS 
 

According to the relevant literature review results, it can 

be said that claims occur in most construction projects.  

But most of these claims are not treated correctly. A lot 

of research has been done in this field in different 

countries. Every year a lot of time and money is spent 

around the world settling construction claims. Therefore, 

it is crucial to use a correct management process to 

reduce the claims to resolve the problems. The claim 

management process involves a number of steps useful to 

improve project efficiency if performed correctly and 

accurately by experts. Claims have a major impact on the 

performance of construction projects and their success or 

failure. Construction projects and their related contracts 

are a large and complex collection of documents. Often 

these documents are not properly understood by various 

factors involved in the project or each with a different 

interpretation of the contract clauses, leading to a 

conflict. If these claims are not resolved correctly, they 

will cause disputes in construction projects. For this 

reason, having a good documentation system has become 

an essential requirement in resolving claims. In fact, this 

documentation system will assist the claim management 

process to prevent disputes. For correctly claim 

management, time, cost, and an expert workforce trained 

in the proper use of the documentation and reporting 

system  are  required.  If  all  are  followed,  an  effective 

step will be taken to improve project efficiency in all 

areas. 

According to the results, the reasons for making 

claims in construction projects in Iran are delays, 

changes, acceleration, extra-work, different site 

conditions, and contract ambiguity. The key performance 

indicators used in this ranking, in order of priority, 

include safety, environment, cost, profitability, 

scheduling, productivity, sustainability, quality, 

customer satisfaction, and team satisfaction. 

Delays with a proximity factor of 0.728 are the most 

important cause of claims that significantly impact key 

performance indicators of the project. Changes also occur 

in most construction projects, with a coefficient of 0.640 

seconds. Then, acceleration, extra-work, different site 

conditions, and contract ambiguity with coefficients of 

0.632, 0.519, 0.493, and .114 are placed in the next 

priorities, respectively. As such, the importance of 

having a documentation and reporting system in projects 

is clear. It needs serious scrutiny. Training team members 

and project staff about the requirements of contract 

clauses and clearly defining the purpose of contract 

clauses are essential steps in construction projects. 

This can partially help to partially alleviate and resolve 

claims to improve performance and minimize 

disagreements. 
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Persian Abstract 

 چکیده 
در پروژه   ذینفعانمنافع بین  محور اصلی پیشرفت فعالیت هاست. بنابراین تضادانسانی  منابع و روابط که عوامل بسیاری نقش دارند ،ساختصنعت های پروژه چرخه حیات  در

 ضات می شود.تعاراحتمال  سیر صعودی روابط انسانی و در نتیجهموجب پیچیدگی پروژه، در  افزایش تعداد ذینفعان .گیز استی و چالش برانمساله ای بدیهاین صنعت های 

آنها تأثیرگذار    زمان  مدیریت هزینه وو    عمرانیهای  بر موفقیت پروژه   دعاوی مدیریت ضعیف  خواهند شد.  تواند منجر به ایجاد ادعا  می  حل و فصلدر صورت عدم    تعارضات این  

بهبود عملکرد   جهتگامی  ،های کلیدی عملکردآنها بر شاخص اثرات  حلیل تو  دعاویبندی علل ایجاد رتبه شناسایی و تا با  آن استتحقیق  از این رو هدف از انجام این است. 

-AHPهای کلیدی عملکرد و با روش ترکیبی آوری گردیده و براساس شاخصدر ابتدا دلایل ایجاد ادعا طبق نظر خبرگان و ادبیات پژوهش جمع .ه شودها برداشتپروژه

TOPSIS  های کلیدی عملکرد پروژه مهمترین عامل ایجاد ادعاها هستند که تأثیر زیادی بر شاخص  0.728تأخیرات با ضریب نزدیکی  بندی شده است. یافته ها نشان داد که  رتبه

ادی در شوند، در رتبه دوم قرار دارند. سپس دستور تسریع، کار اضافی، تغییر شرایط کارگاهی، و ابهامات قراردعمرانی ایجاد می هایدارند. تغییرات هم که در اغلب پروژه

 ها را تضمین کند.آمیز پروژهوساز را کاهش داده و اتمام موفقیتهای موجود در مدیریت دعاوی صنعت ساختتواند چالشهای بعدی قرار دارند. نتایج این تحقیق میاولویت
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A B S T R A C T  
 

 

This paper presents an idea for limiting the phase-shift angle in Dual Active Bridge (DAB) which ensures 

the converter’s stability. The stability is the main criterion in a converter’s operation without which the 
converter will stop working. In an ideal DAB which comprises of ideal components, the phase-shift angle 

limit is 90o. We developed a detailed model in Matlab/Simulink for DAB based on which the limits for 

the stable operation of converter are derived. In the developed model, attempts are made to employ as 
accurate as possible models for the components. In this way, the limits are expected to be very close to 

the practice. The DAB is a bi-directional converter; meaning that the power flow occurs in both forward 

and reverse directions. We derived the limits separately for forward and reverse modes. It is shown that 
the limits are the same for both directions confirming the fact that the DAB is symmetrical. We employed 

the DAB as the SuperCapacitor (SC) energy storage’s interface in this paper.  

doi: 10.5829/ije.2022.35.05b.04 
 

 
1. INTRODUCTION1 
 
Renewable energy sources such as Photovoltaic (PV), 

Wind, and etc. have fluctuations in their generated 

power, since they depend on the climate and 

environmental conditions. On the other hand, there are 

loads which need constant powers. So, there is always a 

mismatching between the generation and the demand in 

renewable energy systems. To resolve this problem, 

electrical energy storage elements are employed. These 

elements such as batteries, Supercapacitors (SC), and etc. 

need interfacing converters which perform their charging 

and discharging properly. The interfacing converters 

employed for energy storage elements must be bi-

directional to perform both charging and discharging 

operations [1-5]. 

The Dual-Active Bridge (DAB) is a bi-directional 

isolated dc/dc converter as shown in Figure 1. The main 

reasons for galvanic isolation between sources in 

multiple-source systems are personal security, noise 

reduction and voltage matching. The isolation is 

performed by a high frequency transformer. The DAB is 

employed in various applications such as renewable 

energies, power systems, hybrid storage elements, 

 

*Corresponding Author Institutional Email: f.barati@merc.ac.ir (F. 
Barati) 

military equipment, and etc. [6, 7]. In Figure 2, a generic 

schematic is shown for the isolated bi-directional dc/dc 

converters. 

The DAB is proposed in 1990 for the first time [8, 9]. 

After many years, the advances in power electronics 

devices and magnetic materials have resulted in a more 

efficient converter [10, 11]. The power rating in a bi-

directional converter is proportional to the number of 

switches. Therefore, the power rating in a DAB is more 

than other types of bi-directional converters such as the 

push pull, half bridge, and etc. [12]. 

 

 

 
Figure 1. A dual-active bridge utilized for supercapacitor 

applications 
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Figure 2. A generic schematic for a dc/dc isolated bi-

directional converter 

 

 

The SCs are among the most advanced energy 

storage elements. They have features such as high power 

density, suitable and safe for the environment, low shelf 

discharge, wide operating temperature range, fast 

charging and discharging capabilities, high capacities 

and very high life cycles. Because of the limited energy 

stored in SCs, their associated converters can operate 

only at some limited periods of time. This type of 

converters’ operation is called the intermittent operation 

[13]. They are also combined with batteries and fuel cell 

which form hybrid energy storage [14]. 

Base on literature [15-17], the modelling, design, 

and control of DAB in different conditions and 

applications are presented. Stability and power transfer 

analysis of DAB are presented [18-20]. Ghani et al. [21] 

employed an online particle swarm technique to optimize 

the DAB phase-shift angle; for a bi-directional dc-dc 

converter, a current-limit control scheme is presented. 

The presented scheme aimed to prevent the converter 

from becoming unstable. The similar work presented by 

Ahmadi et al. [22] for the DAB; we need to make sure 

that the converter is prevented from becoming unstable 

condition. In an ideal DAB, the phase-shift angle limit 

above which the converter becomes unstable is 90o. 

Based on this, all of the previous works considered 90o as 

the stability limit of DAB. 

In this paper, by employing a detailed model, we will 

show that it is not valid to consider 90o as the stability 

limit of DAB. In fact, we will show that, depending on 

the converter’s parameters, a phase-shift angle less that 

90o must be considered as the DAB’s stability limit.  

 

 

2. OPERATION PRINCIPLES OF DUAL- ACTIVE 
BRIDGE 

 

In this section, the operation principles of DAB are 

presented. The DAB’s operation is based on the Phase-

Shift Modulation (PSM). This means that the switching 

signals for one of the bridges are phase-shifted with 

respect to those of the other bridge. 

A. Different Types of Phase-Shift Modulation 

There are four types of phase-shift modulation including 

the Single Phase-Shift (SPS), Extended Phase-Shift 

(EPS), Dual Phase- Shift (DPS), and Triple Phase-Shift 

(TPS) as discussed by Kayaalp et al. [23]. We employed 

a SPS as shown in Figure 3 in this paper. As seen, the 

bridge 2’s AC voltage is phase-shifted with respected to 

the bridge 1’s AC voltage. The phase-shift angle 𝜑 can 

be positive or negative. A positive phase-shift angle 

results in a power flow from bridge 1 to bridge 2 which 

is called the forward mode of operation. The reverse 

mode of operation occurs when the phase-shift angle is 

negative resulting in a power flow from bridge 2 to bridge 

1. The DAB with the SPS has the advantages of 

simplicity and great stability. It also provides the 

maximum power delivery capability. It has, however, the 

disadvantages such as lower efficiency and dynamic 

response compared to the other types of phase-shift 

modulation [23]. 

In the SPS modulation, by considering ideal 

components, the equation for power delivered to the 

output can be obtained as follows [23, 24].     

𝑃𝑜 =
𝑛𝑉1𝑉2

2𝜋2𝑓𝑠𝐿𝑠
𝜑(𝜋 − 𝜑)                 (1) 

which 𝑉1 is the input voltage,𝑉2 is the output voltage, 𝑛 

is the transformer turns ratio,  is the phase-shift angle in 

radians, 𝑓𝑠 is the switching frequency and 𝐿𝑠 is the total 

inductance when everything is moved to the secondary of 

transformer. It can also be shown that the following 

equation can be derived for the output voltage. 

𝑉2 =
𝑛𝑉1

2𝜋2𝑓𝑠𝐿𝑠
𝑅𝐿 𝜑(𝜋 − 𝜑)                 (2) 

where, 𝑅𝐿  is the load. Based on this equation, for fixed 

𝑉1 and 𝑅𝐿 , the output voltage is dependent on the phase-

shift angle 𝜑 . So, by changing in 𝜑 , the output voltage 

varies accordingly. 

B. Parameters for Designed DAB 

We designed a DAB for the SC’s applications with the 

parameters shown in Table 1 for which the idea of phase-

shift angle limiting is presented. We, however, want to 

confirm that the idea is generic and can be employed for 

a DAB with any parameters. According to Equation (1), 
 

 

 
Figure 3. AC side voltages of bridge 1 and bridge 2 with 

SPS modulation 
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TABLE 1. Parameters of designed DAB for SC applications 

Symbol Description Value 

𝑳𝒔(µ𝑯) Total inductance 120 

𝑛 =
𝑛2

𝑛1
  Transformer turns ratio 8 

𝑓𝑠(𝑘𝐻𝑧)  Switching frequency 20 

𝑉𝐶𝐸(V) On-state IGBT’s collector to emitter voltage 3 

𝑉𝐹𝐷(V)  Forward biased anti-parallel diode voltage 1.6 

𝑡𝑑𝑏(μs)  Dead-beat 2 

𝑅1(Ω) Transformer primary winding resistance 0.06 

𝑅2(Ω) Transformer secondary winding resistance 0.13 

𝐶𝑠𝑐(F)  Capacitance of SC 18 

𝑽𝟏(𝑽)  Input voltage nominal value 48 

𝑽𝟐(𝑽)  Output voltage nominal value 400 

𝑖𝑙𝑜𝑎𝑑 (𝐴)  Output current nominal value 10 

 

 

the amounts of power delivered to the output in DAB 

depends on 𝑉1, 𝑉2, 𝑛, 𝑓𝑠, , and 𝐿𝑠. For a DAB with given 

parameters, the values of  𝑛, 𝑓𝑠, and 𝐿𝑠 are fixed. In order 

to regulate the output voltage at a desired value, despite 

the SC’s voltage varies, the phase-shift angle must be 

adjusted appropriately by the closed-loop control system. 

In the case of a voltage drop at the output, the phase-shift 

angle will be increased in the positive direction to restore 

the output voltage. This leads to the SC discharging. 

Also, in the case of a voltage swell at the output, the 

phase-shift angle will be increased in the negative 

direction to restore the output voltage which leads to the 

SC charging. However, in both cases of DAB’s forward 

and reverse modes, the phase-shift angle must be 

appropriately limited in order to keep the converter 

stable. 

C. Limits for Phase-Shift Angle in Ideal DAB 

As seen in Equation (2), V2 versus  is a quadratic 

parabolic function whose maximum is obtained if the 

derivative of V2 with respect to  is set to zero. That is: 

dV2

𝑑𝜑
= 0 → 𝜑 =

𝜋

2
  (3) 

This means that, in the ideal DAB, at the phase-shift 

angle equals to +90°, the maximum output voltage is 

obtained. So, +90° is considered as the phase-shift angle 

limit above which the DAB becomes unstable.  

 

 

3. STABLE OPERATION LIMITS FOR NON-IDEAL 
DAB 
 

In order to obtain the phase-shift angle limits for the 

stable operation of the DAB, we developed a detailed 

model in Matlab/Simulink. To have a model close to the 

reality, we, at the first step, include the power switches’ 

voltage drops, transformer and inductor windings 

resistances. We call this model a lossy one without the 

deadbeat. The model is then equipped with the deadbeat 

as well.  

Attempts are made to employ as accurate as possible 

models for each component. In this way, the obtained 

limits will be very close to the practice. The model is run 

in the open-loop mode in which the converter’s 

performance can be evaluated at steady-sates for 

different values of the phase-shift angle.   

D. Lossy Model without Deadbeat 

The open-loop simulations of DAB are done in five 

positive phase-shift angles, i.e. 5°,  20°, 50° ,  70° ,
and  75° which are for the forward mode of operation. 

Also, five negative phase-shift angles i.e. 

−5°,  −20°,  −50°, −70°, and  −75° are considered for 

the reverse mode of operation. The results are shown in 

Figures 4 to 7.   

In both cases of forward and reverse modes, we start 

to increase the phase-shift angle until the exchanged 

power starts to decrease. The phase-shift angle at which 

the exchanged power starts to decrease is considered as 

the limit. We derive the limits separately for the forward 

and reverse modes. 

According to Figures 4 and 5, in the forward mode, 

by increasing the phase-shift angle up to 70°, the output  

 

 

 
Figure 4. Output voltage in forward mode for different 

phase-shift angles 

 

 

 
Figure 5. Output power in forward mode for different phase-

shift angles 
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Figure 6. Voltage of SC in reverse mode for different phase-

shift angles 

 

 

 
Figure 7. Power absorbed by SC in reverse mode for 

different phase-shift angles 

 

 

voltage as well as the power delivered to the output 

increase. However, for higher phase-shift angles, the 

output voltage and the power delivered decrease. 

Therefore, for the stability of converter in this mode, any 

increase in the phase-shift angle above 70° must be 

avoided. Note that, tests in the forward mode are 

performed with nominal input voltage and output current 

as listed in Table 1. 

For the reverse mode, according to Figures 6 and 7, 

by increasing the phase-shift angle up to -70°, the SC’s 

voltage as well as the absorbed power by the SC increase. 

However, for higher phase-shift angles, the SC’s voltage 

and absorbed power decrease. So, the same as the 

forward mode, in the reverse mode, any increase in the 

phase-shift angle above -70° must be avoided in order to 

keep the converter stable. Tests in the reverse mode are 

performed with the nominal output voltage and nominal 

output current injected to the converter’s output. Note 

that, the results in Figures 6 and 7 are dynamic ones, since 

the SC’s charging is in progress. It is also worth 

mentioning that the limits obtained for the forward and 

reverse modes are the same implying the fact that the 

converter is symmetrical. 

For different load currents, the output voltage is 

shown against the phase-shift angle in Figure 8. It is clear 

that for a specific phase-shift angle, by increasing in the 

load current, the output voltage decreases which is 

expected. Also, for any load current, the output voltage 

increases as the phase-shift angle is increased until the 

phase-shift angle reaches the limit, i.e. 70°. Increasing the 

phase-shift angle above 70° results in decreasing the 

output voltage and therefore, the power delivered to the 

output is decreased. This means that 70° is the phase-shift 

angle limit for the DAB with the listed parameters 

regardless of the load current.  

E. Lossy Model with Deadbeat  

A 2µs deadbeat is considered for the DAB with the listed 

parameters in Table 1. It guarantees that no short-circuit 

occurs in any of the converter’s legs. However, it has 

adverse effects on the converter’s performance which are 

inevitable [25]. In this section, we investigate the 

deadbeat effects on the power delivery capability as well 

as the limits of the phase-shift angle. 

For a specific load current, the output voltage is 

shown against the phase-shift angle both for with and 

without the deadbeat in Figure 9. As clear, in both cases, 

by increasing in the phase-shift angle, the output voltage 

increases until the phase-shift angle reaches the limit. 

The limit equals to 70° for the case of without deadbeat 

as shown before. It is, however, higher for the case of 

with deadbeat as clear. 

For a specific phase-shift angle, by including the 

deadbeat, the output voltage is decreased especially at 

low phase-shift angles as shown. The case gets better as 

the phase-shift angle increases. This means that, 

including the deadbeat, which is necessary for the proper 

operation of converter in practice, has an adverse effect 

on the power delivery capability of the DAB. We, 

therefore, want to conclude that including the deadbeat 

reduces the effective phase-shift angle. As a result of this, 

the power delivery capability is reduced and the phase-

shift angle limit is increased. 

In Figure 10, by including the deadbeat, the output 

voltage is shown against the phase-shift angle for 

different load currents. As clear, for a specific phase-shift 

angle, by reducing the load current, the output voltage 

increases as expected. Also, for a specific load current, 

by increasing the phase-shift angle, the output voltage 

increases until the phase-shift angle reaches the limit. As 

clear, the limit is different for different load currents. In 

fact, for 1A load current, the limit equals to 85°, for 5A 

load current, the limit equals to 80°, for 10A load current, 

the limit equals to 75°, and for 15A load current, the limit 

equals to 70°. So, by considering 10A as the nominal load 

current, the limit for the phase-shift angle for the DAB 

with the listed parameters equals to 75°. Comparing 

Figures 8 and 10 for 10A load current shows that the 

phase-shift angle limit is higher for the case of with 

deadbeat confirming the fact that the deadbeat reduces 

the effective phase-shift angle. We also want to conclude 

that the phase-shift angle limit for the reverse mode 

equals to -75°, since the converter is symmetrical. 
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Figure 8. Output voltage versus phase-shift angle for different load currents without including deadband 

 

 

 
Figure 9. Output voltage versus phase-shift angle for with and without deadband 

 

 

 
Figure 10. Output voltage versus phase-shift angle with deadbeat for different load currents 



 

 

4. DISCUSSION 
 

In this section, we present a discussion about the idea of 

phase-shift angle limiting as well as the results obtained. 

As said, we limit the phase-shift angle in order to make 

sure that the converter is stable. 

The stability is the main criterion in a power 

electronics converter’s operation. This is because of the 

fact that, without stability, the converter will stop 

working soon. So, we limited the phase-shift angle in the 

DAB according to the stability criterion. There are, of 

course, other criteria too such as the efficiency, current 

stress, and etc. However, in the DAB, because of its 

structure, the efficiency is inherently high. So, it is 

believed that the most limiting criterion in the DAB’s 

operation is the stability. In the other words, by ensuring 

the stability, other important criteria such as the 

efficiency are well met. 

For fixed input voltage and output current, the output 

voltage is shown against the phase-shift angle for 

different conditions as shown in the previous section. 

Starting from low phase-shift angles, the output voltage 

increases as the phase-shift angle is increased up to a 

certain value. Increasing in the phase-shift angle above 

the certain value leads to the output voltage decreasing.  

This value is considered as the stability limit for the 

phase-shift angle. This is due to the fact that, the closed-

loop control systems’ efforts to restore the output 

voltage, which is through increasing the phase-shift angle 

in the case of output voltage drop, will result in the output 

voltage decreasing if the phase-shift angle is moved 

above the limit. Since the output voltage is not restored, 

the closed-loop control system increases the phase-shift 

angle more and more resulting in the output voltage 

decreasing more and more until the output voltage 

reaches to zero. The derived limits for the forward and 

reverse modes, which are the same since the DAB is 

symmetrical, are employed in the closed-loop control 

system which guarantees that no increasing above the 

limits occurs either at dynamic or steady-states [26]. 

According to Equation (1), imposing limitations on 

the phase-shift angle means that the maximum power 

which can be delivered by the converter is accordingly 

limited. The same happens for the voltage gain as clear 

from Equation (2). Also, it slows down the dynamic 

performance of the converter. We call these as the 

adverse effects of phase-shift angle limiting. 

Although the limit for an ideal DAB is 90° regardless 

of the converter’s parameters, the derived limits are for 

the DAB with the listed parameters. This means that the 

limits can be different for a DAB with different 

parameters. So, the same procedure, as shown, must be 

followed to obtain the limits for any DAB with given 

parameters. We, however, want to confirm that the 

derived limits are the converter’s characteristics. This 

means that they are valid regardless of the converter’s 

application or the converter’s input source or output load. 

 

 

5. CONCLUSIONS 
 

Based on a detailed model developed in 

Matlab/Simulink, we derived the limits for the phase-

shift angle in DAB both for the forward and reverse 

modes. The operation of converter above these limits 

must be prevented in order to keep the converter stable. 

In contrast to the ideal model for which the allowable 

range of phase-shift angle is -90° <φ< 90°, the non-ideal 

model’s allowable range is -75° <φ< 75° for the 

converter with the listed parameters. In the non-ideal 

model, we considered the power switches’ voltage drops, 

transformer and inductor windings resistances, and, of 

course, the deadbeat. It is also confirmed that the 

deadbeat reduces the effective phase-shift angle in 

DAB’s operation. 
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7. APPENDIX 
 

The closed-loop control system for the designed DAB for 

SC applications is shown in Figure (A-1). It is based on 

the output voltage control for which a Proportional-

Integral-Derivative (PID) control is employed. The 

output voltage reference value is set to 400V which is the 

output nominal voltage. The modulator from which 

switching signals are generated is a Single Phase-Shift 

(SPS) one as explained before. It generates eight 

switching signals for the switches in bridges 1 and 2. The 

switching signal of a switch in bridge 2 is phase-shifted 

with respect to the switching signal of its counterpart in 

bridge 1.  

The idea presented in this paper for limiting the 

phase-shift angle is implemented in the closed-loop 

control system as shown. In fact, we limit the controller 

output appropriately such that the phase-shift angle does 

not exceed the obtained limits. Note that, the limits are 

implemented both for the forward and reverse modes of 

operation. In this way, we make sure that the DAB’s 

operation is stable.  

 

 
Figure (A-1). Closed-loop control system of DAB with implemented phase-shift angle limits 

 
 



 

Persian Abstract 

 چکیده 
کار یک مبدل ی، اصلی ترین معیار در در این مقاله به ارائۀ ایده ای برای محدود کردن زاویۀ شیفت فاز در مبدل پل فعال دوگانه با هدف پایداری مبدل پرداخته میشود. پایدار

است. در این مقاله با بکارگیری یک مدل دقیق    ± o 90است چرا که بدون آن مبدل به سرعت از کار می افتد. در مبدل پل فعال دوگانۀ ایده آل، محدودۀ مجاز زاویۀ شیفت فاز

ایجاد کردیم به استخراج محدودۀ مجاز شیفت فاز می پردازیم. در مدل پیاده سازی شده تلاش شده است تا از دقیق ترین مدل   Matlab/Simulinkاز مبدل که در نرم افزار 

به واقعیت نزدیک دانست. مبدل پل فعال دوگانه یک مبدل دوجهته است. بدین معنی که شارش توان در  المانها بهره جسته شود و بدین ترتیب بتوان محدودۀ استخراج شده را 

ج کردیم هر چند نشان آن هم در جهت مستقیم و هم در جهت معکوس امکان پذیر است. ما محدودۀ مجاز شیفت فاز را جداگانه برای کارکردهای مستقیم و معکوس استخرا

بردهای برای کارکردهای مستقیم و معکوس یکسان است. این موضوع به دلیل وجود تقارن در مبدل است. در این مقاله، مبدل پل فعال دوگانه برای کار  داده شد که محدودۀ مجاز

 ابرخازن مورد استفاده قرار گرفته است.      
– 
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A B S T R A C T  
 

 

Considering the characteristics of the Caspian Sea waves, using a centipede wave energy converter might 
lead to satisfactory performance. The present paper introduced a pilot wave energy converter (WEC) 

called IRWEC2. Moreover, the performance of the hydraulic power take-off (PTO) system developed 

for the WEC was assessed experimentally in the wave tank of Babol Noshirvani University of 
Technology (BNUT). The Simcenter Amesim software was used so as to design the hydraulic PTO 

system and to initially evaluate the system performance. For two separate buoys were used, different 

series and parallel configurations were employed for the separate hydraulic cylinders connected to each 
buoy to achieve the optimum performance of the PTO system. The characteristics of input wave, resistant 

load, and flow control valve opening were defined as the most important parameters affecting the 

converter performance. Accordingly, the maximum value of generator output was obtained based on the 
certain values of these parameters. To validate the processes defined, the simulation results obtained 

through the Simcenter Amesim software were compared to the experimental ones and a good agreement 

was found. According to the results, the maximum power of the PTO system was 46 watts (for laboratory 
scale), which is related to the parallel configuration. In this case, the efficiency of the PTO system was 

23%. Moreover, the output of the generator increased by about 12% compared to the case where only 

one buoy was used. 

doi: 10.5829/ije.2022.35.05b.05 
 

  

NOMENCLATURE x̅ Average of measured data 

𝑎 Amplitude (cm) xi Measured data 

𝐴 Piston area (𝑚𝑚2) Greek Symbols  

𝐹 Applied force to the cylinder (𝑁) 𝑣 Piston velocity (𝑚 𝑠⁄ ) 

GDP Generator dissipation (%) ∆𝑃 Pressure difference (bar) 

𝐼 electric current (𝐴) ∆𝑥 Piston displacement (𝑐𝑚) 

N Experiment perform number ∆𝑦 Buoy displacement (𝑐𝑚) 

𝑃𝐺 Output generator power (𝑊) 𝜔 Angular frequency (𝑟𝑎𝑑
𝑠⁄ ) 

𝑃𝐻𝑀 Output hydromotor power (𝑊) 𝜔𝑜𝑢𝑡 Rotational velocity (for G & HM) (RPM) 

𝑃𝑖𝑛 Applied power to the cylinder (𝑊) 𝜔𝑊.𝑀 Wave maker angular frequency (𝑟𝑎𝑑
𝑠⁄ ) 

𝑃 Hydraulic cylinder pressure (bar) σm Standard uncertainty 

𝑄 Hydromotor flowrate (𝑙 𝑚𝑖𝑛⁄ ) 
𝑃𝑇𝑂

 PTO Efficiency (%) 

𝑅𝑃𝑀 Wave maker rotational velocity (RPM) 
𝑡
 Hydromotor Efficiency (%) 

s Standard deviation Subscripts  

𝑡 Time (𝑠) G Generator 

𝑇 Period (𝑠) HM HydroMotor 

𝑉 Voltage (𝑉) i Data item 

𝑉𝑔 Displacement (𝑐𝑚3) W.M Wave Maker 
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1. INTRODUCTION 
 
Nowadays, using renewable energy is among the 

programs and policies of developed and developing 

countries. With their significant energy density, the 

waves of seas and oceans are known as one of the 

sustainable subsets of renewable energy sources [1]. A 

variety of methods to harness the energy of seas' and 

oceans' waves have been submitted in the form of 

hundreds of ideas and research works. It is worth 

mentioning that many ideas and designs have been 

utilized as the final product as wave energy converters 

(WECs). Considering every single of the energy 

absorption mechanisms, WECs can have different power 

take-off (PTO) systems. Mechanical, pneumatic, 

hydraulic PTOs and also direct power transmision system 

are different types as following researchers studied. Tri 

et al. [2] used such a mechanical PTO system driven by 

a continuously variable transmision system (CVT) for 

point absorber type WEC. Yazdi et al. [3] studied 

pnumatic one in OWC WEC. Henderson [4] tested 

hydraulic PTO in Pelamis. Waters et al. [5] examined a 

linear generator configured with a buoy and sea cable. 

Centipede wave energy converters are designed to use an 

array of buoys to attain wave energy. Each of these 

absorbent units is attached to an arm as the first element 

of the PTO chain to transmit the heave motion, which is 

created in the primary interaction (PI) with the wave, to 

the other components of the PTO system (see Figure 1). 

At the end of the PTO chain, the reciprocating motions 

of the buoy are converted into rotational motion and 

accordingly electrical energy in a generator. The PTO 

system in a centipede converter could be mechanical, 

hydraulic, or direct (linear generators). The mechanical 

PTO system tends to be used in laboratory studies. In the 

semi-industrial and industrial models, hydraulic PTO 

systems are commonly utilized. The operational nature of 

the hydraulic PTO systems is appropriately in accordance 

with the attributes of sea waves. Using the hydraulic PTO 

systems in wave energy converters is very prevalent, 

amongst which Wavestar, Pelamis, AW-Energy, 

SEAREV, and ETC can be mentioned [6]. In this study, 

a hydraulic PTO system was utilized for the centipede 

WEC. 

 

 

 
Figure 1. Primary interaction between absorber and wave to 

produce useful power electricity (wave to wire scheme) [7] 

A great deal of research has been conducted on 

WECs, a part of which has been relevant to the absorber's 

shape, type, and connection method, and the other part 

deals with the optimization and control of the PTO 

system. 

Sarlak et al. [8] numerically assessed the 

hydrodynamic parameters, efficiency, and dynamic 

response for different geometric shapes. Their results 

demonstrated that the horizontal cylinder shape is the 

most optimal geometry for the Offshore Wave Buoy 

WEC system between all samples. Alamian et al. [9] 

conducted a similar study utilizing NEMOH software for 

a point absorber converter. In this study, the optimization 

of the geometric shape considering its construction costs 

was investigated. 

Babarit et al. [10] studied the two-way cylinder in a 

PTO system and used a gas accumulator to prevent 

fluctuations. Hansen et al. [11] also examined two 

different combinations in cylinders to control the power 

absorption by single and multiple point absorbers. One of 

the two systems studied was a symmetrical cylinder 

system with two oil chambers, and the other system 

contained two cylinders and four nonsymmetrical oil 

chambers that were tested in three different sea 

conditions. Cargo et al. [12] evaluated a type of point 

absorber WEC through numerical simulation in both 

ideal conditions and conditions with the loss. They 

achieved the optimal state by changing the features of 

some components of the hydraulic circuit. Moreover, 

their results indicated that there is no difference between 

optimization in the ideal circuit and the circuit with loss. 

This can assist in the numerical research to optimize the 

circuit of hydraulic transmission systems. Bayani et al. 

[13] used a wide variety of wave characteristics to 

examine the IRWEC1 in BNUT’s wave tank. 

Considering the 1:8 scale, 145 kilowatts power is 

expected. Hassan et al. [14] used different configuration 

of turbines during a virtual experiment. In an 

experimental study, Coiro et al. [15] examined two 

different configurations of point absorbers in the two 

positions of the buoyant arm, one in the parallel position 

to the water surface and the other being angled to the 

water surface. Alamian et al. [16] utilized various 

mechanical PTO systems for the centipede wave 

converter system such as axles and flywheels, gear 

systems, and also wheels and chains, to name but a few. 

Another sample of a mechanical combination was 

conducted by Tri et al. [2]. They tested a system, 

including a CVT (continuously variable transmission) 

gearbox, a flywheel, and a WEC-CVT-EHA 

electrohydraulic actuator. Using an electrohydraulic 

system to maintain the generator at the rated speed, they 

dramatically increased the converter efficiency. In both 

configurations, the hydraulic cylinder is perpendicular to 

the arm. They also re-conducted this research 

numerically with two methods of potential theory and 
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URANS to parametrically analyze the system. Liu et al. 

[17] carried out an experimental and numerical 

examination of the hydraulic PTO system of the Pelamis 

wave energy converter in Aqua software and delineated 

the effect of different hydraulic parameters. They 

investigated the effect of several parameters, including 

the rod-to-piston diameter ratio, various wave conditions 

at sea, hydromotor displacement volume, and 

accumulator volume, on the efficiency. Kim et al. [18] 

tested a WEC, consisting of two hemispherical buoys 

with the same geometric attributes to maximize the 

power, that can be extracted in different positions in 

terms of the distance between the buoys and the pressure 

difference in the hydraulic motor. Other parameters 

investigated on the aforementioned wave converter 

system were the collision wave angle with the wave 

converter under different wave frequencies.  Tian et al. 

[19] first modeled the small-scale impact (WEC) system 

by Simulink in MATLAB and then validated it. They 

used a combined electrohydraulic system to transmit 

power. Another parameter they studied was the pre-

charged accumulator gas pressure. Aghanezhad et al. 

[20] defined dry tests to study the hydraulic PTO system 

of a centipede wave converter and examined various 

parameters to optimize the output power.  

To utilize any PTO system in a WEC, it is of utmost 

importance to pay attention to crucial factors such as sea 

wave attributes, environmental conditions, and the 

compatibility of power transmission chain elements. This 

topic, coupled with the lack of sufficient maturity during 

using the industrial samples of wave energy converters 

[6], reveals the need to study and search on tuning and 

optimizing the PTO system more than ever. In some 

cases, replacing equipment, adjusting processes, or 

changing the configuration of PTO systems can improve 

the performance. In a centipede WEC, these changes can 

include changes in the size and shape of the absorber 

buoy, the length of the buoy arm, the size and volume of 

the hydraulic motor and accumulator, the settings of 

some parameters (e.g., accumulator pre-charge pressure, 

flow control valve opening), and resistive load 

determined for generator and hydraulic motor. 

In order to optimize the hydraulic PTO system, it 

should be inspected in various conditions, and its 

dependence on effective parameters should also be 

considered. In this research, the centipede WEC having a 

hydraulic PTO system was assessed experimentally and 

numerically. To this end, the operation of the PTO system 

in the different conditions of the wave, resistive load, and 

the characteristics of hydraulic elements of the hydraulic 

circuit will be regarded. In light of the nature of centipede 

converters, two buoys were utilized together with two 

separate PTO systems. Thus, to evaluate the performance 

of the converter, different configurations of the two 

converters together with the two PTO systems were used. 

It is noteworthy that two hydraulic cylinders in different 

series and parallel positions were inspected to acquire an 

effectual output in different configurations. By choosing 

the best configuration using the Simcenter Amesim 

program, the output power of the PTO system was 

calculated while the appropriate number of buoys and 

cylinders were configured. Experimental data were used 

to validate the simulation results. It should be noted that 

the output power of the converter significantly depended 

on the features of the input wave. Accordingly, all 

changes in the system were made considering constant 

input waves so that the results were comparable. 

 

 

2. MATERIALS AND METHODS 
 
2. 1. Problem Statement         In this research, the 

hydraulic PTO system in the IRWEC2 centipede WEC 

was assessed experimentally and numerically. To 

conduct experimental tests, considering the waves of the 

Caspian Sea, the wave tank of Babol Noshirvani 

University of Technology (BNUT) was utilized [21]. 

However, the laboratory study phase of this converter 

equipped with a mechanical PTO system was completed 

for two different arrays, including 6 and 10 buoys (see 

Figure 2). In order to complete laboratory tests and to 

approach the industrial model, the hydraulic PTO system 

was used due to the favorable features and performance 

of the hydraulic PTO system and its appropriate 

adaptation to the attributes of sea waves (see Figure 3). 

At this step, to ensure the performance of the hydraulic 

PTO system, the performance of the system in dry tests 

outside the tank was examined [20]. 

As mentioned before, a converter with two 

hemispherical buoys was used. The diameter of the both 

buoys was 110 cm, which was connected to the rotary 

joint using a 2.5m arm. The hydraulic cylinder 

connection point to the arm was considered at a point 

between the buoy and the rotary joint. To install the 

converter in the wave tank, it was essential to adjust the 

movement of the hydraulic cylinder. The hydraulic 

cylinder's movement stroke depends on the depth of 

water and the characteristics of the incoming waves. 

Figure 4 shows one of the converters installed in the tank. 

To accomplish the converter's appropriate performance 

points, two objective functions of the WEC efficiency 

and the output power were assessed. Various strategies 

were used in the experimental study to enhance the 

performance of the converter.  

 

2. 2. Caspian Sea       As mentioned earlier, to assess the 

performance of the centipede WEC, the characteristics of 

the Caspian Sea waves were considered. The Caspian Sea 

has significant potential to generate electricity from 

waves. Figure 5 demonstrates a combined diagram of 

wave distribution and energy according to two 

parameters of significant wave height and wave period in 
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the Caspian Sea in the beach of Babolsar city. The 

colored scale embodies the total annual energy per 

wavefront length unit, and the bold numbers indicate the 

probability of occurrence of any particular wave 

conditions according to the number of hours per year. As 

shown in Figure 5, the waves with a significant height of 

0.5 to 1 m and a period of 4 to 6 seconds have the highest 

annual energy. However, another significant category of 

waves is the waves with a height of 0 to 0.5 meters and a 

period of 2 to 4 seconds, which are most likely to occur 

in the Caspian Sea (see Table 1).  

 

 

 

 
Figure 2. Centipede WEC constructed and tested in BNUT, 

at Sea-based Energy Research group test rig by mechanical 

PTO system in 6 and 10 buoy arrays [20]  

 

 

 
Figure 3. Centipede WEC scheme whit hemisphere buoy 

and hydraulic PTO system [20]  

 
Figure 4. installation mode of centipede WEC in the wave 

tank 
 

 

 
Figure 5. Combined scatter and energy diagrams of the 

annual energy corresponding to sea states in different ranges 

of Hs and Te for Caspian Sea (near Babolsar) [16] 

 

 
TABLE 1. Caspian Sea wave classification for tests  

Waves Period (s) Height (m) 

Class I 4-6 0.5-1 

Class II 2-4 0-0.5 

 
 
To model the waves in the wave tank, it is very important 

to consider the WEC scaling. In this study, for the 

developed semi-industrial sample was used directly in 

the sea, the scale of the converter was 1:1, and the 

dimensions of the buoys in the experimental tests were 

equal to those of the buoys installed in the sea. Therefore, 

the wave characteristics will not be different compared to 

the sea wave features. Furthermore, the second group of 

waves prsented in Table 1 was used for experimental tests 

(class II). To this end, to implement the final tests in most 

of the experiments, a wave with a height of 40 cm and a 

period of 3 seconds was utilized in the wave tank. 
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Nevertheless, the stronger and weaker waves were also 

used whenever they were required. 

 

2. 3. Experimental Study 
 

2. 3.1. Experimental Equipment        According to the 

energy transmission chain initiated from the sea waves, 

the centipede WEC was composed of various subsets and 

components (see Table 2). The mechanical components 

of the converter were a buoy and an intermediary arm to 

transmit the motion. In this converter, after the collision 

of the input wave, the wave energy was absorbed by the 

buoy and was then transferred by the arms to the 

hydraulic cylinder. The increased pressure of working 

fluid in the hydraulic cylinders was transferred to a 

hydromotor, which allowed the reciprocating motion of 

waves to convert into rotational motion. A single-acting 

hydraulic cylinder was applied in the system, generating 

the power only when the buoy moved upward followed 

by the arm. At the end of the process, mechanical energy 

was converted into electrical one by transferring the 

rotational motion to the generator. A schematic of the 

electrical circuit is shown in Figure 6. 

Based on the energy conversion chain, the proper 

selection of elements for hydraulic PTO system and 

 

 
TABLE 2. The technical information of setup components 

Item  Properties  

Buoy 

Diameter 110 cm 

Draft 45.7 cm 

Weight 63 kg 

Arm 
Length 2.5 m 

Weight 16.3 kg 

Hydraulic 

Cylinder 

Piston Diameter 18 mm 

Cylinder Diameter 40 mm 

Stroke 245 mm 

Oil Tank Capacity 50 lit 

Check valve  ¾ and ¼ inch  

Accumulator Nominal Capacity  2.5 lit 

Relief valve  Pressure relief valve set at 15 bar 

Throttle valve  Needle valve 

Hydromotor 
Type 

Gerotor-fixed 

displacement 

Displacement  12.5 cc 

Generator 
Synchronous permanent magnet (AFPMG) 

(100W, 100RPM) 

Hydraulic oil  HLP 51524 part 2 

Rheostat  50 Ω, 50 V, 5 A 

Resistors 10 Ω, 10 𝑊 

 
Figure 6. Electric circuit including Diode Bridge (bridge 

rectifier), rheostat and voltage and current measurement 

elements [20]  

 

 

correct adjustment of them are of great importance. 

Figure 7 shows a schematic of the hydraulic power 

transmission system. As can be seen, check valves are 

considered on both sides of the hydraulic cylinder to 

prevent backflow generation. Moreover, an accumulator 

was used to reduce the fluctuations. 

The technical specifications of measurement 

equipment with their accuracy range are presented in 

Table 3. Regarding the importance of knowing the wave 

characteristics and measuring the buoy fluctuations, 

analytical equations were used to determine the incident 

wave characteristics, and image analysis was employed 

to measure the buoyancy fluctuations. Tracker software 

was also used for image analysis. It should be mentioned 

that there was a red mark on the buoy for such a purpose, 

which was traceable to the software after capturing 

images and in the post-processing step. The incoming 

wave collision with the buoy and the piston movement 

made it possible to transfer the wave energy. An 

ultrasonic level-meter sensor was applied to measure the 

velocity and displacement of the piston. The force arising  

 

 

 
Figure 7. Schematic of hydraulic circuit and components 

[20]  
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TABLE 3. The technical information of measurement 

equipment  

Item Specification  Accuracy  

Pressure Gauge 
Dial type (10, 25, and 40 

(bar)) 
0.5%−

+  

Multimeter (voltage) HIOKI 3256 0.6%−
+  

Multimeter (current) HIOKI 3200 1.5%−
+  

Force Gauge 
Radex digital weighing (50 

kg) 
0.05%−

+  

Tachometer 
Lutron tachometer DT-

2268 
0.05%−

+  

Level meter HC-SR04 ±0.3 cm 

 

 

from the wave in the hydraulic cylinder led to increasing 

the oil pressure in the hydraulic circuit. Several pressure 

gauges were employed to measure the oil pressure at 

different points of the hydraulic circuit. The output load 

was simulated using a rheostat and several resistors. Both 

voltage and current were measured by two multi-meters. 

Finally, the rotational speed of the generator and hydro-

motor shafts was measured using a digital tachometer as 

shown in Figure 8. 

An incident wave was produced in the form of regular 

waves by a paddle wave-maker system in a tank of 

dimensions 11 x 3 x 3 m (see Figure 9). 

 
2. 3. 2. Uncertainty Analysis          Because of numerous 

parameters measured and diversity of experiments, 

uncertainties were calculated for all measured data. The 

equations of average value, standard deviation, and mean 

dispersion were used to compute the percentage error of 

each quantity. 

x̅ =
∑ xi

N
i=1

N
  

s = √
∑ (xi−x̅)2N

i=1

N−1
  

σm =
s

√N
 

(1) 

 

 

 
Figure 8. hydraulic and electric output data measurement 

equipment 

 
Figure 9. overall view of wave tank [16] 

 

 

where xi is the measured data, x̅ is the average of the 

measured data, N is the number of the performed 

experiments, and s and σm are the standard deviation and 

standard uncertainty parameters, respectively. As the 

experiments were repeated three times in each case, the 

uncertainty calculated for the voltage, flow, pressure, and 

rotational speed parameters are presented in Table 4. 

 

 

  

Figure 10. Flow control valve and related settings for 

opening positions [20]   

 

 

 

 
Figure 11. installation modes of parallel (a) and series (b) 

configurations 
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2. 3. 3. Test Method        As mentioned above, a 

centipede WEC with two buoys was used where the tests 

were conducted for single-buoy and double-buoy cases. 

First, the tests were carried out for a single-buoy system. 

In this case, the effect of two parameters on the opening 

angle of the flow control valve and the output load was 

evaluated considering an incident wave with a height of 

40 cm and a period of 3s. In these conditions, the goal 

was to achieve the maximum output power of the 

converter. As shown in Figure 10, the control valve 

opening angle was calibrated with the number of turns to 

open it. To this end, the odd number of turns was 

considered to adjust the opening angle of the flow control 

valve. The resistance variation was used in order to 

change the output load. In this regard, to determine the 

maximum throughput of the PTO system, the resistance 

changes starting from 20 ohms were increased by 10 

ohms at each step. Thus, by determining proper operating 

points for the flow control valve and resistive load, it can 

be tested for other waves of heights 20, 25, and 30 cm. 

Considering a buoy followed by a PTO system (a 

hydraulic cylinder), the wave height was determined by 

the most appropriate output and the optimum opening 

angle of the flow control valve. In the next step,  the 

hydraulic cylinders of two separate PTO systems were 

tested in the series and parallel arrangements for double-

buoy configuration. 

The experimental steps are shown in Figure 12. 

 

2. 3. 4. Output Data Processing       To evaluate the 

performance of the IRWEC2 WEC, the converter output 

power was measured compared to the input power. The 

output power of the converter was determined by the 

measurement equipment; however, it was necessary to 

recognize the input wave characteristics to examine the 

input power to the WEC. Several desired waves were 

generated in the wave tank using a paddle wave-maker in 

which two inputs, including stroke length and wave-

maker frequency, were applied to adjust it. The wave 

period was directly dependent on the wave-maker 

frequency on the basis of Equation (2); also, the wave 

height was adjusted by changing the stroke length. 

𝑅𝑃𝑀 = 𝜔𝑊.𝑀 ×
60

2𝜋
=

2𝜋

𝑇
×

60

2𝜋
=

60

𝑇
  (2) 

Table 5 shows the wave period for every single desired 

frequency of the wave-maker. Since the wave period for 

all experiments was assumed to be a fixed value of 3s, 

the waves with various heights could be generated by 

varying the wave-maker stroke (see Table 6). Each 

specific wave height was named according to its obtained 

value. 

As the Wave Mode I experiment had the maximum 

wave height, it was considered to evaluate the 

conformance between the buoy fluctuations and the 

incoming wave conditions. To define the incoming wave 

based on the specified wave-maker frequency, the target 

wave height would be determined by varying the length 

of the wave-maker stroke. Therefore, Equation (3) could 

be applied to the incoming wave in this test; image  

 

 
TABLE 4. uncertainty for all parameters in specific test 

condition (Wave Mode I, R=20 ohms, single configuration) 

𝑵 = 𝟑 V I 𝑷𝒄𝒚𝒍𝒊𝒏𝒅𝒆𝒓 ∆𝑷 𝝎𝒐𝒖𝒕 

Certainty 
in 95% 

level 

±2.82% ±0.03% ±0.76% ±0.60% ±7.25% 

 

 
TABLE 5. wave period converted to RPM as an input 

T (s) 1.5 2 2.15 2.4 2.6 3 3.5 4 

RPM 40 30 28 25 23 20 17 15 

 

 

 

 
Figure 12. test flowchart  
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analysis was also used to evaluate the buoy fluctuations. 

Figure 13 depicts the comparison of the incoming wave 

profile and the buoy fluctuations. 

𝑦 = asin(𝜔𝑡) = 20 sin(2.093𝑡) (3) 

As discussed above, the buoy displacements directly 

affect the hydraulic cylinder performance. If the power 

transmitted from the buoy to the hydraulic cylinder is 

considered equivalent to the PTO input power, Equation 

(4) can be applied to calculate the input power. 

𝑃𝑖𝑛 = 𝐹 ∗ 𝑣 (4) 

where F is the piston force (N) obtained using the 

cylinder pressure (Equation 5), v is the piston average 

velocity (m/s), and 𝑃𝑖𝑛 is the system input power (W). 

𝐹 =
𝑃 × 𝐴

10
 (5) 

P is the cylinder pressure (bar) measured through the 

experiment, and A is the piston cross-sectional area 

(𝑚𝑚2). 
To obtain the piston average velocity, its 

displacement was first calculated using the level-meter 

sensor (see Figure 14), then the average velocity was 

calculated by given piston displacement in the hydraulic 

circuit charging stage and the piston displacement 

duration. 

 

 
TABLE 2. nominated wave modes for tests 

T (s) H (cm) Wave Mode (W.M.) 

3 40 I 

3 30 II 

3 25 III 

3 20 IV 

 

 

 
Figure 13. Buoy displacement due to wave motion W.M. I 

 
Figure 14. Piston displacement in W.M. I condition 

 

 

 
Figure 15. Hydromotor performance diagram [22] 

 

 

 
Figure 16. Amesim simulation diagram for hydraulic and 

electric circuits 

 

 

After charging the hydraulic circuit by the buoy 

motion and the piston displacement in the hydraulic 

cylinder, a high-pressure fluid was transferred through 

the hydraulic circuit to the hydromotor. According to the 

information from the hydromotor manufacturer, the 

hydromotor power was obtained from Equation (6) [23]: 
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𝑃𝐻𝑀(𝑤) = 𝑄 ∗ ∆𝑝 ∗


𝑡

600
∗ 1000 (6) 

where Q denotes the volume flow rate passed through 

hydromotor (𝑙 𝑚𝑖𝑛⁄ ), and ∆𝑝 is the pressure difference 

between the hydromotor inlet and outlet (bar). The 

parameter 
𝑡
 represents the efficiency of the hydromotor  

in different operating conditions that were calculated at 

all the operating points based on Figure 15 [22]. The flow 

rate passing through hydromotor  was obtained from 

Equation (7): 

𝑄(𝑙
𝑚𝑖𝑛⁄ ) =

𝜔𝑜𝑢𝑡(𝑅𝑃𝑀)∗𝑉𝑔(𝑐𝑚3)

1000
  (7) 

where 𝜔 is the rotational speed of hydromotor measured 

in all different conditions through the experiments and 𝑉𝑔 

is a constant parameter indicating the displacement of 

hydromotor and is equal to 12.9 cm3. 
The hydromotor  drived a generator to produce 

electric power. The output power of the generator, as the 

output power of the wave energy converter, was 

calculated by Equation (8): 

𝑃𝐺 = 𝐼 ∗ 𝑉 (8) 

where I is the electric current (A) and V is the voltage 

between the consumer ends (V). 
The power transmission setting included some 

subsets such as plumbing, hydraulic cylinder, 

accumulator, throttle valve, relief valve, hydromotor, and 

generator, which every one of them could contribute to 

the power loss. Equation (9) was applied to obtain the 

overall efficiency of the PTO system: 

𝜂𝑃𝑇𝑂 =
𝑃𝐺

𝑃𝑖𝑛
∗ 100 (9) 

where 𝑃𝐺 is the output power of the generator and 𝑃𝑖𝑛 is 

the input power to the hydraulic cylinder. 
In addition to the overall efficiency of the PTO 

system, there is a parameter called generator power 

dissipation, which is the amount of power that is not 

converted to the useful power by the generator and 

coupling. The GDP parameter was employed to analyze 

this problem [20]: 

𝐺𝐷𝑃 = (1 −
𝑃𝐺

𝑃𝐻𝑀
) ∗ 100  (10) 

 
2. 4. Numerical Study       Simcenter Amesim software 

was utilized to initially design the hydraulic circuit and 

evaluate the performance of the hydraulic PTO system at 

the optimal operating points. In this regard, to evaluate 

the performance, different configurations were 

examined, including one hydraulic cylinder and two 

hydraulic cylinders, in series and parallel mode 

configurations. This software is a multi-purpose toolbox 

so as to model and analyze a system with various 

mechanical, electrical, and control components. Figure 

16 shows, for example, the hydraulic and electric circuits 

of the PTO system simulated in Simcenter Amesim 

software. 

In order to simulate the wave-induced force, a force 

transducer and an input signal were used to apply the 

wave sinusoidal motion. The incoming signal was set 

based on the force exerted on the buoy and its movement 

period. By defining this force, it was exerted to the 

cylinder through the force transducer. In this circuit, a 

single-acting cylinder was used according to the 

experimental prototype, and a cylinder-attached mass 

was considered in simulations due to the buoy and arm 

weights. All features of the hydraulic cylinder, including 

its internal dimensions, motion stroke, cylinder 

movement speed, and hydraulic fluid properties, were 

determined established upon the experimental prototype. 

The hydraulic circuit was considered similar to the 

experimental one. Furthermore, the hydromotor power 

was transmitted using a coupling to a generator. 

Concerning the defined electric circuit, it is possible to 

measure voltage and current as electrical outputs of the 

circuit. 

 

2. 4. 1. Numerical Method Validation           The 

results obtained from the Wave Mode I experiment were 

used to examine the validity of the simulation results. In 

the first step, to validate the numerical method, the 

single-buoy experimental tests were applied only. 

According to the circuit designed for this case, the 

outputs of the software, including the hydromotor 

pressure, voltage, and current and the generator power, 

are presented in Figure 17. It is worthy to mention that 

the outputs were extracted when the results were 

stabilized. The numerical and experimental results are in 

good agreement, so the numerical data errors were 

computed as 5.4, 5.7, and 6.5% for the differential 

pressure, voltage, and current of hydromotor, 

respectively. The electric power parameter was obtained 

by multiplying the voltage and current parameters. 

According to the validation of the results obtained 

from the single-buoy case, validations are presented for 

several series and parallel configurations (see Figure 18). 

As can be seen, the experimental and simulation results 

are in good agreement; the mean difference between the 

experimental and simulation data is 5.4 and 6.4% in 

series and parallel modes, respectively. 
 
 

3. RESULTS 
 
In this section, the results of the experimental tests are 

presented. To this end, the WEC performance with a 

buoy is compared to the WEC with two buoys. It is 

worthy to note that about the WEC with two buoys, the 

results are presented for two parallel and series 

configurations. After selecting the more preferred 
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(a) 

 
(b) 

 
(c) 

Figure 17. Numerical validation for single-cylinder mode in 

a 100-ohm resistance and 9 turns mode, a: experimental and 

numerical pressure results comparison, b: experimental and 

numerical power results comparison, c: experimental and 

numerical V and I results comparison 

 

 
Figure 18. Parallel and series configuration validation 

 

 

configuration in terms of performance,  the results 

concerning Simcenter Amesim software are first 

validated with the experimental results, and the effect of 

an increased number of buoys is then examined for the 

selected configuration. 

 

3. 1. Experimental Results       To provide the 

experimental results, the results of the Wave Mode I 

experiment are first presented. In this experiment, the 

wave height and period were considered to be 40 cm and 

3 seconds, respectively. Figure 19a shows the output 

power versus the resistive load of the rheostat for 

different opening modes of the flow control valve. 

According to Figure 19a, by increasing the rheostat 

resistance, the output power increases first to reach a 

maximum value, and the output power is fixed initially 

by a further increase in the resistance,  and is then 

decreased gradually. The ideal output power is achieved 

as 41.37 W for a 100-ohm resistor and 9 turns of the flow 

control valve. It should be noted that the power increase 

in the resistance range from 20 to 100 ohms is equal to 
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153%, followed by a decreasing trend. Moreover, for a 

100-ohm resistor, the output power for 9 turns of flow 

control valve increases by about 7.8% relative to 1 turn. 

Figure 19b shows that the experimental results are in 

good consistency with the simulation ones in such a way 

that the minimum difference is about 0.7% for an 80-ohm 

resistor and the maximum difference is about 18.8% for 

a 40-ohm resistor. 

The hydromotor power is calculated using the flow 

rate passed through it. Figure 20 indicates the 

hydromotor output power in terms of the resistive load 

for different turns of the flow control valve. Similar to the 

generator power, the hydromotor maximum power is also 

achieved for a 100-ohm resistor, which is equivalent to 

41.87 W. A negligible difference between the output 

power of hydromotor and generator indicates very low 

power losses. 

Figure 21a shows the efficiency of the PTO system. 

The maximum efficiency of the PTO is calculated as 26% 

for a 100-ohm resistor and 9 turns of the flow control 

valve. This value is as approximately the same as a 105-

ohm resistor. The efficiency curve unlike the power 

curves has an ascending trend. It seems that by increasing 

the resistive load, efficiency increases, but it is not 

considerable due to the loss of the generator output power 

and the interruption of the output power. Figure 21b 

shows the loss curves between the hydromotor and the 

generators for various opening modes. Based on the 

presented plots, it is observed that the curves’ trend is the 

same for the rest of the cases except for one turn of the 

flow control valve. 

The reason of this difference is attributed to the 

significant losses of the system to open the flow control 

valve in one turn. It should be mentioned that in the 

maximum values of the output power and efficiency, the 

power loss is negligible, almost equal to zero. This power 

loss is an indication of the power that the generator  

 

 

 

(a) Experimental power in different throttle valve turns 

 
(b) Experimental and numerical power results comparison 

in resistance range 
Figure 19. Captured power in test unit and the simulation 

 

 

 
Figure 20. Hydromotor output power in different flow 

control valve modes 

 

 

cannot transform to the useful power. Figure 22 

illustrates the difference between one opening turn of the 

flow control valve with the other modes. As can be seen, 

there is no tangible variation in the generator power of 

around 40 W in all opening turns except one case. For a 

better analysis of the result, a closer look at the control 

valve should be considered. Figure 23 depicts the flow 

control valve diagram. 

The data presented in Figure 23 can confirm why the 

opening mode of the flow control valve does not affect in 

some cases. The maximum value of the flow rate passed 

through hydromotor is 1.9 l/min in this experiment. 

According to this Figure, for flow rates of less than 20 

l/min, the variation of the pressure drop is not 

distinguishable  in  different  opening  modes  of  the  flow  



894                                  M. Aghanezhad et al. / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   883-899 

 

 

(a) PTO system efficiency in different valve opening modes 

 
(b) Dissipation among generator and hydromotor in 

different valve opening modes 
Figure 1. efficiency and dissipation of the PTO system 

 

 
Figure 22. Output power changes with respect to valve 

opening turns in a 100-ohm resistance  

 
Figure 23. throttle valve performance diagram  [24] 

 

 

control valve, and it is the same for all values of opening 

turns. However, for the conditions prevailing in the 

experiment, two initial turns of the valve have a larger 

pressure drop, but for other numbers of turns, the pressure 

drop is not significant. Hence, it can be inferred that the 

total amount of losses is relatively great for the single-

turn mode. It should be noted that the pressure drop is 1.5 

bar in the oil path from the hydraulic cylinder to the 

hydromotor for 9 turns of the flow control valve opening. 

Therefore, the pressure drop is insignificant in the 

hydraulic circuit path, and a great percentage of pressure 

loss is attributed to the hydromotor. 

In the experiments conducted, the data collection 

started by turning on the wave-maker and continued until 

its shutdown. Figure 24 indicates the outputs related to 

power, efficiency, and pressure difference for 9 turns of 

the flow control valve and 100-ohm resistive load. As can 

be seen, all mentioned graphs are stabilized in the 

approximate duration of 100 seconds. In 100-226 

seconds, the outputs are almost constant, and the 

fluctuations are very negligible. The power changes in 

the range of 36 to 42 W, and pressure fluctuation is also 

around 1 bar. 

Figure 25 shows the output power of the WEC for 

different wave heights (20, 25, and 31 cm). The 

experiment was carried out for 9 turns of the flow control 

valve. Obviously, with increasing the wave height, the 

output power will experience a significant increase. For 

example, the maximum power generated by a 20 cm 

wave is 3.9 W, and the output is interrupted by increasing 

the resistance to more than 30 ohms, while this occurs for 

25 cm wave in resistance values higher than 90 ohms. 

The efficiency curve for the studied heights is 

presented in Figure 26. The increasing trend of efficiency 

with wave height is not similar to the power variations. 

The efficiency at 25 cm wave height is higher than the 

other wave heights; this is indicated by both the 

hydromotor and generator performance curves.  
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(a) Hydromotor and generator output power 

 
(b) PTO system efficiency 

 
(c) Hydromotor pressure difference and cylinder pressure 

Figure 2. Diagrams related to the continuous working of the 

system in 9th turn valve opening and a 100-ohm resistance 

 
Figure 3. Generator output power for various wave heights 

in resistance load range by 9 turn applied to the throttle valve 

 

 

 
Figure 4. PTO efficiency for various wave heights in 

resistance load range by 9 turn applied to the throttle valve 

 

 

Concerning the hydromotor and generator performance 

curves (Figures 15 and 27), the range of the generator 

rotational speed is more limited than that of the 

hydromotor. The rotational speed of the generator and the 

hydromotor shafts is presented for 4 wave height in the 

variation range of rheostat resistance as shown in Figure 

28. As can be seen, the rotational speed of the generator 

for a wave with 25 cm height is located at the rated speed 

limit of the generator, which operates at maximum output 

power condition. 

For the greater height waves, this rotational speed 

exceeds the nominal speed of the generator, which can 

explain the difference in the presented efficiency 
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Figure 5. Generator performance diagram [25] 

 

 

 
Figure 6. Common shaft rotational velocity for various 

wave heights in resistance load range by 9 turn applied to the 

throttle valve  

 

 

diagrams. The efficiency with a 25 cm wave height and 

maximum power is equal to 29.7%. Regarding higher 

power generation with the greater height waves, the 

generator can be selected according to its rotational 

speed. Hence, the rated rotational speed of the generator 

should be placed in the range of rotational speeds 

determined by the maximum energy and maximum 

probable waves to achieve the maximum efficiency. 

 
3. 2. Configurations Evaluations          The results 

have been presented for experiments considering a single 

buoy with a hydraulic cylinder thus far. It should be noted 

that, as one of the critical results, the maximum output 

power is recorded for a 100-ohm resistor in the single-

buoy single-cylinder case, and achieving the maximum 

efficiency is subjected to overlap between the rotational 

speed range of the hydromotor and the generator nominal 

speed. Since more than a buoy is deployed at the same 

time in the centipede wave energy converters, the 

performance of the PTO system is also evaluated by 

allowing for two buoys to get a better understanding of 

different configurations of the hydraulic PTO system. 

Consequently, there are three cases, involving a buoy and 

a hydraulic cylinder, two buoys connected in series and 

two buoys connected in parallel that are separately 

investigated. 

The procedure for conducting the tests for series and 

parallel configurations is similar to the single-buoy test 

procedure. Figure 29 depicts the power generated in three 

different configurations of the hydraulic circuit against 

the resistance variation. Given that the highest power is 

different between the three configurations of the 

hydraulic circuit, the diagrams are presented for the 

single-cylinder and parallel configuration in 9-turn 

opening mode and for the series configuration in 7-turn 

opening mode. To this end, the maximum output power 

is computed as 41.4 W for the single-cylinder state with 

a 100-ohm resistor, while this value is 41.8 W and 46.43 

W in the series and parallel state with an 80-ohm and a 

170-ohm, respectivrly. Therefore, in the series and 

single-cylinder cases, especially in high resistances, the 

values are very close together and an increase of about 

2.25% is observed, but in the parallel case, the two 

cylinders’ synergy is considerable, so a 12.23% increase 

is achieved relative to the single-cylinder case. 

Figure 30 illustrates a comparison of the efficiency in 

3 cases. As can be seen, the efficiency in the single-

cylinder case is more than that of the parallel and series 

configurations. Hence, concerning the power and 

efficiency results, it can be stated that the parallel 

configuration can be applied to generate the higher power 

and the single-cylinder counterpart to achieve higher 

efficiency. The very important achievement obtained 

from these comparisons is to employ two individual 

systems in the parallel mode. 

 

 

 
Figure 7. Output PTO system power for single-cylinder and 

the double type in series and parallel configurations in the 

range of resistance load (9 turns applied to single and 

parallel, and 7 turns for series configurations) 
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Figure 8. PTO efficiency for single-cylinder and the double 

type in series and parallel configurations in the range of 

resistance load (9 turns applied to single and parallel, and 7 

turns for series configurations) 

 

 

According to the obtained results, both maximum 

efficiency and generated power can be obtained if two 

systems are considered completely separate. The point is 

that for the case where large number of buoys are applied, 

this strategy results in an increased cost and is not 

economical. Therefore, the parallel configuration is used 

in the following to evaluate the increased number of the 

buoys. In this context, simulations were carried out using 

Simcenter Amesim software for two, three, and ten 

buoys. In the curve of efficiency against resistance, the 

highest efficiency was achieved at the highest resistance 

at all three configurations. However, the result is that the 

higher power does not mean higher efficiency. 

Experimental and simulation results are presented in 

parallel mode for the 170-ohm resistor in Figure 31. The 

difference between experimental and simulation results 

is about 9%. 

Due to the appropriate conformance of the numerical 

and experimental data, the simulation is applied to 

change the circuit arrangement and to find the optimal 

number of the hydraulic cylinders in the series and 

parallel circuits. On the other hand, for the series and 

parallel cylinders, the results show that, the maximum 

power is increased by 2.25 and 12.23%, respectively, so 

the parallel configuration is applied to the numerical 

simulation considering a wave height of 40 cm and a 

wave period of 3s. Figure 32 depicts the simulation 

results for parallel configuration with 2, 3, and 10 

cylinders. As can be seen, the resistive load variation is 

continued to maximize the power generated by the 

converter. It is worth mentioning that the maximum 

power for 2, 3, and 10 cylinders are obtained in resistance 

values of 180, 320, and 1200 ohms, respectively. The 

interesting point is that by increasing the number of  
 

 
Figure 9. Experimental and numerical contrast for power 

production in parallel type configuration by applying a 170-

ohm resistance 

 

 

 
Figure 10. Multi-cylinder influence under the condition of 

W.M. I 

 

 

cylinders from 2 to 3, the efficiency of the PTO system 

decreases from 17.22 to 16.13% while increasing the 

number of cylinders to 10 leads to a 25.9% increase in 

the efficiency. 
 
 

4. CONCLUSION 
 
In this study, the centipede WEC was investigated 

experimentally and numerically. Experimental tests were 

performed in the wave tank, and numerical simulations 

were carried out using Simcenter Amesim software. As 

the results suited the experiments in terms of 

compatibility, Simcenter Amesim can be used in more 

future simulations for hydraulic PTOs. The main 



898                                  M. Aghanezhad et al. / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   883-899 

 

objective of this research was to evaluate the output 

power and the performance of the PTO system for 

various configurations of the centipede wave converter. 

To this end, the maximum output power and efficiency 

of the PTO system were calculated by defining the 

resistive load. The effect of the flow rate passing through 

the flow control valve on the system performance was 

investigated to achieve maximum power and desired 

operating conditions of the PTO system. According to the 

type of Centipede WEC, using separate PTO systems for 

each arm is not efficient economically. So choosing a 

proper configuration is of high importance. In the 

experimental study, three connection configurations were 

considered for installing hydraulic cylinders together in 

the hydraulic PTO, including single-buoy (a closed 

hydraulic loop running by a single buoy, driving the 

PTO), double-buoy with the series arrangement, and 

double-buoy with the parallel arrangement (a closed 

hydraulic loop running by two buoys, driving the same 

PTO.). First, numerical results were validated by 

comparing them with experimental results, and then, the 

best configuration selected. At last numerical simulations 

were performed for 3- and 10-buoy modes of the selected 

configuration. Some of the important concluded remarks 

are stated below: 

• The experimental results showed that by increasing 

the resistive load, the output power increases to a 

maximum value and then slowly decreases. 

• In the experimental tests, the maximum output 

power of 41.37, 41.8, and 46.43W was obtained 

considering three different configurations of single-

buoy, double-buoy connected in series, and double-

buoy connected in parallel, respectively. 

• The pressure losses in the hydraulic circuit from 

cylinder to hydromotor are about 1.5 bar, achieving 

its maximum value in the hydromotor, but the results 

showed that the hydromotor output power with 

optimal resistances is almost completely converted 

to the output power in the generator. 

• In low flow rates, the output power of the generator 

is not changed significantly by varying the opening 

mode of the flow control valve, so the increase in the 

power output from the lowest to the highest opening 

mode is 7.8%; this parameter can be very effective 

at high flow rates. 

• The PTO system efficiency is 26, 16, and 23% in 

three different configurations of single-buoy, 

double-buoy connected in series, and double-buoy 

connected in parallel, respectively. The efficiency 

for the single-buoy mode is maximum, but the output 

power is greater in the parallel configuration than the 

others. The maximum power and efficiency do not 

occur at the same time. The parallel configuration is 

suited to achieve the highest output power, and the 

single-buoy for maximum efficiency. 

• Concerning the selection of the parallel 

configuration as the desired case, the results 

obtained from the numerical study showed that the 

output power significantly increases by increasing 

the number of buoys followed by the number of 

hydraulic cylinders in the parallel configuration. 

Hence, in the configuration of 10 parallel cylinders, 

with a significant increase in output power, 

efficiency has also an acceptable increase. 
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Persian Abstract 

 چکیده 
تواند از عملکرد قابل قبولی برخوردار باشد. در این مقاله ضمن معرفی یک  های انرژی امواج هزارپایی در این دریا، می کارگیری مبدلبا توجه به شرایط امواج دریای مازندران، به 

یافته برای این مبدل، به صورت تجربی مورد ارزیابی قرار  ی انتقال توان هیدرولیکی توسعهجهت نصب در دریا، عملکرد سامانه   IRWEC2صنعتی تحت عنوان  مبدل نیمه 

ی عملکرد سامانه  یی انتقال توان هیدرولیکی و ارزیابی اولیه اند. برای طراحی سامانههای تجربی در استخر موج دانشگاه صنعتی نوشیروانی بابل انجام شدهگیرد. آزمونمی

PTO های مختلف سری و موازی  ی انتقال توان از پیکریندیی سامانهی مجزا، برای استخراج عملکرد بهینهافزار امسیم استفاده شده است. با توجه به استفاده از دو بویه، از نرم

ترین  عنوان مهمموج ورودی، بار مقاوم و نیز میزان گشودگی شیر کنترل جریان، بهکارگیری سیلندرهای هیدرولیک مجزا برای هر بویه استفاده شده است. مشخصات  برای به

آیند. در ابتدا برای اعتبارسنجی  دست می برده بهاند که مقدار ماکزیمم خروجی ژنراتور در مقادیر معینی از پارامترهای نامپارامترهای تأثیرگذار بر روی عملکرد مبدل تعریف شده

اند. خوانی بسیار خوبی با نتایج تجربی داشته ها همسازیافزار امسیم به نتایج تجربی مقایسه شده است که نتایج شبیه سازی با نرم دست آمده از شبیهشده، نتایج بهفرایندهای تعریف 

بوده، خروجی   %23شود؛ بازدهی سیستم انتقال توان در این حالت  وات به پیکربندی موازی مربوط می  46  ی انتقال توان معادلدست آمده، بیشینه توان سامانهبا توجه به نتایج به

 افزایش یافته است. %12ژنراتور نسبت به حالتی که تنها از یک بویه استفاده شده است، حدود 
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A B S T R A C T  
 

 

Road construction and maintenance activities cause traffic congestions and delays and present challenges 
for ensuring the safety of both motorists and road workers. While urban areas are well-equipped with 

traffic devices, in the case of highways our chances to collect traffic data and control traffic flows may 

be limited. Then the use of a temporary Highway Traffic Management System seems to be a suitable 
solution. Although the impacts of its deployment are addressed by many theoretical studies and 

demonstrated on traffic simulation models, there are not many references dealing with field tests. We 

provide results of the practical evaluation of the temporary Highway Management System installed and 
tested on the main highway in the Czech Republic during the road works period. Before-after analysis 

of collected traffic data was performed to prove the importance and positive impact of the proposed 

solution. We demonstrate an over 20% increase in the capacity of the roadwork zone and an almost 30 
seconds decrease in average delay for one vehicle Highway administrators can use the results to justify 

investments into the temporary deployment of mobile traffic management systems. 

doi: 10.5829/ije.2022.35.05b.06 
 

 
1. INTRODUCTION1 
 
The highway D1 is a backbone of the road network in the 

Czech Republic, running west-east and connecting the 

capital Prague with other major cities, Brno and Ostrava.  

In addition to being the longest, it is also the oldest 

highway in the country, with the highest traffic volumes. 

It was not until November 1980 that the final section, 

allowing highway travel from the capital to Brno, was 

completed.  An average daily traffic volume is over 

37,500 vehicles per day. The highest value reaches 

almost 90,000 vehicles per day and occurs near the 

capital city of Prague. The age of the highway and the 

high volume of traffic naturally lead to traffic problems. 

Driving comfort is limited due to the old road surfaces, 

which require regular maintenance. For these reasons, the 

Ministry of Transport of the Czech Republic together 

with the Roads and Motorways Directorate of the Czech 

Republic (RSD), have decided to invest in the complete 

renovation of highway D1. Responsible authorities had 
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to choose a suitable alternative from various solutions, 

taking into account different and conflicting criteria. The 

decision-making process concerned four basic 

alternatives – modernization, reconstruction, new 

construction, and zero alternatives:  

A) Modernization concerns a solution where both 

directions of the highway are extended by 75 cm, i.e., 

change from the category D26.5 to D28 according to 

local classification regulations. This solution allows 

driving in four lanes in one work zone and assumes the 

laying of a new concrete surface. 

B) Reconstruction consists of fragmenting the current 

concrete cover and laying a new asphalt carpet. In this 

case, category D26.5 remains unchanged.  

C) New construction means a complete 

reconstruction of the 6-lane highway.  

D) Zero’s solution is to preserve and maintain the 

status quo. 

All these alternatives were evaluated using the 

Statistic Failure Modes and Effect Analysis (SAFMEA) 
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methodology [1]. Finally, the Modernization option was 

chosen [2]. The planned duration of the whole process 

was 7 years, while several work zones with a length of 5 

to 7 km each were established at the same time. Each 

work zone used two lanes in each direction with limited 

width and the maximum speed limit of 80 km/h. 

Maintenance work was expected to be completed in 

2021. 

The principal question was how to manage highway 

traffic under those extraordinary situations. A Highway 

Traffic Management System (HTMS) is one of the 

important functional systems of Intelligent 

Transportation Systems (ITS) [3]. Its purpose is to collect 

data from roadside equipment, to provide more efficient 

services to highway users, and to prevent or react to 

hazardous situation occurrences. The latest HTMS 

usually relies on multiple technologies creating different 

installed sub-systems: variable message signs, portable 

information displays, emergency call boxes, incident 

detection systems, meteorological data systems, 

automatic traffic counters and classifiers, CCTV, speed 

enforcement systems, etc. [3]. While urban areas are 

well-equipped with traffic devices [4], our chances to 

collect traffic data and control traffic flows on highways 

may be limited. In case of exceptional circumstances, 

such as roadworks and maintenance works, permanent 

installations are not available and the only solution to the 

traffic situation is based on the deployment of a mobile 

version of the HTMS. Jacobson [5] discussed the main 

benefits of such solutions as identified in many 

international projects: travel time decrease 20 to 48%; 

travel speed increase 16 to 62%; highway capacity 

increase 17 to 25%; and others.  This paper aims to 

provide results of the practical evaluation of the mobile 

HTMS temporarily installed and practically tested on the 

longest highway in the Czech Republic (D1) during the 

roadworks period. The evaluation is based on collecting 

data before and after deployment of the mobile HTMS to 

demonstrate how the capacity of the roadwork zone 

increases.  

 

1. 1. State-of-art       Speeding as a key factor causing 

rear-end and roadside accidents and collisions between 

vehicles and traffic facilities and construction personnel 

is analyzed by Cheng and Cheng [6]. A qualitative study 

of safety aspects introduced by Yang et al. [7], analyzing 

worker perceptions of common hazards and their 

mitigating measures in work zones. Methodological 

approaches to work zone safety were reviewed and 

assessed by Ackaah et al. [8]. It is well-known that any 

roadwork causes traffic problems, including traffic 

congestions, delays, and even increased safety hazards. 

While the theoretical effects and implications of HTMS 

are well known and broadly discussed. There are not so 

many literature providing practical results from real 

applications. At the same time, the implementations 

differ concerning the boundary conditions as well as the 

actual implementation. We believe that the research 

presented here is significant in the way it provides results 

from a real-world study and not a simulation experiment. 

It follows the evaluation principles described by Sinha 

and, Fwa [9]. The following paragraphs analyze and 

compare the findings to the existing literature review. 

Requirements and limitations of HTMS are discussed 

by Harbord and Jones [10]. Speed harmonization project 

on the M25 Motorway in the UK, focusing on congestion 

management, led clearly to the reduction of the number 

of accidents by over 10%. The HTMS also caused a 

decrease in travel times in one direction while travel 

times in the other direction were increased. This is caused 

not only by imposed speed limits but also by more strict 

enforcement [11]. Also, further investigations on this 

highway could not demonstrate a statistically significant 

decrease in travel times [12]. Another experiment in 

Utrecht and Rotterdam (the Netherlands) led to an 

increase in the capacity of about 1 to 2 % [13]. It is worth 

mentioning that sometimes in the case of developing 

countries highway capacity analyses should be adjusted 

for prevailing traffic composition and driver behavior 

[14]. Interesting results of speed management on road 

arterials were provided by Talebpour et al. [15]. The 

authors addressed many different aspects and various 

scenarios that might have influence. However, the impact 

is demonstrated on a microscopic traffic simulation 

model in PTV Vissim. While authors explain the 

calibration procedure, their own experience in 

demonstrating the effects of speed harmonization is 

strongly dependent on drivers’ compliance [16] and the 

results cannot be compared to real-world studies (as 

presented in this paper). Similar results were also 

discussed in literature [17-19].  

An important study by Strömgren and  Lind  [20] 

presents the results of a field-test experiment on the E4 

highway south of Stockholm. The authors reported on 

real implementation and evaluation during 18 months. 

Similar to our field test, they implemented their solution 

in two phases: first the queue warning was implemented 

and two years later the speed harmonization. The 

evaluation method was also similar: before-after 

analysis. One important result was a significant decrease 

in drivers’ speed compliance after introducing the 

system. This significantly decreases the effectiveness of 

the system. The authors were dealing with a road segment 

where they had a maximum speed of 100 kph. Overall, 

the authors reached an increase in the maximum 

throughput of about 10%.  

Astarita et al. [21] analyzed various technologies 

(Internet of Things, connected vehicles, new sensors, 

clouds, blockchains, etc.) applied to mobile systems and 

their impact on traffic management and safety. Many 

recent publications discuss the benefits of connected and 

automated vehicles in highway management. Most of the 
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studies however provide only theoretical foundations 

[22] or show the impact within a simulated environment 

[23-28]. The effects of connected, cooperative, and/or 

autonomous vehicles are discussed in literature [29-32]. 

The main control objective is the work zone throughput. 

Yulong and Leilei [33] proposed the control flow of 

Intelligent Lane Merge Control System with Intelligent 

Transportation System (ITS) techniques. The ITS is also 

considered by Jacob et al. [34], utilized reinforcement 

learning-based optimal control. Yanli et al. [35] 

presented research of adaptive speed control of freeway 

work zone to decrease the speed difference between the 

upstream and downstream vehicles. General 

recommendations for intelligent vehicle highway 

systems are available even reported by Nanda [36]. 

Traffic management systems being a part of smart cities 

may also implement other functionalities, such as 

prioritizing emergency vehicles [37] which was not our 

case. Ambros et al. [38] focus on the effectiveness of 

section speed control in highway work zones in the Czech 

Republic. We believe that the results presented within 

this paper set the basis for a better comparison of the real 

impact of connected vehicles. 

 

1. 2. Evaluation Framework       The main aim of the 

pilot project was to implement, test, and evaluate a 

comprehensive modular mobile telematics system for 

traffic management in road closures, or temporarily 

 

 

 
Figure 1. The configuration of the temporary highway 

traffic management system (simplified) 

 

 
TABLE 1. Legend to Figure 1 

  Sensors Actuators 

Profile 

No. 

Position 

[km] 

Traffic 

detector TD 

Bluetooth 

detector BD 
PID/VMS 

1 36.22 Yes Yes PID 

2 34.86 Yes No VMS 

3 33.76 No No VMS 

4 33.04 Yes Yes - 

5 32.20 Yes Yes VMS 

6 31.30 Yes Yes - 

7 28.00 Yes No - 

exposed locations within the road network. The system 

was expected to harmonize traffic flow, inform about the 

situation, and/or respond to the actual traffic. The pilot 

field test was realized on the highway D5 in the Czech 

Republic (a work zone between 28.5 and 30.8 km on the 

D5 highway was selected). However, the results were 

used as an indicator for future purchase and 

implementation of more such systems for the planned 

modernization of the main highway D1.  
 

 

2. EVALUATION RESULTS  
 
2. 1. Principle of Operation       Two major 

technological systems were tested within the evaluation 

process–the warning system and the speed harmonization 

system. Both of them belong to the field of mobile 

highway management, but they use different means to 

address a driver. It is rather well-known that sudden 

changes in the driving speed (i.e., quick deceleration) and 

interactions of vehicles with significant speed differences 

are risky [39-40]; that can cause shock waves [41-42].  
The Warning System: reacts to the situation when the 

traffic flow increases, the drivers are affected by the 

adjacent traffic and must decrease their speeds. If the 

speed decreases to 30 km/h, the traffic sign “Warning – 

Congestion ahead” is activated about 6 km ahead of the 

work zone. This warns the drivers, but further does not 

limit their behaviors. 

The Speed Harmonization system is similar to the 

previous system but it also addresses the problem of 

sudden breaking, large differences in speeds, and shock 

waves. It affects the traffic flow using changes in the 

speed limits, which are dynamically decreased based on 

the actual traffic flow conditions. 

 

2. 2. Evaluation Methodology       The methodology 

for the pilot testing was in advance accepted by the Roads 

and Motorway Directorate of the Czech Republic (RSD). 

Preliminary analysis of the data from highway D5 

showed the necessity of collecting data and warning the 

drivers at least 5 kilometers ahead of the work zone. 

Technologies were installed ahead of the selected work 

zone as depicted in Figure 1. The overall length of the 

road equipped with the technology (both data collection 

and warning and speed harmonization) was 8.2 km. 

Portable Information Displays (PID) and Variable 

Message Signs (VMS) were used as actuators. The road 

network segment was also covered by the GPRS – 3G 

(i.e., wireless technology) as a preferred mode of data 

exchange. To allow better understanding and 

confirmation of the results, there were cameras placed on 

the entire length of the monitored area, and the visual 

information was transmitted to the National Traffic 

Information Centre (NDIC) located in the eastern part of 

the country (Ostrava city). This also brought a possibility 
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of manual intervention by road operators (not used during 

our measurements). There are different ways how to 

evaluate a certain measure in the transportation field. 

Morris et al. [43] mention modeling, simulation; or 

before-after analysis which does not place any 

assumptions on the underlying model nor requires 

detailed calibration. For that reason, three evaluation 

phases (see Table 2) were used to collect statistically 

significant data. 

The transmission layer in each profile contains 2G-

2,5G (GPRS-HSDPA) and WiFi communication. The 

power supply layer varies according to the required 

consumption: Profile 1 – 2x 180 Ah batteries connected 

in parallel; Profile 2 - fuel cell, 360 Ah backup battery, 

connection to the SOS system, 360 Ah backup battery; 

Profile 3 - fuel cell, 2x 360 Ah backup battery, 

connection to the SOS system; Profile 4 - fuel cell, 180 

Ah backup battery, 420 Ah battery; Profile 5 - fuel cell, 

180 Ah backup battery, 420 Ah battery; Profile 6 - fuel 

cell, 180 Ah backup battery; and Profile 7 – solar panel, 

40 Ah backup battery. 

The 1st phase (Sept 5 – Oct 3, 2016) was essential as 

it described the situation without any warning or speed 

harmonization. Only reference data were collected to 

make later comparison with all other modes possible. The 

2nd phase (Oct 3 – Oct 22, 2016) clearly denoted a phase, 

 

 
TABLE 2. Evaluation phases and scenarios 

Evaluation Phase 
Data 

Collection 

Warning 

System 

Speed 

Harmonization 

1st Before: Basic 

Scenario 
ON OFF OFF 

2nd After: Active 

Warning Only  
ON ON OFF 

3rd After: Active Speed 

Harmonization  
ON OFF ON 

 

 
TABLE 3. Daily traffic volumes [Veh/day] 

Mo Tue Wed Thu Fri Sat Sun 

- - - - - 17066 15925 

17331 17975 18779 20870 19412 16893 12257 

17003 18441 16951 19601 20758 14876 13390 

16542 18704 16892 18718 19647 20136 15265 

15833 16197 17757 17691 19130 15437 13438 

16525 17757 17425 19458 20057 13059 14541 

16618 18254 18517 18882 17599 16958 14892 

16654 18690 18417 19821 20287 19462 15922 

17597 14997 17372 18479 20386 15748 12403 

21878 20759 20792 17518 17433 - - 

in which the warning system was activated, but there was 

no speed harmonization function. Finally, the 3rd phase 

(Oct 22 – Nov 11, 2016) covered the situation with the 

speed harmonization system activated. The overall traffic 

volumes for each phase were similar, i.e., 17541 

Veh/day, 16954 Veh/day, and 18138 Veh/day for each 

phase, respectively. 

Table 3 shows values of daily traffic volumes (given 

in vehicles/day) as observed during the 10-weeks. Their 

graphical representation is available in Figure 2. 

To be sure that we can assume the daily volumes to 

be from the same distribution, we tested the hypothesis 

that the second and third phases have the same daily 

average flow as the first phase. Using an independent 

two-sample t-test, we got a p-value of 0.355 and 0.404 

respectively. That means that we cannot reject either of 

the hypotheses on a confidence level of 95% 

(https://www.scribbr.com/statistics/t-test/) and can 

assume the same traffic volumes for all phases. 

The control unit of the local control system works in 

principle according to the schematic diagram shown in 

Figure 3. The whole system works basically 

automatically. In case of certain extraordinary and 

emergency situations, it will be possible to control each 

actor via the local control system or from the superior 

level (NDIC). The principal functions of the local control 

system include in particular: 

 

 

 
Figure 2. Comparison of aggregated daily volumes for 

particular days of the week 
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Figure 3. Schematic diagram of processes processed by the 

local control system 

 

 

1. Communication between peripheral elements on 

the infrastructure (traffic detectors, driving time 

detectors, and at the same time all types of VMS); 

2. Supervision of connected technology and sending 

status information to NDIC; 

3. Data collection from detectors and their processing 

for the needs of control algorithms incl. sending selected 

information to NDIC; 

4. Transmission of commands for displaying symbols 

on the VMS. 

 

 

3. RESULTS  
 
We provide selected results demonstrating its impact on 

traffic. In the pilot project, we focused on several aspects 

(variables) addressing the performance and impact of the 

mobile highway management system, particularly impact 

on road capacity; impact on the duration of traffic 

congestion, and impact on delay.  

 
3. 1. Impact on Road Capacity        Table 4 provides 

the maximum and average flow per minute and average 

occupancy data. 

 
3. 2. Impact on the Duration of Traffic Congestions       
The traffic congestion was defined as the time when the 

average speed of the traffic flow is lower than 30 km/h 

 
1http://www.centrum-rodos.eu/about_the_rodos_center.aspx 

(based on speed reduction index as stated by Afrin and 

Yodo [44]) anywhere between the 1st and the 5th 

measurement points. In every evaluation phase, data 

were measured over 120 hours. The results are presented 

in Table 5. 

 
3. 3. Impact on Delay       Another important parameter 

indicating the quality of the traffic management is delay 

(in seconds). The parameter was evaluated using floating 

car data from the project RODOS1 where a large fleet of 

vehicles collected data and evaluated them. The data 

were collected and aggregated for segments 34 km – 32 

km (i.e., profiles No. 3, 4, and 5). 

Let us explain the parameter average delay. A delay 

of 0 seconds means, that a vehicle went through the 

segment with an average speed of 120 km/h so that the 

vehicle passed through the measured segment of 2 km in 

about 60 seconds. A delay of 30 seconds means that the 

vehicle passed through the segment in about 90 seconds, 

i.e., with an average speed of 80 km/h. The measurements 

from the RODOS vehicle fleet were collected for 

particular project phases as depicted in Table 6. The table 

indicates a significant improvement of 25.09 seconds 

already in the 2nd phase with an active warning system 

only. In the case of the 3rd phase with a speed 

harmonization system, the delay further improves by 

additional 4.58 seconds. The values and decrease of the 

average values can be seen in Figure 4. 

 

 
TABLE 4. Resulting maximum and average flow per minute 

Evaluation Phase 

1stBefore 

Basic 

Scenario 

3rd After  

Active Speed 

Harmonization 

∆ [%] 

Max flow (Veh/min) 26.6 32.4 +21.8 

Max flow (Veh/h)  1596 0.1 +21.8 

Avg. flow (Veh/min)  21.4 21.7 +1.4 

Avg. occupancy (%) 9.0 11.2 +24.4 

 

 
TABLE 5. Impact on the duration of traffic congestions  

Evaluation Phase: Ratio of 

congestions to the total time 
1st 2nd 3rd 

Mo 11.5 8.0 5.5 

Tue 17.0 6.0 11.0 

We 23.5 32.5 8.5 

Thu 35.0 31.0 33.0 

Sat 11.0 4.5 0.0 

Sun 22.0 9.0 6.0 

Total 23.4 18.3 12.7 
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TABLE 6. Impact on average delay for segments 34-32 km  

1st Evaluat. Phase 2nd Evaluat. Phase 3rd Evaluat. Phase 

Date 
Avg daily 

delay [s] 
Date 

Avg daily 

delay [s] 
Date 

Avg daily 

delay [s] 

10.IX 6.90 08.X 8.09 22.X 8.45 

11.IX 106.99 09.X 3.09 23.X 4.14 

12.IX 14.24 10.X 28.19 31.X 7.78 

13.IX 7.79 11.X 7.61 01.XI 23.69 

14.IX 9.53 12.X 68.21 02.XI 8.05 

15.IX 102.27 13.X 50.41 03.XI 39.09 

16.IX 125.20 14.X 48.21 04.XI 29.40 

17.IX 68.48 15.X 10.28 05.XI 8.49 

18.IX 107.55 16.X 10.07 06.XI 9.47 

19.IX 10.84 17.X 6.40 07.XI 15.72 

20.IX 18.45 18.X 6.56 08.XI 10.37 

21.IX 41.98 19.X 45.72 09.XI 10.14 

22.IX 50.24 20.X 16.39 10.XI 119.60 

23.IX 117.48 21.X 127.51 11.XI 78.21 

Average delay per phase [s] 

56.28 31.20 26.61 

Average daily improvements in delay between phases [s] 

  25.09 4.58 

 

 

 
Figure 4. Delays and their average values as observed over 

3 evaluation phases  

 

 

We can observe a larger improvement between the 3rd 

phase (with active speed harmonization) and the 2nd 

phase (with warning system only). This is a significant 

contribution with a high positive impact on the overall 

traffic flow. 

The achieved results demonstrate the importance of 

such a system deployment. The mobile highway 

 
1 https://tenderarena.cz/dodavatel/seznam-profilu-

zadavatelu/detail/Z0003026/zakazka/310542 

management system increased the road capacity by over 

21%. Overall, there was a more than 5% decrease in the 

time of congestions for the 2nd phase. For the 3rd phase, 

this decrease reached over 10%. Similarly, the average 

daily delay decreased by almost 30 seconds. 

 

 

4. CONCLUSIONS  
 

The major objective of this paper was to evaluate a pilot 

operation of the mobile highway management system 

consisting of warning and speed harmonization 

subsystems. A before-after analysis was conducted in 

2016. With all other variables kept constant (mainly the 

traffic flow), the system measured various parameters. 

We described results dealing with the road capacity and 

the time in congestions, defined as the time when the 

speed was lower than 30 km/h. 

Concerning the relatively short measurement period, 

we do not report on the impact of our system on road 

safety, even though quite important improvements could 

be expected there. During the 1st phase, there were 7 

incidents reported, and during the following two phases 

only 2 incidents. This result could be expected, due to the 

speed harmonization. The results are however not 

statistically significant and require a long-term 

evaluation. Overall, the presented results have a huge 

impact, especially for a highway with such high traffic 

demand as D1. As the modernization of the highway 

takes years, such an increase has a major impact not only 

on the lost time but also on produced CO2 emissions and 

fuel consumption. Without a doubt, an investment into a 

mobile highway management system for work zones has 

also a high societal impact.  

In addition, the growth of cooperative vehicles will 

also influence the behavior of traffic flow in work zones. 

The cooperative vehicles can be used as further sensors 

measuring parameters of the traffic flow and 

simultaneously, they can be used as actuators. The 

control system can for example warn such vehicles in 

case of dangerous situations or provide recommendations 

for speed adaptation. This behavior will also be further 

investigated. 

Based on the results and clear demonstration of 

savings the Roads and Motorways Directorate of the 

Czech Republic decided to order six sets of mobile 

highway management systems. They will be applied to 

future work zones on highways. This statement can be 

proved by tender-based information published in the 

tender area under the ID  number VZ0084077 of the 

General Directorate of the Roads and Motorways 

Directorate of the Czech Republic (ŘSD ČR) and 

available online1.  

D
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ay
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We believe that our findings are important not only 

for researchers but also for highway managers as they 

support investments in new research as well as the 

implementation of mobile highway management systems 

in work zones. 
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Persian Abstract 

 چکیده 
کند. در حالی که  هایی ایجاد می ای چالششود و برای تضمین ایمنی رانندگان و کارگران جادهها باعث ازدحام و تأخیر در ترافیک می راه های ساخت و ساز و نگهداری  فعالیت

ن است محدود باشد.  یک ممکمناطق شهری به خوبی مجهز به وسایل ترافیکی هستند، در مورد بزرگراه ها، شانس ما برای جمع آوری داده های ترافیکی و کنترل جریان تراف

نظری مورد توجه قرار گرفته و سپس استفاده از سیستم موقت مدیریت ترافیک بزرگراه راه حل مناسبی به نظر می رسد. اگرچه تأثیرات استقرار آن توسط بسیاری از مطالعات  

میدانی وجود ندارد. ما نتایج ارزیابی عملی سیستم مدیریت موقت بزرگراه    هایسازی ترافیک نشان داده شده است، اما مراجع زیادی در مورد آزمایشهای شبیهبر روی مدل

فیک جمع آوری شده برای  نصب شده و آزمایش شده در بزرگراه اصلی جمهوری چک را در طول دوره کار جاده ارائه می دهیم. تجزیه و تحلیل قبل و بعد از داده های ترا

ثانیه کاهش میانگین تاخیر برای یک وسیله نقلیه   30ای و تقریباً درصد افزایش در ظرفیت منطقه کار جاده 20انجام شد. ما بیش از اثبات اهمیت و تأثیر مثبت راه حل پیشنهادی  

 های مدیریت ترافیک سیار استفاده کنند.گذاری در استقرار موقت سیستمتوانند از نتایج برای توجیه سرمایه دهیم. مدیران بزرگراه می را نشان می 
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A B S T R A C T  
 

 

Due to rapid urbanization and industrialization, the construction of roads increases rapidly for easy and 

fast transportation. Adequate land is not available everywhere to construct good roads; hence, roads are 
forcefully built on locally available soil such as loose soil or expansive soil. In this paper, an experimental 

investigation was carried out on low plastic soil (LPS) to enhance engineering properties by using 

chemical soil stabilization (fly ash-based geopolymer). The design of flexible pavement thickness was 
carried out for conventional and stabilized soil material using IITPAVE software as per IRC 37 

guidelines. The results show the feasibility of fly ash-based geopolymer significant enhancement of 

strength were observed in terms of unconfined compressive strength (UCS) for various curing days (0 to 
128 days), California bearing ratio (CBR), and Resilient modulus (MR). The microstructural analysis via 

Scanning Electronic Microscope (SEM) and X-Ray Diffraction Analysis (XRD) was also reveling the 
formation of geopolymeric gel which leads to the dense matrix to soil mass. The flexible pavement 

thickness significantly reduces with the application of stabilized low plastic soil.  

doi: 10.5829/ije.2022.35.05b.07 
 

 
1. INTRODUCTION1 

 

The road is the lifeline of any developing country; the 

economic growth is majorly dependent on the 

development of the road network. India has the second-

largest road network in the world, spanning a total of 5.89 

million kilometers. This road network transports 64.5% 

of all goods in the country and 90% of India’s total 

passenger traffic uses the road network to commute as 

per Indian Road Industry Report [1]. Road transportation 

has gradually increased over the years with an 

improvement in connectivity between cities, towns, and 

villages in the country. With this increasing road 

transport, a huge amount of natural resources get 

consumed which is not healthy from an environmental 

perspective. Also, the stability of the road is a major issue 

caused due to the underlying subgrade or sub-base layer 

material. Therefore, to reduce the use of natural resources 

and construct sustainable roads by means of maximizing 

the use of locally available material or industrial 
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byproducts. Generally, the majority of roads are 

constructed on locally available soil which may not have 

adequate properties to bear the upcoming loads. 

The local soil has low shearing strength, high 

swelling-shrinkage behaviour, large deformation [2]. 

Therefore, it is necessary to treat the existing land 

through ground improvement techniques to fulfill the 

increasingly demanding situations. Many techniques are 

widely in practice to treat the existing soil as subgrade 

and sub-base material, out of that chemical treatment is 

most common, cost-effective, and widely used. 

Traditionally, cement and/or lime are the most common 

stabilizers (binders), which form the cementitious 

material and hold the soil particles closely by internal 

chemical reactions in the presence of water. However, the 

production of this stabilizer causes more emissions of a 

greenhouse gas like carbon dioxide (CO2) which is 

hazardous to the environment. Therefore, researchers or 

engineers always search for new, sustainable, cost-

effective stabilizer alternatives to ordinary portland 

cement and lime [3].  
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In this context, the use of local soil and an industrial 

byproduct such as cement kiln dust, calcium carbide 

residue, granulated blast furnace slag, fly ash, and 

geopolymeric binder in soil stabilization has been studied 

by several researchers [4–7] in recent years. Davidovits 

[8] proposed the geopolymer as an inorganic 

aluminosilicate material formed from the 

polycondensation of silica and alumina. The silica and 

alumina-rich precursors are majorly found in the coal 

ashes (fly ash), which are available in a tremendous 

amount. In India, coal ash production is nearly 226.13 

million metric tons and utilization is about 187.87 million 

metric tons, i.e. 83.05% [9]. Therefore, a fly ash-based 

geopolymer could also be a better option for soil 

stabilization already proposed by Zhang et al. [10] and 

has become a green area for research in soil stabilization. 

Although, numbers of literature are available on fly ash-

based geopolymer in building material applications [11-

13]. All this literature explains the significant 

applicability of fly ash-based geopolymer as building 

materials, especially as concrete or mortar that shows the 

high mechanical strength, more durable, and sustainable 

material. However, selected studies are available on fly 

ash-based geopolymer in expansive soil stabilization [7, 

12, 14–19]. The stabilization of clay soil by means of 

geopolymerization would improve the mechanical 

strength (UCS, CBR, etc.). For the alkaline activation of 

fly ash, sodium hydroxide and sodium silicate are the best 

combinations [20–22]. The modular ratio (sodium 

silicate /sodium hydroxide) is greater than 1.5 strength of 

stabilized soil decreases [16]. Therefore, looking at the 

rare application of fly ash-based geopolymer in soil 

stabilization, this paper deals with the feasibility of the 

fly ash-based geopolymer for locally available soil 

stabilization, that can be suitable as a road pavement 

material.  

The contribution of various authors shows the 

importance of fly ash-based geopolymer for soil 

stabilization and its potential to provide eco-friendly 

solutions for various geotechnical projects. However, the 

application of these stabilized materials for actual road 

pavement design is very selected [23]. Thus, this paper 

aimed to design the flexible pavement with low plastic 

soil and fly ash-based geopolymer as a stabilizer. It also 

aimed to provide the application of fly ash in pavement 

construction, in an eco-friendly manner and to develop a 

sustainable methodology. The paper consists of the 

material used for the study followed by the sample 

preparation and testing methodology adopted. The 

mechanical performance in terms of UCS, CBR, and 

resilient modulus along with microstructural analysis 

was carried out to understand the micro-level changes 

that occurred in soil samples. Furthermore, the 

application of stabilized soil is demonstrated in the 

flexible road pavement with a comparison of 

conventional soil.  

2. MATERIALS 
 

Experimental investigations are performed on low plastic 

soil (LL < 50), collected from Raipur city, Chhattisgarh, 

India. The engineering properties of LPS and fly ash, 

such as specific gravity (G), liquid limit (LL), plastic 

limit (PL), plasticity index (PI) and maximum dry density 

(MDD), optimum moisture content (OMC) are 

determined according to IS:2720 (Part 3)-1980, IS:2720 

(Part 5)-1985, and the values are tabulated in Table 1. Fly 

ash (FA) used for the experiments were obtained from the 

National Thermal Power Corporation and Steel 

Authority of India Limited (NSPCL), Bhilai, 

Chhattisgarh, India. The chemical composition of low 

plastic soil and fly ash is determined by Energy-

dispersive X-ray spectroscopy (EDX) analysis and 

presented in Table 2. The results show that the major 

components in fly ash are SiO2, Al2O3, and Fe2O3, 

suitable precursors for forming a good geopolymer [24, 

25]. Also, fly ash is non-plastic, non-swelling material 

which acts as a filler in the soil mass also helps to the 

reduction of plastic characteristics of the soil. According 

to ASTM C 618 – 05, 2005 [26], it is categorized as F-

type fly ash. Figure 1 presents the particle size 

distribution curve for LPS and FA, respectively. The 

percentage variation of various sizes of particles is 

presented in Table 1.  

For the geopolymerization of fly ash, a proportionate 

mixture of sodium hydroxide (NaOH) and sodium 

silicate (Na2SiO3) solutions were used. The liquid sodium 

silicate consists of Na2O= 14.35% and SiO2= 33.10%, 

while sodium hydroxide solution of 6 molars (M). The 

researchers suggested a suitable concentration for NaOH 

between 4.5 to 18 molars [27–29]. Hence, from an 

economic and safety point of view, low concentrated 

 

 
TABLE 1. Engineering Properties 

Sr. No. Properties Low Plastic Soil Fly Ash 

1 G 2.59 2.44 

2 LL (%) 42.3 34.56 

3 PL (%) 20.16 NA 

4 PI (%) 22.14 - 

5 Sand (%) 30.21 - 

6 
Silt & Clay 

(%) 

69.8 
100 

7 Classification CL  F Class [26] 

8 
MDD 

(kN/m3) 
18.42 

11.56 

9 OMC (%) 15.8 18.18 

10 UCS (kPa) 238 - 

11 CBR (%) 4.8 - 
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Figure 1. Particle Size Distribution 

 

 

NaOH, i.e., 6 molars, were adopted for the experimental 

investigation. 

The chemical composition of  of LPS and fly ash is 

summarized in Table 2. 

 
 
3. SAMPLE PREPARATION AND TESTING 
 

Many researchers studied on stabilization of soil [6, 30–

34]. They found the optimized percentage of various 

binders, such as fly ash content, lime content, rice husk 

ash, etc., lies between 15 to 25%. Therefore, LPS blended 

with various proportions of fly ash (10, 15, 20, 25, and 

30%) with an alkaline activator to form a geopolymer. 

The NaOH of 6M solution was prepared just one day 

before casting of samples for the test by mixing 240 g 

(NaOH molecular weight 40 g/mole* 6M) of NaOH 

flakes to make a 1-liter solution in water. The 

Na2SiO3/NaOH ratio was selected as 1.5 to see the effect 

of activator on LPS-FA composite as per the 

recommendation [16].  

A predetermined (calculated based on MDD) 

proportion of LPS and FA was mixed homogeneously, 

and then an activator (calculated based on OMC) was 

 

 
TABLE 1. Chemical Composition 

Constituents (%) LPS FA 

Silica (SiO2) 66.99 62.39 

Alumina (Al2O3) 12.89 24.47 

Iron Oxide (Fe2O3) 12.09 5.74 

Calcium Oxide (CaO) 2.22 1.79 

Magnesium Oxide (MgO) 1.32 0.62 

Potassium (K) 3.4 2.75 

Titanium (Ti) 0.93 2.25 

TABLE 2. Sample Details 

Samples 
LPS 

(%) 

FA 

(%) 

No. of 

Samples  
Curing Periods 

0FA  100 0 3  0 days 

FA10 90 10 18 

0, 7, 14, 28, 56 

and 128 days 

FA15 85 15 18 

FA20 80 20 18 

FA25 75 25 18 

FA30 70 30 18 

 

 

added. The sample was filled into UCS mould and 

compacted for making a cylindrical sample of 50 mm 

diameter and 100 mm height. For the result consistency 

average of 3 samples, were prepared. The total number 

of samples with respect to curing days cast was 93 as 

mentioned in TABLE 2. After compaction, the samples 

were extracted and placed in an airtight plastic bag for 

curing according to the standard method suggested [35]. 

Under ambient temperature or room temperature (25–28 

°C), all samples were cured for 0, 7, 14, 28, 56, and 128 

days and, after curing, tested as per IS 4332 Part V 

(1970). The specimen prepared at their respective MDD 

and OMC for the CBR test and tested for unsoaked and 

soaked conditions. The resilient modulus of all samples 

was estimated according to AASHTO: T 307-99 [36]. 

Scanning Electronic Microscope (SEM), and X-ray 

Diffraction (XRD) were also carried out to understand 

the microstructural characteristics of stabilized LPS after 

28 days curing period, and also to check the formation of 

geopolymer. 

 

 

4. RESULT AND DISCUSSION 
 
4. 1. Unconfined Compression Test         The LPS 

stabilized with fly ash-based geopolymer for various fly 

ash content and curing periods of 0, 7, 14, 28, 56, and 128 

days to understand the effect of fly ash content and time 

effect on strength enhancement. The UCS results were 

reported using the average UCS value of three samples to 

assure the test result consistency. It can be observed that 

from Figure 2 with the increase in fly ash content up to 

25% UCS value increases further replacement it 

decreases. This UCS increment is may due to a higher 

amount of alumina and silica leached from the available 

fly ash content, which may lead to geopolymer gel/matrix 

formation. That indicates up to 25% of fly ash as it gets 

consumed to form geopolymer gel. However, further 

reduction may occur due to some particles remaining 

unreacted with further fly ash replacement, and that act 

as filler material.  
Curing of sample promotes the polymeric reaction at 

the ambient temperature samples become hardened 
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Figure 2. UCS Result 

 

 

slowly. As shown in Figure 2, with an increasing curing 

period, strength increases, indicating that at ambient 

temperature the polymeric reaction takes place, which 

binds the soil particles closely. The continuous increment 

in the UCS value was observed with curing days. 

However, UCS value for 7 and 14 days curing periods of 

FA10 % to FA30 % containing soil specimen satisfy the 

minimum required strength (750 kPa) for stabilized sub-

base layer at the end of 28 days curing period. Further, 

increasing in curing periods 28 to 128 days the stabilized 

LPS satisfies the minimum strength requirement for the 

granular base/sub-base. A similar trend of results was 

observed by the various researchers [14–17, 37]. These 

strength enhancements show the continuous formation of 

polymeric reaction and binding of soil particles due to 

more silicate and aluminate availability for geopolymer 

formation [17, 38]. 

 

4. 2. California Bearing Ratio (CBR) and Resilient 
Modulus (MR)           CBR test performed on soil 

specimen for unsoaked and 28 days (4 days soaking + 24 

days curing) cured samples. Figure 3 shows the variation 

of CBR value to fly ash content. It has been observed that 

the CBR value for LPS is 18.5 % for unsoaked conditions 

and 4.8% for soaked conditions. The CBR value for 

unsoaked conditions increases due to mixes offering 

more resistance due to better packing of different sized 

fractions. Further, for curing samples rapid improvement 

in the CBR value has been observed this can be attributed 

to the less attraction of water during the curing process 

as a result of the dense microstructure of soil particles 

due to gel formation [17, 19, 39, 40]. 
Resilient Modulus (MR) is a fundamental material 

property used to characterize unbound pavement 

materials [36]. The variation of resilient modulus (MR) to 

the fly ash content is shown in Figure 4. The result 

showed a similar type of trend as observed in CBR tests. 

The MR value of fly ash-based geopolymer treated soil is  

 
Figure 3. CBR Strength Result 

 

 

 
Figure 4. Resilient Modulus for untreated and treated LPS 

 

 

in the range of 148 to 179 MPa which is much higher than 

the untreated LPS (55.62 MPa). 
 
4. 3. Microstructural Analysis          The 

microstructural and morphologic study on the fly ash-

based geopolymer specimens was elaborated via XRD 

and SEM an advanced tool for monitoring the 

microstructural changes. 

 
4. 3. 1. X-Ray Diffraction Analysis (XRD)        The X-

ray diffraction technique is the most widely used method 

to identify soil minerals and study their crystal structure. 

Figure 5 shows the XRD pattern for the various fly ash 

content for stabilized LPS after 28 days of curing. The 

LPS shows the presence of clay minerals such as 

montmorillonite (M), illite (I) along with quartz (Q), and 

a small amount of muscovite (Ms) & feldspar (F). Thus, 

LPS with fly ash-based geopolymer altered the 

diffraction pattern significantly; new reflection patterns 

were  also  seen,  namely  sillimanite  (S),  phillipsite  (P),  

FA0 FA10 FA15 FA20 FA25 FA30
0

500

1000

1500

2000

2500

3000

Granular Base/Sub-base

Stabilized Base/Sub-base

U
C

S
 (

k
P

a)

Fly Ash Content (%)

 0 Day

 7 Days

 14 Days

 28 Days

 56 Days

 128 Days

LPS 6M

FA0 FA10 FA15 FA20 FA25 FA30
0

5

10

15

20

25

30

35

40

45

C
B

R
 (

%
)

Fly Ash Content (%)

 Unsoaked (6M NaOH)

 Soaked (6M NaOH)

FA0 FA10 FA15 FA20 FA25 FA30

60

80

100

120

140

160

180

200

R
es

il
ie

n
t 

M
o
d

u
lu

s 
(M

P
a)

Fly Ash Content (%)



912                          S. D. Turkane and S. K. Chouksey / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   908-916 

 

 
Figure 5. XRD 

 

 

mullite (Mu), and cristobalite (C) approximately at 2Ө = 

21.22o, 27.07o, 35.49o, 39.87o, 42.75o, 50.50o, 60.30o, 

68.53o, 75.97o, 81.70o, and 82o. These minerals roughly 

belong to crystalline phases detected in the formed gel by 

the active dissolution of sodium aluminosilicate 

compounds with pozzolanic particles [21, 22]. 

Furthermore, it was also observed that low-intensity 

peaks of LPS show participation in the process of 

geopolymerization [41]. Also, some of the peaks were 

absent compared to the virgin LPS, indicating the 

disturbance of the layered structure of clay mineralogy 

[22]. It could be said that the binding effect of 

geopolymer gel renders the improvement in the 

mechanical strength of the soil. Moreover, due to the 

formation of new crystalline minerals which disturbed 

the original layered structure that controls the swelling 

behaviour of soil. As stabilized LPS becomes less prone 

to swelling and shrinkage behaviour. Hence, it can be 

concluded that the binding effect of geopolymeric gel due 

to the presence of aluminosilicate and zeolite group 

(Sillimanite & Phillipsite) would improve the mechanical 

strength of LPS. 

 
4. 3. 2. Scanning Electronic Microscope (SEM)         

The microstructural changes of LPS are understood by 

SEM images analysis after 28 days of curing. Figure 6 (b 

to f) shows SEM images for fly ash content of 10, 15, 20, 

25 and 30%. The images reveal that the fly ash was 

consumed for the formation of geopolymeric gel or 

reaction product. This product form mainly due to the 

dissolution of silica and alumina ions leading to leaching 

of sodium aluminate hydrate gel (NASH) and further 

with polymerization reaction in the presence of calcium 

at ambient temperature, it produces the calcium 

aluminosilicate hydrate (CASH). However, a few 

quantities of unreacted or partially reacted fly ash 

particles were also observed especially in the FA30 

sample. 
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(f) 

Figure 6. SEM for (a) LPS (b) FA10 (c) FA15 (d) FA20 (e) 

FA25 and (f) FA30 

 
 
5. DESIGN OF FLEXIBLE PAVEMENT THICKNESS 
USING STABILIZED SOIL  
 
The application of stabilized soil is demonstrated in 

terms of the design of flexible pavement thickness for 

high-volume roads as per IRC:37-2018 [42]. The 

pavement thickness using low plastic soil is tabulated in 

Table 4. The CBR value of the LPS subgrade is 4.8%; 

therefore, the stabilized soil having a CBR more or equal 

to 10% should be laid. As per IRC:37-2012, from Figure 

7, the effective CBR is found to be 8%. The resilient 

modulus of LPS from the experiment is 55 MPa. 
 
 

 
Figure 7. Effective CBR for Subgrade as per IRC: 37-2012 

[43] 

The elasticity modulus for the binder course and 

surface course is considered to be 3000 MPa, whereas the 

elastic modulus of Wet Mix Macadam (WMM) and 

Granular Sub-Base (GSB) is estimated together using 

Equation (1). The horizontal tensile strain (εt) and 

vertical compressive strain (εv) of the conventional 

material are analyzed from IITPAVE (pavement analysis 

software), and the results are tabulated in Table 4. 

𝑀𝑅𝑔𝑎𝑖𝑛 = 0.2 ∗ (ℎ)0.45 ∗ 𝑀𝑅𝑆𝑢𝑝𝑝𝑜𝑟𝑡  (1) 

As from the above experimental analysis, fly ash-

based geopolymer could find a good soil stabilizer of fly 

ash 25% and 6M NaOH (FA25+6M). the proposed 

pavement thickness with stabilized LPS is calculated and 

tabulated as per IRC 37 in Table 5. The stabilized LPS 

CBR value was found to be 38% so, from Figure 7, the 

effective CBR is 22%, and the resilient modulus for the 

modified subgrade is 179 MPa should be limited to 100 

MPa. 

The elastic modulus of the WMM course is 

considered as 350 MPa and for the binder course and 

surface course together is 3000 MPa. As per IRC SP 89-

2018, the cement-treated sub-base (CTSB) should have a 

minimum elastic modulus of 2000 MPa, and using Eq. 

(2) the resilient modulus (MR) of stabilized LPS is 

calculated. The UCS value for stabilized soil (FA25+ 

6M) after 28 days of curing is 2.050 MPa, and the 

resilient modulus is found to be 2050 MPa. Hence, the 

conventional subbase material can be replaced with 

CTSB of LPS+FA25+6M. The calculated resilient 

modulus of stabilized soil is too high, thus 600 MPa is 

considered for the analysis as per IRC 37. The cross-

section of the proposed high-volume road pavement is as 

shown in Figure 8. The estimated horizontal tensile (εt) 

and vertical compressive (εv) strain calculated through 

IITPAVE software were found to be less than the 

conventional material pavement material. 

𝑀𝑅 = 1000 ∗ 𝑈𝐶𝑆28 𝐷𝑎𝑦𝑠  (2) 

Table 6 compares pavement thickness using 

conventional pavement material and fly ash-based 

geopolymer LPS used as a sub-base material. A 

 
 

 

TABLE 4. Pavement Thickness Using Conventional Material 

Design Traffic (MSA) 
Pavement Thickness (mm) 

Total Thickness (mm) MR (MPa) εv (10-4) εt (10-4) 
GSB WMM BC SC 

5 150 250 50 30 480 163 6.17 3.22 

10 200 250 60 30 540 172 4.98 2.93 

20 200 250 90 40 580 172 3.94 2.27 

30 200 250 95 40 585 172 3.83 2.2 

40 200 250 105 40 595 172 3.62 2.06 

50 200 250 115 40 605 172 3.42 1.93 
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Figure 8. Proposed Cross Section of High-Volume Road 

Pavement 

significant reduction of pavement thickness was 

observed that indicates the reduction in the use of natural 

resources such as aggregates, moorum, etc. Also, for soil 

stabilization, the traditional stabilizer such as cement and 

lime can be replaced with sustainable soil stabilizers (fly 

ash geopolymer). Furthermore, the industrial by-product 

can be effectively utilized in an eco-friendly manner for 

construction activity. Based on the above observations, 

applying fly ash-based geopolymer to stabilizing LPS in 

subgrade and subbase layers becomes economical; 

partially replacing inert material and saving natural 

recourse leads to a more sustainable solution.  

 

 

 

TABLE 3. Pavement Thickness Using Stabilized LPS  

Design Traffic (MSA) 
Pavement Thickness (mm) 

Total Thickness (mm) εv (10-4) εt (10-4) 
CTSB WMM BC S C 

5 200 150 0 40 390 4.30 1.03 

10 200 150 0 40 390 4.30 1.03 

20 200 150 50 30 430 3.55 0.82 

30 200 150 50 40 440 3.37 0.77 

40 200 150 55 40 445 3.28 0.75 

50 200 150 65 40 455 3.12 0.71 

 

 

TABLE 4. Comparison of Pavement Thickness  

Design Traffic 

(MSA) 

Pavement Thickness (mm) Total Thickness Reduction 

(mm) 
% Reduction Thickness 

Conventional Material Stabilized LPS 

5 480 390 90 18.75 

10 540 390 150 27.78 

20 580 430 150 25.86 

30 585 440 145 24.79 

40 595 445 150 25.21 

50 605 455 150 24.79 

 

 

6. CONCLUSIONS 

 

Following conclusions were drawn based on the 

laboratory experimental results, and application of fly 

ash-based geopolymer stabilized LPS for the design of 

pavement thickness for high volume roads. 

• Low plastic soil treated with fly ash-based geopolymer 

significantly increases strength characteristics (UCS and 

CBR). The fly ash content of 25% with 6M NaOH 

concentration shows the highest strength. 

• The strength improvement with fly ash-based 

geopolymer stabilized LPS after 7 days of curing is 

greater than the minimum strength requirement for sub-

base course of road pavement as per IRC: 37-2012. 

• The microstructure of stabilized LPS shows the 

formation of geopolymer gel; as a result, particles are 

closely packed with each other and form a dense matrix. 

• The granular sub-base material can be replaced with 

cement-treated sub-base material.  

• A significant reduction of pavement thickness was 

observed with the application of fly ash-based 

geopolymer. 

Fly ash-based geopolymer can be the found effective 

chemical stabilizer for stabilizing low plastic soil, but the 

Subgrade of CBR = 4.8 %

Surface Course MR = 3000 MPa

Binder Course MR = 3000 MPa

WMM

MR = 350 MPa

CTSB

MR = 600 MPa

Modified Soil CBR = 38% 

MR = 100 MPa
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challenge lies in its effective application. Also, the exact 

dosage of fly ash and activator needs to be checked 

before a particular field application.  This research could 

also contribute to waste mitigation as well as the 

development of sustainable soil stabilizers in the road 

construction industry.    
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Persian Abstract 

 چکیده 
های خوب اخت جاده  به دلیل شهرنشینی و صنعتی شدن سریع، ساخت جاده ها برای حمل و نقل آسان و سریع به سرعت افزایش می یابد. خاک مناسب در همه جا برای س

یک بررسی تجربی بر روی  در دسترس نیست. از این رو، جاده ها به اجبار بر روی خاک در دسترس محلی مانند خاک سست یا خاک گسترده ساخته می شوند. در این مقاله،  

ر بادی( انجام شد. طراحی ضخامت روسازی انعطاف  برای افزایش خواص مهندسی با استفاده از تثبیت شیمیایی خاک )ژئوپلیمر مبتنی بر خاکست (LPSخاک کم پلاستیک )

پذیری ژئوپلیمر مبتنی بر  دهد که امکانانجام شد. نتایج نشان می  IRC 37طبق دستورالعمل    IITPAVEپذیر برای مصالح خاک معمولی و تثبیت شده با استفاده از نرم افزار  

(و مدول CBRروز(، نسبت باربری کالیفرنیا )  128تا    0برای روزهای مختلف پخت ) (UCSتوجهی استحکام از نظر مقاومت فشاری محدود )خاکستر بادی، افزایش قابل

همچنین تشکیل   ( XRDو تجزیه و تحلیل پراش پرتو ایکس ) (SEMطریق میکروسکوپ الکترونیکی روبشی ) مشاهده شد. تجزیه و تحلیل ریزساختاری از ( MRارتجاعی )

شود، آشکار کرد. ضخامت روسازی منعطف به طور قابل توجهی با استفاده از خاک کم پلاستیک تثبیت شده ژل ژئوپلیمری را که منجر به ماتریکس متراکم به توده خاک می

 کاهش می یابد. 
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A B S T R A C T  

 

Concrete has good strength and durability; however, it suffers from spalling and significant reduction of 
strength when exposed to fire. This study was aimed to enhance the fire resistance of concrete by 

applying two different techniques: 1) reinforcing with fiber, and 2) applying a fire-proof coating. For 

this purpose, mixes were made with steel fiber (SF), glass fiber (GF), and polypropylene fiber (PPF) 
applied at 0.5-2% of cement weight; in addition to a mix prepared with a 15 mm layer of fireproof coating 

material and a control mix. All mixes were subjected to elevated temperatures of 200-800 °C, and 

physical and mechanical properties were evaluated. According to the test results, both techniques were 
effective in enhancing the fire resistance of concrete mixes. The maximum residual compressive and 

flexural strengths were obtained for mix containing 0.5% GF, which were 117% and 145% higher than 

that of the control mix at 800 °C, respectively. Also, concrete with fireproof coating showed up to 76% 
and 113% higher compressive and flexural strengths compared to that of the control mix, respectively. 

It was found that addition of fibers in the manufacturing process of the concrete is a more desirable and 

economically-efficient approach to enhance the fire resistance. However, for an existing concrete 
structure, applying fireproof coating is the only option and can enhance the fire resistance comparably. 

doi: 10.5829/ije.2022.35.05b.08 
 

 
1. INTRODUCTION1 
 
Concrete is one of the most used construction materials 

worldwide due its good mechanical and durability 

properties, availability of raw materials, and relatively 

low maintenance cost [1]. However, concrete shows a 

significant strength loss when exposed to fire due to 

moisture loss, excessive cracking, and impairment of the 

cement matrix [2]. The study of concrete under fire dates 

back to the early 1900’s and it was mainly focused on the 

behavior of cement paste and mortars [3]. Ma et al. [4] 

presented a comprehensive review on the effects of high 

temperatures on the mechanical properties of concrete. 

Exposure of concrete to elevated temperatures results in 

spalling [5], i.e., removal of some portions of the surface 

layer of the concrete, and external cracking, which is 

caused by the evaporation of the free water and 

decomposition of the paste [6]. The previously 

 

*Corresponding Author Institutional Email: a.r.zareei@Khuisf.ac.ir  

(A. R. Zareei) 

mentioned phenomena can expose the steel 

reinforcements inside the concrete to heat, which can 

have devastating effects on the load-bearing capacity and 

stability of the concrete structure. Furthermore, the 

alkalinity tends to reduce as a result of carbonation, 

which is intensified by fire, and thus the corrosion risk of 

steel rebars escalates [7, 8]. At temperatures beyond 400 

°C, the paste begins to shrink and the aggregates expand, 

which cause a significant strain gradient in the matrix [9]. 

It increases the cracking in the matrix and reduces the 

bond between paste and aggregates, resulting in further 

degradation of strength. At extreme temperatures, e.g., 

800-1000 °C, the decomposition of the hydration 

products and loss of chemically-bound water lead to 

significant impairment of the microstructure and result in 

60-80% reduction of strength [10]. 

Due to the risks associated with exposure of concrete 

to fire and its widespread application in civil engineering 
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structures such as buildings, bridges, tunnels, etc, it is of 

paramount importance to enhance the fire resistance of 

concrete through effective and cost-efficient techniques 

[11]. In order to enhance the performance of concrete 

under fire, various methods have been proposed and 

examined. One of the most effective practices is the 

utilization of fibers such as steel, glass, basalt, and 

polypropylene fiber (PPF) in concrete [12–16]. The use 

of fibers can improve the fire resistance of concrete by 

mitigating the formation and propagation of thermal 

induced cracks [17, 18]. Furthermore, fibers enhance the 

load-bearing capacity of concrete by providing additional 

strength by sewing effect and bridging over the cracks 

[19, 20]. Afroughsabet and Ozbakkaloglu [21] studied 

the performance of concrete incorporating a combination 

of PPF and steel fiber (SF) and reported that the highest 

enhancement in strength was achieved for PPF and SF 

contents of 0.15% and 0.85%, respectively. Serrano et al. 

[22] studied the compressive and tensile behavior of 

concrete subjected to an open flame with temperature of 

400°C. It was shown that PPF-reinforced concrete was 

more resistant to fire than the SF-reinforced counterpart, 

and addition of 2% PPF increased the residual 

compressive strength of concrete by 68% over that of the 

control mix. Sun and Xu [23] showed that using 0.9% 

PPF in concrete leads to the optimal compressive 

strength, fatigue, and dynamic performance. However, 

the melting of PPF can create channels for the evaporated 

water to escape [24], and Lee et al. [25] reported that 

using high contents of PPF resulted in the formation of 

micro-cracks in concrete subjected to 400°C. Similar 

findings were reported by Yermak et al. [26] that PPF-

reinforced concrete mixes were more porous than the SF-

reinforced counterparts. Jameran et al. [27] studied the 

fire behavior of concrete with SF and PPF. The total fiber 

content was kept constant at 1.5% and different 

proportions of SF and PPF were incorporated into the 

concrete. The highest residual strength after fire exposure 

was achieved at 100% SF and 0% PPF contents. 

Moghadam and Izadifard [28] compared the performance 

of SF and glass fiber (GF) in improving the fire resistance 

of concrete. It was observed that mix reinforced with 

0.25% GF showed the highest tensile strength, which was 

213% higher than that of the control mix . 

The addition of fiber for enhancing the fire resistance 

of concrete can only be done during the manufacturing 

process, and thus this method cannot be used for 

retrofitting purposes. In order to enhance the fire 

behavior of existing concrete structures, a layer of 

fireproof coating material can be applied. In this context, 

several studies proposed and examined different types of 

coatings for improving the behavior of the concrete at 

elevated temperature [29–31]. Temuujin et al. [32] 

investigated the utilization of a metakaolin-based 

geopolymer coating for fireproofing concrete. The 

coating exhibited a thermal expansion of 3% at 800°C 

and concrete specimens maintained their strength for one 

hour at 1000°C. Hou et al. [33] used a type of 

cementitious thermal insulation material as fire-retardant 

coating to improve the fire resistance of concrete beams 

reinforced with 2% SF and 0.2% PPF. Results showed 

that the insulated beam exhibited about 38% higher fire 

endurance compared to that of the uninsulated one. 

Furthermore, several studies have investigated the effect 

of thermal insulation on the fire behavior of concrete 

structures strengthened with fiber-reinforced polymer 

(FRP) composites [34–37] 

In the light of the previous studies, this paper aimed 

to present a direct comparison between the performance 

of  concrete  reinforced  with  different  types  of  fibers 

and  concrete  with  fireproof  coating,  which  has  not 

been done before. The objectives of the present research 

are: (1) Determining the type and content of the fiber, 

which leads to the maximum enhancement of fire 

resistance of the concrete; (2) Answering the question 

how effectively a fireproof coating can enhance the fire 

resistance of an existing concrete structure; and (3) 

Comparing the fire behavior of fiber-reinforced and 

fireproof coated concretes.  The fresh and hardened 

properties of concrete mixes were evaluated. 

Furthermore, the residual compressive and flexural 

strengths as well as the mass loss of mixes were measured 

after exposure to elevated temperatures ranging from 200 

to 800 °C. 

 

 

2. EXPERIMENTAL PROGRAM 
 

2. 1. Materials 

 

2. 1. 1. Portland Cement          In this study, Type II 

Portland cement from Ardestan cement plant was used 

with a density of 3.15 g/cm3. The chemical and physical 

characteristics of the cement and the values 

recommended by the Iranian Standard No. 389 in Tables 

1 and 2, respectively. 
 

2. 1. 2. Fine Aggregate           Natural sand with particle 

size of 0-5 mm from Isfahan Soffeh mine was used as 

fine aggregate in this study (Table 3). The fineness 

modulus of the sand was equal to 3.1 based on 

determined based on ASTM C-125 standard [38]. The 

gradation curve of the sand and the recommended upper 

and lower bounds of ASTM C33 [39] are shown in 

Figure 1. 

 

2. 1. 3. Coarse Aggregate       Natural gravel with 

maximum size of 19 mm was used as coarse aggregate in 

the present research. Sieve analysis was done for the 

gravel based on ASTM C33, and the gradation curve is 

shown in Figure 2 and the physical characteristics are 

given in Table 4. 
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TABLE 1. Chemical characteristics of the cement used in this 

study 

Chemical 

composition 

Type II cement 

Iranian Standard ISIRI 

389 result (%) 
Test result (%) 

SiO2 > 20 22±0.4 

Al2O3 < 6 5±0.3 

Fe2O3 < 6 3.82±0.2 

CaO 62-66 64±0.5 

MgO < 5 1.9±0.2 

SO3 < 3 1.5±0.2 

K2O 0.5-1 0.49±0.15 

Na2O 0.2-0.4 0.25±0.15 

C3A 5-8 6.51±1 

Free CaO - 1.2±0.2 

L.O.I. < 3 1±0.2 

 

 
TABLE 2. Physical characteristics of the cement used in this 

study 

 

Specific 

surface 

area 

(g/cm2) 

Setting time 

(min) 

Compressive 

strength (kg/cm2) 

Initial Final 
3 

days 

7 

days 

28 

days 

Allowable 

value 

(ISIRI 389) 

> 2800 > 45 < 360 > 100 > 175 > 315 

Measured 

value 
3000±50 90±5 150±10 ≥ 170 ≥ 275 ≥ 370 

 
 

TABLE 3. Physical characteristics of fine aggregate (sand) 

Property Value 

Apparent specific weight (kg/m3) 2570 

Water absorption (%) 4.6 

Apparent density (g/cm3) 2.54 

Fineness module (F.M) 3.1 

Percent passing #200 sieve (%) 3.4 

 

 

2. 1. 4. Fibers            The fibers used in this study 

consisted of SF, GF, and PPF. SF was two-way hooks 

with length of 30-50 mm. Since SF can remain functional 

even at high temperature of 1200 °C, the incorporation of 

these  fibers  can  enhance  the  resistance  of  concrete  

in fire condition as well as the mechanical properties 

[18, 40].  The GF used in the present work was of type 

“High Silica” with length of 12 mm. GF consists of very 

thin and flexible fibers, which are produced with 

diameters ranging from 5 to 25 μm. These fibers are more 

 
Figure 1. Gradation curve of fine aggregate (sand) 

 

 

 
Figure 2. Gradation curve of gravel 

 

 
TABLE 4. Physical characteristics of coarse aggregate (gravel) 

Property Value 

Apparent specific weight (kg/m3) 2693 

Water absorption (%) 1.2 

Apparent density (g/cm3) 2.68 

Saturated moisture with a dry surface (%) 0.5 

 

 

economically efficient than the other types of fibers and 

also possess high tensile strength. The PPF used in this 

study was provided from Afzir company, Iran, Tehran, 

and was chopped to increase their grip with paste. The 

properties of fibers used in the present study are 

summarized in Table 5 (see Figure 3). 

 

 
TABLE 5. Characteristics of fibers used in this paper 

Fiber 

type 

Length 

(mm) 
Color 

Elasticity 

module 

(GPa) 

Diameter 

(mm) 

Specific 

weight 

(g/cm3) 

Melting 

temperature 

(°C) 

SF 30-50 Copper 200 0.8 7.85 - 

GF 12 White 70 
0.011-

0.015 
2.6 550 

PPF 12-13 White 5 0.02 0.91 160 
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Figure 3. Fibers used in this study: (a) GF, (b) PPF, (c) SF 

 

 
2. 1. 5. Fireproof Coating         In this study, mineral 

coatings were used, which can be applied to the concrete 

by spraying or manual application. This coating is a 

powder (Figure 4), which is a combination of mineral 

adhesives, lightweight fine materials, fibers, and 

additives. It can turn into fireproof mortar when mixed 

with water. Fire retardant coating or fire resistance 

coating has some special additives in it, which provide a 

very high durability against fire and reduces the potential 

of cracking and spalling. It was purchased from Iran 

Construction Clinic located in Tehran. The properties and 

technical information of the coating used are given in 

Table 6. The mix design for the fireproof coating and the 

mix design for the subbase used for better adhesion 

between concrete and coating are shown in Table 7 . 

 

 

 
Figure 4. Fireproof coating used in this study 

 

 
TABLE 6. Physical characteristics of the fireproof coating 

Test result Test standard 
Technical 

characteristic 

Specific weight 
(kg/m3) 

ASTM E-605 About 700 

Compressive strength 
(kg/m2) 

ASTM E-761 More than 35 

Electrical 
conductivity (W/m.C) 

----- Less than 0.2 

Surface burning 

spread characteristic 

ASTM E-84 

BS 476 

Class A 

Class O 

Fire resistance 
ASTM E-119 

ISO 834 
More than 4 hours 
based on thickness 

TABLE 7. Mix design of fireproof coating and subbase 

Coating 

type 

Liquid to 

powder 

ratio 

Powder 

(kg/m3) 

Water 

(kg/m3) 

Liquid 

(kg/m3) 

Sublayer 

coating 
0.5 500 --- 250 

Fireproof 

coating 
0.6 500 300 --- 

 
 
2. 2. Mix Design            Concrete mixes were prepared 

with different fiber types including SF, GF, and PPF and 

different fiber contents including 0.5%, 1%, 1.5%, and 

2% of the cement weight. For comparison purposes, a 

control mix was prepared as well without any fibers. 

Furthermore, in order to compare the two methods of 

enhancing the fire resistance of concrete, the control mix 

was coated with a 15 mm fireproof layer and its behavior 

at elevated temperatures of 200, 400, 600, and 800 ℃ was 

compared to that of the other concrete mixes. The mix 

proportioning of concrete mixes is presented in Table 8. 

It should be noted that all mixes were prepared with a 

constant water-to-cement (w/c) ratio of 0.52. In Table 8, 

the control mix is denoted as Normal Concrete (NC) and 

fiber-reinforced mixes are referred to with a two-part 

code name: the first part denotes the fiber type and the 

second  part  denotes  the  fiber  content  in  percentage. 

Also, the  mix  with  fireproof  material  is  referred  to  

as  FPC-NC. 

The mixing process consisted of dry mixing of the 

coarse and fine aggregates for 2 minutes in the 

mechanical mixer. Then, 50% of the water was poured 

into the mixer with the cement and mixing was continued 

for 90 s. After that, fibers (if any) were gradually added 

to the mixture with the remaining water. The substances 

were mixed together until a homogenous mix was 

obtained and the fibers were properly dispersed. As for 

the concrete mix with fire proof coating, the coating layer 

was prepared in advance to the mixing day. In order to 

prepare the coating layer, the powder was mixed with 

water to achieve a mortar with average consistency . 

The fresh mix was poured into the molds in three 

layers and each layer was compacted by using a standard 

rod. The specimens were left in the laboratory 

environment for 24 h and then were demolded and 

submerged in a water tank at 23 ± 2 °C for further curing. 

For mix with fireproof coating, first, the concrete 

specimens were cured at temperature of 23 ± 2 °C and 

humidity of 50% ± 5% for 24 h. Then, the surface of the 

specimens was carefully dried and cleaned; then, placed 

at the center of a 130 mm×130 mm×130 mm mold. Next, 

the coating was poured into the mold around the 

specimen. After 48 h, the molds were opened and the 

specimens were placed in the moist room. Note that the 

curing was not done inside of a water tank for mix with 

fireproof coating. 

(a) (b)

(c)
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TABLE 8. Concrete mix designs (kg/m3) 

Name Cement Water Sand Gravel Fiber 

NC 1 420 220 800 880 --- 

SFC-0.5 2 420 220 800 880 2.1 

SFC-1 420 220 800 880 4.2 

SFC-1.5 420 220 800 880 6.3 

SFC-2 420 220 800 880 8.4 

PPFC-0.5 3 420 220 800 880 2.1 

PPFC-1 420 220 800 880 4.2 

PPFC-1.5 420 220 800 880 6.3 

PPFC-2 420 220 800 880 8.4 

GFC-0.5 4 420 220 800 880 2.1 

GFC-1 420 220 800 880 4.2 

GFC-1.5 420 220 800 880 6.3 

GFC-2 420 220 800 880 8.4 

FPC-NC 5 420 220 800 880 --- 

1 NC: Normal concrete 
2 SFC-0.5: Fiber-reinforced concrete with 0.5% SF 
3 PPFC-0.5: Fiber-reinforced concrete with 0.5% PPF 
4 GFC-0.5: Fiber-reinforced concrete with 0.5% GF 
5 FPC-NC: Normal concrete with fireproof coating 

 

 
3. TESTING METHODS 
 

The workability of the fresh concrete was evaluated by 

using slump test following the guidelines of 

C143/C143M-12 [41]. The compressive and flexural 

strengths of cubic and beam specimens with dimensions 

of 100 mm×100 mm×100 mm and 100 mm×100 

mm×500 mm were determined based on the provisions 

of ASTM C39/C39M-16 [42] and ASTM C78/C78M-16 

[43], respectively. Note that the tests were conducted on 

three specimens for each mix in order to ensure 

repeatability of the test results. 

The specimens were heated at temperatures of 200, 

400, 600, and 800 °C to evaluate the effects of fiber type 

and dosage as well as the fireproof coating on the 

elevated temperature behavior of concrete mixes. This 

was done in an electric oven at a heating rate of 6 °C/min 

until the target temperature was reached. The specimens 

were kept in the oven for 2 h to obtain steady-state 

thermal condition. Finally, after 24 h of cooling, the mass 

loss, residual compressive strength, and residual flexural 

strength of specimens were determined. 

 

 
4. RESULTS AND DISCUSSIONS 
 
4. 1. Slump       The results of slump test for different 

concrete mixes are shown in Figure 5. 

Based on the test results, it is obvious that the 

workability of the fresh concrete was reduced when 

fibers were added. Furthermore, by increasing the fiber 

content, a higher reduction of slump was noticed. This 

could be attributed to the fact that when fibers are added 

to the mix, a network of fiber-matrix forms, which 

increases the internal friction. Therefore, a higher water 

content is required to obtain the same slump value. 

However, since the water-to-cement ratio has been kept 

constant in this study, the slump value decreases 

constantly with increasing fiber content. The reduction 

percentage in concrete mixes containing less than 1% 

fiber was below 10%. This is in agreement with the 

results of Jhatial et al. [44] who reported 8.7% reduction 

in slump of concrete containing 1% SF as compared to 

that of the control concrete. however, at the maximum 

dosage of fiber, i.e., 2%, about 17%, 20%, and 19% 

reduction in slump was observed for mixes reinforced 

with SF, PPF, and GF compared to that of the control 

mix, respectively. Mastali et al. [45] also observed 16% 

reduction in slump flow of concrete with 2% GF content. 

Also, it is observed that the SF-reinforced mixes showed 

a higher workability compared to PPF- and GF-

reinforced mixes. A reason behind this could be the 

smooth surface of SF, which facilitates a better 

dispersion compared to other fiber types. PPF-reinforced 

mixes showed the highest reduction in workability, 

which could be related to the hydrophobic nature of PPF 

[46], which repels the water, and thereby air bubbles tend 

to attach to the fibers. This is supported by earlier 

findings [47, 48]. 

 

4. 2. Effect of Elevated Temperatures on Mass Loss 
of Mixes           Figure 6 shows the mass loss of mixes 

after exposure to the elevated temperatures. According to 

the test results, the weight of the samples decreased with 

an increase in temperature. The mass losses of the control 

mix at temperature of 200, 400, 600, and 800 ℃ were 

 

 

 
Figure 5. Slump of concrete mixes 
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Figure 6. Mass loss of mixes at different temperatures 

 

 
about 2.5%, 4%, 8.6%, and 16.1%, respectively, 

compared to the value of mass at room temperature. The 

mass loss due to exposure to temperatures in the range of 

200-400 °C is mostly related to the evaporation of free 

water, which increased the porosity of the matrix [49]. At 

higher temperatures, the destruction of the hydration 

products of cement, i.e., calcium silicate hydrate (C-S-H) 

gel and calcium hydroxide (Ca(OH)2), and the 

evaporation of free water are responsible for the decrease 

in the mass of concrete mixes [50]. At an extreme 

temperature of 800 ℃, the impairment of the 

microstructure becomes more significant and the 

chemically-bound water evaporates, which further breaks 

the chemical bonds and causes severe decomposition of 

the hydration products [51]. 

In general, the mass loss of fiber-reinforced mixes 

was lower than that of the control mix. This could be 

related to the bridging effect of fibers, which mitigated 

the formation and propagation of micro-cracks due to 

heat exposure [15]. As a result, the stability of the 

specimens was enhanced at elevated temperature as less 

channels were available for the evaporated water to 

escape [52], and thereby less moisture loss occurred. The 

lower mass loss of fiber-reinforced mixes was more 

obvious at lower fiber contents. Mix with 0.5% GF 

demonstrated the lowest mass loss, and the weights of the 

specimens containing 0.5% GF were decreased by 

1.25%, 2.31%, 4.85%, and 10.14% at temperature of 200, 

400, 600, and 800 °C as compared to that of the plain 

concrete, respectively. However, the mass loss showed 

an increasing trend with fiber content. For example, 

adding 2% GF to the concrete resulted in 2.22%, 4.36%, 

7.58%, and 14.75% reduction in mass at temperature of 

200, 400, 600, 800 °C compared to that of the control 

mix, respectively. Similarly, mix containing 0.5%, 1%, 

1.5%, and 2% PPF showed about 12%, 12%, 12.2%, and 

15.1% mass losses at 800 ℃. This could be due to the 

melting of fibers at elevated temperatures, which 

increased the porosity of concrete mixes. The higher 

mass loss in SF-reinforced mixes confirms this as the 

specific gravity of SF is much higher than that of the PPF 

and GF. 

Moreover, test results showed that the lowest mass 

loss belonged to mix insulated with fireproof coating. 

The mass losses of mix FPC-NC were about 0.2%, 1%, 

3.5%, and 7.4%, respectively, at temperatures of 200, 

400, 600, and 800 °C compared to the mass at the ambient 

temperature. The fireproof coating prevented the heat to 

reach the inner parts of the specimens, and as a result, less 

fire-induced micro-cracks formed in the specimen and 

the escape of the evaporated water became more difficult. 

 

4. 3. Effect of Elevated Temperatures on the 
Compressive Strength of Mixes           Table 9 shows 

the compressive strength of mixes at different 

temperatures. Based on the test results, unlike the general 

trend of the compressive strength with increasing 

temperature, there was a slight increase in compressive 

strength at 200 °C. For example, the compressive 

strength of the control mix was increased about 12% 

when the temperature was increased from 23 °C to 200 

℃. This could be due to the fact that heat treatment can 

promote hydration reaction of Portland cement and lead 

to further dissolution of CaO and SiO2 [26]. As it can be 

observed in the table, an increase in compressive strength 

at 200 ℃ was more pronounced for fiber-reinforced 

mixes. The maximum increase for the concrete 

reinforced with SF, PPF, and GF was 17%, 23%, and 

25% compared to the corresponding value at 23 ℃, 

respectively . 
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TABLE 9. Compressive strength of mixes before and after 

exposure to elevated temperatures 

Mix\ 

Temperature 
23 °C 200 °C 400 °C 600 °C 800 °C 

NC 45.0 50.5 40.3 25.3 11.45 

      

FPC-NC 43.6 48.5 42.5 31.1 20.1 

      

SFC-0.5 47.1 53.9 43.1 26.7 11.9 

SFC-1 48.0 55.3 45.0 27.7 12.8 

SFC-1.5 51.0 59.5 48.6 33.1 14.8 

SFC-2 41.8 47.0 38.0 22.7 10.4 

      

PPFC-0.5 52.4 64.6 50.5 37.6 22.3 

PPFC-1 45.4 52.9 42.3 30.4 14.9 

PPFC-1.5 44.9 51.6 41.7 28.7 14.3 

PPFC-2 38.2 42.9 35.4 23.4 10.7 

      

GFC-0.5 53.1 66.2 51.8 39.1 24.8 

GFC-1 50.8 60.9 48.0 35.8 17.3 

GFC-1.5 47.0 55.4 43.9 30.3 15.0 

GFC-2 39.4 44.9 36.5 24.6 12.0 

 

 

However, compressive strength was reduced at 

temperatures in the range of 400-800 °C. Exposure to 

temperatures of 400, 600 and 800 °C reduced the 

compressive  strength  of  the  control  mix  by 10%, 44%, 

and 75% compared to the corresponding value at the 

room temperature, respectively. The highest drop in the 

28-day compressive strength of the control mix happened 

as the temperature increased from 400 °C to 800 ℃. Such 

high temperatures weakens the van der Waal’s forces 

between C-S-H layers and reduces the surface energy, 

thereby resulting in the formation of weaker silanol 

groups with Si-OH:OH-Si bonds [53]. Furthermore, the 

evaporation of the free water and the chemically-bound 

water resulted in the formation of micro-cracks, which 

contributed to the loss of strength . 

Generally, adding fibers to the concrete enhanced the 

compressive strength. In SF-reinforced mixes, the 

highest compressive strength at room temperature was 

obtained by adding 1.5% SF, which led to 13% higher 

compressive strength than that of the control mix as 

shown in Figure 7. In PPF- and GF-reinforced mixes, the 

maximum compressive strength at room temperature was 

achieved by adding 0.5% fiber, which led to 17% and 

18% higher compressive strength than that of the control 

mix, respectively. The strength gain can be justified by 

the sewing effect of fibers, which bridged over the micro-

cracks and increased the load-bearing capacity of 

concrete mixes [54]. However, it was observed that a 

high content of fiber has an adverse effect. For example, 

concrete mixes reinforced with 2% fiber, regardless of 

the fiber type, showed a lower compressive strength 

compared to that of the control mix. When the amount of 

fibers increases, it reduces the workability of the mixture 

due to the friction between fibers and paste. This has a 

negative effect both on the compaction of the fresh mix 

and dispersion of the fibers. The non-uniform dispersion 

of fibers can cause fiber balling, which in turn increases 

the porosity of the concrete and lowers the strength [55]. 

In addition, fibers used in this study are hydrophobic, and 

therefore air bubbles can attach to their surface and 

become entrapped inside the concrete, which further 

increases the porosity [20]. 

The test results at elevated temperature indicated that 

the addition of fibers benefited the fire resistance of 

concrete mixes. In SF-reinforced mixes, the highest 

residual compressive strength was obtained by using 

1.5% SF, which increased the compressive strength by 

18%, 21%, 31%, and 29% at 200, 400, 600, and 800 °C 

compared to the corresponding residual compressive 

strength of the control mix, respectively. On the other 

hand, the residual compressive strength of the PPF- and 

GF- reinforced mixes was reduced with fiber content, i.e., 

the minimum fiber content (0.5%) led to the maximum 

fire resistance. Among all fiber-reinforced mixes, the mix 

reinforced with 0.5% GF showed the highest residual 

compressive strength. Based on the test results, the 

compressive strength of mix GFC-0.5 after exposure to 

temperatures of 200, 400, 600, and 800 ℃ was 31%, 

29%, 54%, and 116% higher than that of the control mix, 

respectively. It can be observed that adding 0.5% GF can 

have a significant contribution to the fire resistance of 

concrete due to the bridging effect of fibers, which 

limited the formation and propagation of micro-cracks. 

However, using a higher content of GF resulted in a 

constant reduction in the residual compressive strength. 

For example, the residual compressive strength of mix 

containing 2% GF was about half of that of the mix 

containing 0.5% GF at 800 ℃. Similarly, increasing the 

fiber content in PPF-reinforced mixes reduced the 

residual compressive strength. For example, the 

compressive strength of mix with 2% PPF was about half 

of that of the mix with 0.5% PPF at 800 ℃. This can be 

attributed to the low melting point of PPF, which resulted 

in an increase in void content when fibers melted at 

elevated temperatures [56]. 

Moreover, the results showed that insulating the 

concrete with fireproof coating can be effective in 

maintaining the compressive strength after heat 

exposure. According to Table 9, mix FPC-NC showed a 

strength reduction of 3%, 29%, and 54% after being 

subjected to the elevated temperatures of 400, 600, and 

800 °C, respectively. Also, consistent with the other 

concrete mixes, there was an increase of about 11% at 

200 °C compared to the corresponding value at the room  
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Figure 7. Ratio of compressive strength of mixes to compressive strength of the control mix 

 
 
temperature. Comparing the results with fiber-reinforced 

mixes indicated that the fire resistance of mix FPC-NC 

was comparable to that of the mix GF-0.5. Thus, it can be 

concluded that using a 15 mm layer of the fireproof 

coating used in this study is as effective as reinforcing the 

concrete with 0.5% GF in enhancing the fire resistance of 

the concrete. In the insulated concrete, the fireproof layer 

reduces heat transfer to the inside of the concrete, and 

thereby mitigates the moisture loss and degradation of the 

microstructure. On the other hand, in fiber-reinforced 

mixes with fiber content up to 1.5%, the additional 

strength provided by the fiber-matrix bond and the 

bridging effect of fibers outweighed the negative 

influence of fiber agglomeration and increased void 

content . 

 
4. 4. Effect of Elevated Temperature on the 
Flexural Strength of Concrete Mixes           Table 10 

shows the flexural strength of mixes at different 

temperatures. 

Generally, the reduction in the flexural strength was 

more pronounced than the compressive strength. This 

could be related to the higher dependency of the flexural 

behavior of the concrete on cracking as compared to the 

compressive strength [46, 57]. Exposure of concrete to 

elevated temperatures creates numerous cracks as a result 

of loss of moisture and degradation of the microstructure 

through decomposition of the hydration products. When 

subjected to bending, cracks tend to open and propagate, 

which negatively affects the flexural strength. However, 

the compressive load applied to the specimens can help 

in closing the micro-cracks and the compressive strength 

is more affected by the strength of the matrix itself and 

also the interlocking between aggregate and paste [58]. 

TABLE 10. Flexural strength of mixes before and after 

exposure to elevated temperatures 

Mix\ 

Temperature 
23 °C 200 °C 400 °C 600 °C 800 °C 

NC 4.91 5.68 4.03 2.41 0.00 

      

FPC-NC 7.02 7.95 6.62 5.12 2.55 

      

SFC-0.5 6.13 7.22 3.84 3.14 0.00 

SFC-1 6.27 7.57 5.24 3.43 0.93 

SFC-1.5 7.03 8.57 6.54 4.38 1.43 

SFC-2 5.37 6.16 2.75 1.53 0.43 

      

PPFC-0.5 6.87 8.45 6.25 4.98 2.30 

PPFC-1 6.24 7.47 5.41 4.03 1.11 

PPFC-1.5 6.22 7.25 4.07 3.25 0.57 

PPFC-2 5.49 6.11 2.89 2.09 0.24 

      

GFC-0.5 7.92 9.83 7.63 5.90 3.29 

GFC-1 7.54 9.05 6.51 5.08 2.11 

GFC-1.5 7.08 8.20 4.66 3.58 1.09 

GFC-2 6.52 7.07 3.25 2.68 0.79 

 

 
All fiber-reinforced mixes exhibited a higher flexural 

strength than that of the plain concrete. The optimum 

fiber content for different types of fibers based on the 

flexural strength test results was the same as that obtained  
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Figure 8. Ratio of flexural strength of mixes to flexural strength of the control mix 

 

 
from the compressive strength results. Maximum flexural 

strength in SF-, PPF-, and GF-reinforced mixes was 

achieved by using 1.5%, 0.5%, and 0.5% fiber, 

respectively. The flexural strengths of mix SF-1.5, PPF-

0.5, and GF-0.5 were about 43%, 40%, and 61%, 

respectively, higher than that of the control mix at the 

ambient temperature. As it can be observed, GF-0.5 with 

28-day flexural strength of 7.92 MPa showed the highest 

flexural strength among all mixes. 

At elevated temperature, consistent with the results of 

the compressive strength test, the flexural strength of 

mixes exhibited an increase at 200 °C, and then was 

reduced monotonically as the temperature was increased. 

For example, the control mix showed 16% higher 

flexural strength after exposure to 200 °C, which could 

be ascribed to the positive effect of heat exposure on the 

hydration of Portland cement and formation of C-S-H 

gel. Similarly, fiber-reinforced mixes showed 

enhancements in the flexural strength at this temperature. 

In agreement with the compressive strength, the 

maximum level in the residual flexural strength of fiber-

reinforced mixes at 200 °C with respect to the ambient 

temperature was obtained in mix GF-0.5, which was 

about 24%. The lowest level in the flexural strength at 

this temperature was observed in mix FPC-NC, which 

was 13%. Since the fireproof coating limited the heat 

transfer to the inside of the concrete specimen, the 

increase in strength was limited as well. By increasing 

the temperature, the flexural strength of the concrete 

mixes started to decrease. For example, the residual 

flexural strength of the control mix after exposure to 

temperatures of 400 and 600 °C was 18% and 51% lower 

than the corresponding value at the ambient temperature. 

At 800 °C, spalling occurred in the specimen and it 

exploded in the oven, and thus no data is available 

regarding  the  flexural  strength  of  the plain  concrete 

at this temperature. It could be related to the higher 

surface-to-volume ratio of the beam samples as 

compared to that of the cube samples, which increased 

the area of the surface exposed to heat. The degradation 

of the flexural strength at elevated temperature could be 

due to evaporation of free water, decomposition of the 

dehydrated products, and mismatch between the strain of 

the paste and that of the aggregates due to high 

temperature gradient. Upon exposure to fire, the paste 

tends to shrink as it loses water and the binding gel 

becomes damaged, whereas aggregates tend to expand 

[59, 60]. The difference between the change in the 

volume of the paste and aggregates reduces the paste-

aggregate bond, and thereby reduces the load-bearing 

capacity of the concrete . 

In line with the results of compressive strength, fiber-

reinforced mixes showed a superior performance at 

elevated temperature compared to the plain concrete. In 

SF-reinforced mixes, the residual flexural strength 

increased up to a fiber content of 1.5%. Similar to the 

control mix, mix containing 0.5% SF failed at 800 °C and 

did not show any strength; however, at 200-600 °C, it 

showed 27%-30% higher residual flexural strength than 

that of the control mix as shown in Figure 8. Mix 

reinforced with 1% SF performed slightly better than mix 

with 0.5% SF; whereas, mix with 1.5% SF showed the 

highest residual flexural strength in SF-reinforced mixes. 

The residual flexural strengths of mix SFC-1.5 at 200, 

400, and 600 °C were 51%, 62%, and 82% higher than 

that of the control mix, respectively. However, using 2% 

SF resulted in the lowest flexural strength in SF-

reinforced mixes, which was even lower than that of the 

control mix. For example, the residual flexural strengths 

of mix SFC-2 at 400 and 600 ℃ were 54% and 58% lower  
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than that of the control mix, respectively. Heat treatment 

had a negative effect on the fiber-matrix bond as the 

fibers start to soften and the paste starts to contract. 

Therefore, additional strength provided by the fiber-

matrix bond reduces with temperature, lowering the 

contribution of fibers to the flexural strength [61]. 

Furthermore, as the amount of fibers exceed a critical 

value,  the  fiber  balling  effect  increases  the  porosity 

of the concrete, which is further intensified when fibers 

melt  at  extreme  temperatures  and  leave  behind  pores 

and gaps. 

Moreover, the PPF-reinforced mixes performed 

superior to SF-reinforced mixes at elevated temperature. 

The flexural strengths of the optimal mix, i.e., mix PPF-

0.5, were reduced by 9%, 27%, and 66%, respectively, at 

400, 600, and 800 °C. It may be attributed to the 

flexibility of PPF, which enables it to bend in different 

directions and fill in the pores and gaps more effectively 

than SF. Also, mix PPF-0.5 outperformed the control mix 

by showing 49%, 55%, and 107% higher flexural 

strength at the same temperatures. The crack arrestment 

by fibers mitigated the propagation of the thermal-

induced micro-cracks and the bridging action of fibers 

over the cracks contributed to the strength gain [16]. As 

the fiber content was increased, the fire resistance of 

PPF-reinforced mixes began to decline. For the sake of 

illustration, the residual flexural strengths of mix PPF-

0.5, PPF-1, PPF-1.5, and PPF-2 at 800 °C were 66%, 

82%, 91%, and 96% lower than the corresponding value 

at 23 °C, respectively. As mentioned earlier, as the 

content of fiber increases in the mix, the workability 

drops, and thus the quality of compaction of the mix and 

fiber dispersion reduce as well. As a result, the porosity 

of  the  concrete  increases,  which  has  a  negative  effect 

on its strength. The exposure to elevated temperatures 

can further increase the gaps and pores in the concrete as 

a  result  of  degradation  of  C-S-H  gel  and  melting  of 

fibers. 

In agreement with the compressive strength results, 

the highest residual flexural strength was obtained in GF-

reinforced mixes. Addition of 0.5% GF led to minimum 

losses of strength after heat treatment at 400, 600, and 

800 °C, which were 4%, 25%, and 58%, respectively. 

Furthermore, the residual flexural strengths were 

enhanced by 73%, 89%, and 145% at 200, 400, 600 °C 

compared to that of the control mix, respectively. 

Although the flexural strength was reduced with 

increasing fiber content in GF-reinforced mixes, the 

residual  flexural  strength  of  all  GF-reinforced  mixes 

was  still  higher  than  that  of  the  control  mix  at  all 

temperatures. For the sake of illustration, the strength 

losses  at  800 ℃  in  mix  containing  0.5%,  1%,  1.5%, 

and  2%  GF  were  58%,  72%,  85%,  and  88%,  

 

 

 

respectively. Similar reports can be found in the previous 

studies. Ravikumar and Thandavamoorthy [62] showed 

that  the  compressive  strength  losses  at  300 °C  in 

concrete  reinforced  with  0.5%  and  1%  GF  were  25% 

and  10%,  while  the  strength  loss  of  the  control  mix 

was 32%. 

Moreover, the fireproof coating has shown to be 

effective in increasing the residual flexural strength when 

exposed to fire. The strength reductions at 400, 600, and 

800 °C were 6%, 27%, and 64%, respectively; however, 

the residual flexural strengths were still 40%, 64%, and 

113% higher than that of the control mix at the same 

temperatures.  Fire  insulation  improved  the  resistance 

and  stability  of  the  concrete  against  fire  by  limiting 

the amount of heat reaching to the core of the concrete 

[37]. 

 

4. 5. Analysis of Variance (ANOVA)            In this 

section, ANOVA method was employed to quantify the 

influence of temperature, fibers, and their interaction on 

compressive strength and flexural strength of concrete 

mixtures. ANOVA is a widely used method to calculate 

the contribution of variables involved in a problem [63, 

64]. Since two variables were involved in this study, two-

way ANOVA was performed to rank the input 

parameters including temperature, fiber percentage, and 

their interaction based on their significance to the 

problem. 

Figure 9(a)-(f) shows the ANOVA results of 

compressive strength and flexural strength. Figure 9(a)-

(c) illustrates the ANOVA results regarding compressive 

strength. As seen, the contribution of temperature was 

significantly higher than that of the fiber percentage. For 

example, the contribution of temperature for concrete 

reinforced  with  SF  was  90%  while  the  contribution 

of fiber percentage was 4.2%. Furthermore, it was 

observed that the contribution of fiber percentage was 

higher  in  case  of  PPF  and  GF  and  it  increased  to 

12% and 18%, 

respectively. This owed to the higher melting point of 

these fibers, which increased their influence on strength 

of mixtures at elevated temperatures. This agreed with 

the compression test results, where concrete containing 

SF showed the highest reduction in strength at elevated 

temperature. For example, the compressive strength of 

mix with the optimum SF content was reduced from 50 

MPa at 23 °C to 14 MPa at 800 °C, while that of the mix 

with the optimum GF content was reduced from 53 MPa 

to 24 MPa. Similar results were observed for flexural 

strength. With reference to Figure 9(d)-(f), the 

contribution of fiber percentages for concrete containing 

SF, PPF, and GF were 9.8%, 14.7%, and 23.3%, 

respectively. 
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(a) 

 
(d) 

 
(b) 

 
(e) 

 
(c) 

 
(f) 

Figure 9. ANOVA results for the compressive strength of (a) SF-reinforced mixes, (b) PPF-reinforced mixes, (c) GF-

reinforced mixes; and ANOVA results for the flexural strength of (d) SF-reinforced mixes, (e) PPF-reinforced mixes, (f) 

GF-reinforced mixes 

 
 
5. CONCLUSIONS 
 

This study investigated the fire resistance of concrete 

reinforced with three different types of fibers including 

SF, PPF, and GF incorporated at four different fiber 

contents including 0.5%, 1%, 1.5%, and 2%. The 

elevated temperature performance of the mixes was 

compared to that of the concrete insulated with a 15 mm 

layer of fireproof coating. The workability, mass loss, 

residual compressive and flexural strengths of mixes 

were evaluated. Based on the test results, the following 

conclusions are drawn: 

• The inclusions of fibers results in reduced 

workability. The reduction is below 10% generally 

for fiber content less than 2%; however, by adding 

2% fiber, the slump value reduced by up to 20%. PPF-

reinforced mixes showed the lowest workability 

among fiber-reinforced mixes and SF-reinforced 

mixes are the most workable. 

• Concrete mixes exhibit an increase of 8%-25% in the 

mechanical strength at 200 °C compared to the 

corresponding value at the ambient temperature. The 

use of fibers enhances the fire resistance. The 

optimum fiber content for SF-, PPF-, and GF-
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reinforced mixes were 1.5%, 0.5%, and 0.5%, 

respectively. 

• The reduction of the flexural strength was more 

obvious compared to the compressive strength. It can 

be related to the higher sensitivity of flexural strength 

to the presence of thermal-induced cracks than 

compressive strength. 

• The maximum residual compressive and flexural 

strengths were obtained for mix containing 0.5% GF, 

which were up to 117% and 145% higher than that of 

the control mix, respectively. 

• The insulation of the concrete with fireproof coating 

is a very effective technique to enhance the fire 

resistance of an existing concrete structure. As the 

temperature increases, the effectiveness of the 

fireproof coating becomes more pronounced. At 800 

°C, the insulated concrete exhibits up to 76% and 

113% higher compressive and flexural strengths 

compared to that of the control mix, respectively. 

It can be concluded that in order to achieve the highest 

fire resistance of concrete, 0.5% GF should be added 

during the construction process. Whereas, fireproof 

coating technique can be applied after the construction 

process, which can enhance the fire resistance to a level 

comparable to that of the mix reinforced with 0.5% GF. 
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Persian Abstract 

 چکیده 
 یش مطالعه افزا ینبرد. هدف از ا یحال، هنگام قرار گرفتن در معرض آتش از پوسته پوسته شدن و کاهش قابل توجه استحکام رنج م ین با ادارد.  یبتن استحکام و دوام خوب

  یشه ش  یاف(، الSF)  یفولاد  یافبا ال  ییهامنظور، مخلوط  ینا  ی. برایق( اعمال پوشش ضد حر2و    یاف،با ال  یت ( تقو1مختلف:    یکمقاومت بتن در برابر آتش با استفاده از دو تکن 

(GFو ال )یلن پروپ   ی پل  یاف  (PPF  با )مخلوط کنترل    یکشده بود، ساخته شد. مواد و    یه پوشش نسوز ته  مترییلی م  15  یهکه با لا  ی علاوه بر مخلوط  یمان،درصد وزن س  2تا    5/0

  یک هر دو تکن  یش،آزما  یجقرار گرفتند. با توجه به نتا  یابیمورد ارز  یکی و مکان  یزیکیقرار گرفتند و خواص ف  سانتیگراددرجه    800-200 یبالا  یها در معرض دماهاهمه مخلوط

 117 یب به دست آمد که به ترتدرصد  GF 5 /0 یمخلوط حاو یبرا یماندهباق یو خمش ی بتن مؤثر بودند. حداکثر مقاومت فشار یهامقاومت در برابر آتش مخلوط یشدر افزا

نسبت   یبالاتر ی و خمش یدرصد مقاومت فشار 113درصد و  76تا  یببتن با پوشش نسوز به ترت ین بود. همچن یگراده سانتدرج 800رل در از مخلوط کنت بیشتر  صددر 145 و

  ین ر آتش است. با امقاومت در براب یشافزا ی کارآمدتر برا یتر و از نظر اقتصادمطلوب  یکردی بتن، رو یدتول ینددر فرآ یافبه مخلوط شاهد نشان داد. مشخص شد که افزودن ال

 دهد. یشافزا یایسهتواند مقاومت در برابر آتش را به طور قابل مقای است و م ینهموجود، اعمال پوشش نسوز تنها گز یسازه بتن یک یحال، برا
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A B S T R A C T  

 

Beam-Column Joints (BCJ) manage the structural behaviour and failure mechanisms under severe 

events, blast, earthquakes, and impacts. Thus, they are the critical constituents in a building. Disparate 
deficiencies, say beam weak on flexure, shear, and column weak in shear, are present in this joint 

assembly to account for limits in design rule. To analyze the Reinforced Concretes (RC) Beam-Column 

(BC) connections behaviour, systematic research was performed amid the past '20' years. The influence 
parameters in favor of the Shear Strength (SS) of external RC-BCJ are investigated here. (a) The 

Concretes Compressive Strength (CCS), (b) confinement joint by the beam, (c) anchorage length, (d) 

beam and column reinforcement, and (e) the columns axial load are the '5' main parameters intended for 
the joint SS, which is found through the outcome. The most considerable correlation to the joint SS was 

found with the CCS amongst the influence aspects. This study reveals the vital features of the RC-BCJ 

shear strength.   

doi: 10.5829/ije.2022.35.05b.09 
 

NOMENCLATURE   

M Moment (kN.m) Col, c Column 

T Tensile force s Sagging 

C Compressive force jh Horizontal joint force 

 
1. INTRODUCTION1 
 
Recently, numerous experimentation researches on the 

composite connection have focused on steel-RC column 

connection and RC column connection [1]. For carrying 

service loads and providing stress protection against 

bending, torsion, vibration, shear, impact, and fatigue 

under particular conditions, RC beams were created, 

which are Fibers-Reinforced Polymer (FRP) [2]. Lots of 

researchers analyzed the RC's performance in structural 

concrete. On an extensive scale, the RC beams' use was 

investigated. A 13%–18% decrease was seen on the SS 

of longitudinally RC beams [3]. If cracks occur in the 

BCJ region after the earthquake load, the BC adjoining to 

the joint won't work effectively. Significantly, the 

requirement of crack resistance capacity is high for the 

 

*Corresponding Author Institutional Email: srktce@pec.edu  
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structures in the corrosive surroundings [4]. The data 

were gathered from past earthquakes. It exhibited that the 

flawed model of the connections between the columns 

and beams and the bad design details for the structural 

members caused the precast and RC systems to collapse 

[5].Vast dynamic loads, which might be more prominent, 

contrasted to the design loads of utmost structures rooted 

via the blast within or close to construction, could bring 

about catastrophic damage to structural frame systems 

structures [6]. High temperature has a huge role in the 

changes of material properties and strength diminution in 

reinforcement and concrete of RC column [7]. The 

construction engineers and steel fixers have to discover 

rebar spatial clashes and shun rebar clashes just once a 

spatial clash occurs. These clashes are tedious and impact 

the quality and construction expenditure [8]. Brittle 
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failure occurs on the joints devoid of shear reinforcement 

under cyclic loading. However, with augmented concrete 

strength, their ductility increases [9]. Disparate 

parametric conditions, say beams longitudinal 

Reinforcements Ratios (RR), concrete strength, joint 

Aspects Ratio (AR), column RR, and also the joint 

stirrups impact at the joint were taken, and in that, '18' 

specimens were cast and tested [10]. The influence 

parameters of exterior RC-BCJ shear strength are 

exhibited in Figure 1. These studies' outcomes reveal the 

exterior RC-BCJ Shear Strength's behavior and contrast 

the behavior with the joints that lack shear reinforcement. 

The research also facilitates the methods to ascertain RC-

BCJ's strength and identify the influencing parameters 

for an RC-BC shears strength. 

 
 
2. LITERATURE SURVEY 
 
The influence parameters of exterior BCJ-SS are 

surveyed here. The behavior RC-BCJ is surveyed in 

section 2.1. The strut and truss mechanism is elucidated 

in section 2.2. Section 2.3 illustrates the parameter 

influence of joint SS.  

 

2. 1. Behavior RC Beam-Column Joint         The 

seismic behavior of RC external vast BC connections is 

investigated. This study concentrates mainly on the load 

transfer paths and disparate performances of the joints 

with traditional and wide beams.  

 

2. 1. 1. Behavior of Beam-Column Joint under 
Lateral (Seismic) Loading            An essential factor 

that affects the utilization of vast beam systems in 

practice is the difference in Seismic Performance (SP) 

between a comprehensive BC system and a conventional 

BC system. This section surveys the SP of BCJ along 

with its drawbacks.  

Kamakshi and Vinu [11] examined the structural 

activities of hybrid RC exterior BCJ. A hybridized 

reinforcement system encompassed the on-sites 

fabricated, Hand Layup Carbons-FRP (CFRP-HL) 

stirrups, together with the customary steel 

reinforcements. Concerning ductility (2.19 times), load-

carrying capacity (2.09 times), Energy Dissipation (ED) 

capacity (5.32 times), along with initial stiffness (2.29 

times) high contrasted with the steel-RC specimen SJ, the 

hybridized reinforcement impact in joint HJ1 was 

comprehended. In addition, the greater complexity of on-

site modifications was brought about by the 

constructability and the fabrication of FRP rebars. 

Snehal and Dahake [12] elucidated the RC-BCJ 

analysis subjected to lateral seismic loading. The BCJ 

was a vital part of RC frames concerning lateral seismic 

loading. Amid severe earthquake shaking, the avoidance 

of anchorage in tandem with Shear Failures (SF) was not 

adequately addressed by design in addition to detailing 

provisions on BCJ in IS13920:1993. Failure might occur 

because utilizing the concrete does not encompass 

enough resistance. These were found via analyzing the 

damages that were incurred in an instant opposing RC 

framed structures that were subjugated to precedent 

earthquakes.  

Marimuthu and Kothandaraman [13] illustrated the 

reverse cyclic behaviors of RC external BCJ with coupler 

anchors. In reversed cyclic loading conditions, '2' groups 

of joint specimens were cast as well as tested. The '1st' 

crack load of the coupler fitted specimen was enhanced. 

However, on account of the effectual anchorage of 

longitudinal beam bars via coupler arrangements, the '1st' 

crack load was delayed. Some drawbacks in RC BCJ with 

coupler anchors were the bad behavior of epoxy resins at 

temperatures over the glass transitions temperature in 

addition to the comparatively higher price of epoxy 

together with polymer materials.  

Khan et al. [14] generated ultra-high performances 

fiber RC (UHPFRC) to SP of shear-deficient BCJ. Aimed 

at strengthening the concrete BCJ specimens, '2' 

disparate methods were employed. It comprised of: a) 

sand-blasting  the  usual  concrete  substrates  surface  of 

 

 

 
Figure 1. Influence parameters of exterior RC-BCJ shear strength 
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BCJ together with in-situ casting of a thirty mm thick 

UHPFRC and b) bonding thirty mm thick pre-fabricated 

UHPFRC plates for deficient BCJ utilizing epoxy resins 

together with special fillers. In contrast with the 2nd 

method, the 1st technique of strengthening was highly 

effective regarding shear capacity, stiffness, deformation 

capacity, and ED capacity. On the other hand, strength 

degradation and sudden diminution in the ductility were 

brought about by the issues of the detachment of pre-

fabricated UHPFRC plates fixed to the joint utilizing 

epoxy.  

Mosallam et al. [15] studied the RC-BCJ's structural 

behavior retrofitted with disparate sorts of FRP 

composites laminates together with hybridized 

connectors. Non-linear numerical simulations were 

evaluated aimed at the RC-BCJ behavior. A numerical 

appraisal of the behavior of an '8' full-scale interior RC-

BC specimens was done. Simulated gravity in tandem 

with lower-frequency full-cyclic reversal, a load was 

carried out on the interior RC-BCJ specimens. A good 

correlation was attained between numerical and 

experimentation outcomes, in contrast to wood or 

unpainted lower-carbon steel.  

Pimanmas and Chaimahawan [16] rendered the 

strengthening intended for an interior RC-BCJ centered 

upon the joint expansion conception. Cast-in-situ 

concrete expanded the BCJ two-dimensionally around 

the joint's corners. Interior BC specimens with the 

extended joint zone were taken to experiment. A good 

performance in upgrading the joint SS, ED, and ductility 

was found. The joint SF could be averted by augmenting 

the joint size. The joint expansion lessened the joint shear 

stress. It effectively changed failure mode as of brittle 

joint SF to flexural failure in beams. The corrosion was 

increased on account of the materials used. 

Pampanin [17] illustrated the slab's impact on the 

seismic responses of sub-standard meticulous external 

RC-BCJ. Centered upon equations derived as of modern 

detailed BCJ subassembly test, the impact of the cast-in-

situ slab and transverse beams was gauged. A minimal of 

about 2.2 times the beam depth was the effectual flange 

width while gauging the negative beam instant aimed at 

the seismic appraisal of non-ductile external b-c joints. 

Equal participation was not rendered by the 

reinforcement on the whole width of the slab in opposing 

the exterior instant with high strain levels close to the 

beam interface. 

Santarsiero and Masi [18] examined an Italian 

seismic code mechanism for slab contribution to the 

BCJ's strength. The motivation was obtained on the 

apparent discordance between the findings of precedent 

experiments and analytical research and the rules 

rendered in present seismic codes considering the RC-BC 

connections' design for complying with capacity model 

principles. This effect represented the slab steel quantity 

function. The slab reinforcements orthogonal to the beam 

were also highlighted. The collapse mechanism would 

shift column flexure to joint shear with augmented shear 

stress. It was not favourable. All these researches have a 

common ideology on improving the performance on 

behaviour of beam-column joint through either materials, 

anchorage system through the experimental test, model 

or simulation. So there is the necessity to understand the 

joint behavior to improve the performance effectively. 

 

2. 1. 2. Forces in the Joint           The joint reaction force 

is the force produced in a joint in response to forces on 

the joint are shown in Table 1. Ms, Mh are sagging and 

hogging moment of lateral beams, T, C are Tension in 

bars and Compression in bars, and lc - length of column. 

The force developed during earthquake in the moment-

resisting frame BC joint is complex, with shear force 

dominating, from the joint portion's static equilibrium. At 

the moment frame, the horizontal joint shear force is 

shown in Joint A (knee/corner), Joint B (exterior), and 

Joint C (interior). The disparate forces on the joints and 

drawbacks were elucidated here. 

Najafgholipour et al. [19] generated the Finite 

Elements Analysis (FEA) of RC-BC connections with 

governing joint SF mode. The ductile model philosophy 

and the anticipated overall structure performance were 

compromised via the brittle activities on the joint area. 

The crushing of the concrete diagonal strut on the joint 

area led to the connection specimen's failure. Bond slip 

of reinforcing steel and the intrinsic interaction within 

reinforcement and concrete on RC members have not 

been considered by the utmost finite element 

examination of RC structures.  

Najafgholipoura and Arabi [20] generated a semi-

analytical constitutive design for implementing the joint 

core shear deformation and unwanted joint SF mode on 

the non-linear examination of RC moment-opposing 

frames. The influential properties of the joint core were 

regarded in the equation. It included CCS, joint panel 

ARs, BC dimensions, and beam flexural RR. The design 

execution was also done on non-linear frame 

examination software SAP2000. The simple method 

presented a simulation analysis of '3' connections with 

disparate  governing  failure  modes.  The  competence of 

 

 
TABLE 1. Column Shear & horizontal Shear force in joint 

Joint Type Shear in Column 
Horizontal Joint 

Shear Strength 

Interior Joint (IJ) 𝑉𝑐𝑜𝑙 =
𝑀𝑠+𝑀ℎ

𝑙𝑐
  𝑉𝑗ℎ = 𝐶 + 𝑇 − 𝑉𝑐𝑜𝑙  

Exterior Joint (EJ) 𝑉𝑐𝑜𝑙 =
𝑀ℎ

𝑙𝑐
  𝑉𝑗ℎ = 𝑇 − 𝑉𝑐𝑜𝑙  

Corner Joint (CJ) 𝑉𝑐𝑜𝑙 = 𝑇  𝑉𝑗ℎ = 𝑇  
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capturing disparate failure modes on the joint area was 

found. Nevertheless, the SF of the joint panels was given 

concentration by some numerical studies.   

Pan et al. [21] illustrated the BCJ modelling for non-

linear examination of RC frames. A devoid of holistic 

frame examination was found to simulate the joint 

behavior and vital worldwide failure modes, like column 

axial, beam shear, column shear, and soft story failure. 

The ratio of the envisaged to the observed peak load 

encompassed a 1.05 mean and a 16.3% coefficient of 

variation for the '9' interior joint subassemblies modelled. 

Nevertheless, the compressive stresses in reinforcing 

bars were not anticipated together with the tensile 

stresses. 

 

2. 2. Strut and Truss Mechanism        The truss 

assembly of beams or other constituents generates a rigid 

structure. In engineering, it is a structure that "comprises 

of '2'-force members only, wherein the structural 

members are assembled so that, it behaves as a single 

object". Together with the truss mechanism in BCJ, the 

strut is elucidated here.  

Zhang and Li [22] exhibited a customized strut-and-

tie model (S.T.M.) for corroded RC external joints. 

Under '2' levels of representative columns axial force 

ratio, '8’ same RC external joints with disparate corrosion 

levels of reinforcements were tested. Lateral loading 

resisting, ED, ductility, and the stiffness of corroded 

specimens were elucidated and contrasted with un-

corroded control specimens. Together with the 

development length of beam longitudinal reinforcements, 

joint shears stress were examined and contrasted with 

available model code. The examination of the joint 

interior force flow of the corroded joint was done. The 

reinforcement's corrosion had a strong adverse impact on 

the joints' strength and lateral drifts capability with other 

mechanical properties. Highly specialized equipment 

was utilized by STM, which was fragile and luxurious. 

Choi et al. [23] estimated the equal diagonal strut 

mechanisms and SS of the URM wall in-fill RC frames. 

Utilizing principal compressive strains on the concretes 

block wall, the diagonal strut means of the concrete block 

wall were elucidated. The sum of SS of RC columns and 

CB wall did not align well with lateral strength recorded 

on specimens. The SS of CB wall on IFRB and IFFB 

specimens in cyclic loadings was somewhat lower than 

those under monotonic loadings. 

Mansouri et al. [24] generated a Gene Expression 

Programming (GEP) aimed at the predictive formulation 

of the SS of RC exterior BCJ devoid of Transverses 

Reinforcement (TR). The contribution of every variable 

of the BCJ comprised on the GEP could be appropriately 

reflected via the model. The disparate parameters 

influencing the joint’s SS, such as material features, 

model variables, and joint geometrical and detailing 

configurations, were evaluated. Compared to prevailing 

models, the rendered GEP more precisely predicted the 

SS of RC-BCJ. However, the system encompassed slow 

convergence together with low solution accuracy. 

Choi et al. [25] elucidated the diagonal Strut means 

of URM Wall in-fill RC Frame. Static cyclic loading tests 

to comprehend the lateral force resistances mechanisms 

in the in-plane direction. In specimen 1S-2B, the 

compressive struts were generated individually in both 

walls in a way similar to the strut generated on specimen 

1S-1B. However, specimen 1S-1B did not exhibit good 

accord with the lateral length. 

Paul et al. [26] posited the diagonal Strut Mechanism 

of URM Wall Infill RC frames intended for Single and 

Double-Bays. A simple technique was discussed for 

estimating the lateral response of the URM in-fill RC 

frame. All through the loading cycle, the wall response 

for ‘1’ bay and ‘2’ bay specimens was accurately 

estimated by the equal diagonal strut method. Treating 

in-fill walls as a non-structural element should be 

trounced well at the design phase as it was not right. 

Xue and Lam [27] examined the plane equivalent 

micro-truss element intended for RC structures. It was 

cost-effective to properly replace the continuum design 

with micro-truss elements, particularly for automatically 

forming the STM. The relative error of deflection 

designed with ‘2’ elements with augmenting element 

number quickly decreased. The solution agreed with the 

theoretical value having the element size around 1/10 to 

1/15 height of the beam. However, presenting the 

concrete modeled with the utilized-defined element was 

hard. 

Lee et al. [28] suggested the diagonal strut actions on 

masonry in-fill RC frames. Customized Compressions 

Field Theory together with Disturbed Stress Fields 

design was employed. However, the diagonal strut 

actions in the cracked masonry in-fill along with 

consequent failure mode relied on model variables, say 

the masonry thickness, cohesion on the mortar joint–

bricks interface, together with the bad mortar filling 

presence. In addition, the columns and beams were 

lightly reinforced members and did not satisfy the needs 

of intermediary and special instance frame members. 

Wu et al. [29] elucidated the mechanical 

performances of steels truss RC transfer beam. It 

analyzed the development of crackdown the beam, 

strains of reinforcements, and steel truss, together with 

force transference mechanisms of the deep beam. In 

contrast to the normal RC transfer beam, the bearing 

capability and the rigidity of the STRC transfers beam 

were ameliorated considerably. In the STRC transfer 

beam, the STM force transference mechanism was 

generated. The diagonal shear cracks chiefly appeared 

down the diagonal strut on account of the STM force 

transferences mechanism of the deep flexural members. 

Van den Hoogen [30] explicated the beam truss 

mechanism aimed at shear on concrete. Beam or truss 
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mechanism in concrete for shear was discussed. Higher 

load failure was brought about by the artificial cracks 

(i.e.) by crushing the concrete instead of SF. 

Additionally, the truss mechanism occurred in this 

circumstance. The regular beam bending or shear cracks, 

when occurred, would result in the failing of the beam 

without the truss mechanism’s occurrence. However, the 

crack is not straight in reality. It would be curved via the 

influence of shear stresses. Additionally, the actual depth 

is hard to predict. 

Abdul-Razzaq et al. [31] illustrated the concrete and 

steel strengths endeavour on deep beams with reinforced 

struts. The experimentation tests were executed on '9' 

specimens. These specimens were split into '3' groups. 

The outcomes showed that in the specimens, merely the 

STM was reinforced. The augmentation in the ultimate 

capability and diminish on mid-span deflection were 

around 26-40% and 19-28% correspondingly, for the RC 

frames. The model’s capacity seemed lower because of a 

lessening midspan deflection. 

Wang and Hsu [32] estimated the activities of RC 

moment-opposing frames with badly reinforcing details. 

The main aim was to predict the RC moment-resisting 

frames’ behaviour, particularly for the joints with badly 

reinforcing details utilizing truss mechanism 

examination. However, the reinforcement strain forecast 

on the column seemed better than that on the beam 

compared to the detailed comparison between 

experimentation and analytical outcomes. The reason 

could be in the joint modelling aimed at the beam 

prediction with lesser accuracy. 

 

 

3. PARAMETER INFLUENCE OF JOINT SHEAR 
STRENGTH 
 
The research community still debates the influence of 

disparate parameters on the joint SS. Therefore, the 

critical aspects of the joint SS of BCJ and the significance 

of these factors are elucidated. various researchers 

developed empirical research on the joint shear strength 

model prediction and discussed their limitations, the 

empirical-based joint shear strength models derived with 

various parameter. On comparisons of those models, 

significant difference identified between among various 

models to predict joint shear strength. The difference in 

prediction models with experimental results caused due 

to non-uniformity on selection of actual influence of 

parameters of joint shear strength. 

 

3. 1. Concrete Compressive Strength           The 

capacity of failure under the action of compressive forces 

is termed the compressive strength of a material. 

Compressive strength is vital for ascertaining the 

material’s performance amid service conditions, 

particularly concrete.  

Murad [33] research carried out a model for 

predicting joint shear strength using the GEP technique. 

For the model, the following parameters were considered 

compressive strength of concrete, amount of transverse 

reinforcement, geometric property of joint panel (width 

and depth), concrete strength, the ratio of reinforcement, 

and axial column load. The results confirm that concrete 

compressive strength after the crack and the contribution 

of concrete in resisting shear force was significantly 

reduced. 

Pauletta et al. [34] proposed semi-empirical models 

to find the shear strength capacity of the joint with the 

parameters of axial load on column with formation 

concrete strut. Concrete strut strength mainly depends on 

concrete compressive strength. The shear strength 

depends on the concrete strut transverse and longitudinal 

reinforcements. The reinforcement with proper 

transverse reinforcements gives the confinement effect to 

achieve higher ductility. 
 

3. 2. Confinement of Joint by the Beams            This 

section surveys the different confinements of joints. The 

joint is controlled via the longitudinal reinforcing steel 

and the confinement provided by the TR. Wu et al. [35] 

conducted their work on curing process optimization 

based on curing degree considered the shear strength of 

joints. 

Karthik et al. [36] formed a Compatibility-STM (C-

STM) for tested C-beam specimens. It was subjugated to 

differing degrees of ASR or DEF deterioration together 

with differing degrees of related corrosion of the rebars. 

The simulation accounted for age-modified cover in 

tandem with core concrete material properties. 

Additionally, the resultant passive prestress took 

endeavor on the longitudinal together with T.R. With an 

augmentation on the passive prestress effect, an 

augmentation in strength and the stiffness of the 

specimens was observed. The progression of non-linear 

events brought about the large BCJ failure. Differing 

levels of ASR or DEF deterioration affected it, which was 

tracked successfully via the C-STM. However, the 

system encompassed inadequate anchorage lengths.  

Khan et al. [37] rendered a simplified BCJ modeling 

method aimed at the inelastic examination of RC 

moment-opposing frames. A zero-length link constituent 

with an instant-rotation lumped plasticity hinge was 

presented in the joint model. To simulate the non-linear 

shear activities of the joint panel, it was rendered at the 

intersection of BC elements. ‘2’ portal frames were tested 

on quasi-static cyclic loads. To envisage the cyclic force-

displacement hysteretic response, the modeling 

technique was implemented. Nevertheless, critical 

damage wasn’t attained via the shear strains of the joint 

panel. 

Gao and Lin [38] posited that XG Boost intended for 

exceptional classification outcomes of the BCJ’s failure 
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modes. The SHAP was employed to explain the features' 

endeavors in the envisage models. An accurate envisage 

of the interior BCJs' failure mode was done. The change 

of failure mode from brittle to ductility failure was 

suggested for the BCJ. SHAP was used to consider 

feature interactions and render an impact examination of 

every feature. Nevertheless, for adjusting the failure 

mode of a BCJ, the model could not render the changing 

magnitude of the influencing parameters. 

Massone and Orrego [39] formed an analytical model 

for SS assessment of RC-BCJ. For envisaging the non-

linear activities of RC-BCJ, the execution of the model 

was done while considering axial together with shear 

stresses. It was centered on a plain formulation which 

regarded an average strain together with the stress field 

of an RC panel signifying the joint. The equilibrium was 

satisfied in the longitudinal direction. There was a 

difference in the total specimens with SF. 

 

3. 3. Anchorage system for RC Beam-Column Joint           
Development length, termed anchorage length, is 

rendered for transferring steel to concrete. Anchorage 

system in RC BC with different materials is were 

discussed in this section. 

A suitable anchoring length must be given for the 

longitudinal beam bar at the connection. In previous 

earthquakes, numerous reinforced concrete structures 

have been badly damaged or collapsed due to insufficient 

joint detailing (no transverse reinforcing in the joints) and 

longitudinal beam bar anchoring. Additionally, the 

longitudinal beam bar is exposed to alternate 

compression and tension loads during reverse cyclic 

loading, resulting in bond weakening and diagonal 

tension cracking in both directions. As a result, the whole 

structure rapidly loses strength and rigidity. Rather than 

these, increased joint performance should be achieved via 

new design strategies or enhanced details.  

Park and Paulay [40] examined thirteen full-scale 

reinforced concrete beam-column connections subjected 

to reversed cyclic stress. The method by which the beam 

steel was secured inside the joint, the presence of "U" 

bars, and the quantity of transverse reinforcement were 

crucial factors. As a consequence of diagonal stress 

cracking and anchoring failure, the joint progressively 

degenerated. Additionally, the fast degeneration of joints 

is accelerated by crack opening and closure during 

seismic excitation. As a result, effective anchoring and 

confinement of beam-column joints are critical for 

increasing their seismic performance. After extensive 

research, Park and Paulay [40] proposed a few 

approaches and processes, that fulfill the joint core's 

anchoring, shear, and confinement requirements. All 

used bend-up bars, bent-up bars incorporated into stub 

beams, and mechanical anchoring to the bar's end.  

Leon [41] determined the anchoring length by 

examining the behavior of four half-scaled internal joints 

with varied anchoring lengths. Significant factors were 

column depth, anchoring length (between 16 and 28 

times the diameter of the bar), and changing joint shear 

stress (between 11.5 and 18.5 of compressive strength of 

concrete). The results indicate that 24db (dia of bars) of 

anchorage is required to achieve the beam's maximum 

strength, whereas 28db of anchorage enables adequate 

energy dissipation and the formation of plastic hinges 

(strong column and weak beam concept). However, the 

usage of smooth bars and conventional practice 

techniques contribute significantly to joint problems 

(inadequate detailing of reinforcement, instead of 

providing anchoring, hook-end was utilized).  

Pampanin et al. [42] investigated the behaviour of 

three different types of beam-column joints when 

subjected to reverse cyclic load to demonstrate joint 

inefficiency. Each specimen was cut in half and revealed 

smooth bars, insufficient reinforcing features (i.e., no 

transverse reinforcement in the joint), and hook-ended 

bars (deficiencies in the anchorage). The use of smooth 

reinforcing bars with end-hook anchorage in the absence 

of transverse reinforcement results in brittle damage 

mechanisms, and the use of older details results in 

concrete "wedge" spalling, brittle local failure, and loss 

of bearing capacity in the exterior joint.  

Adopting outmoded structural characteristics results 

in a shear hinge mechanism in the joint region, which 

results in rapid strength degradation and increases local 

deformation, ultimately failing the entire frame system. 

Additionally, the anchoring of main beam bars, the 

transverse strengthening of joints, and the placement of 

lapped splices substantially affected the joint's 

effectiveness.  

Kuang [43] investigated the behaviour of RC exterior 

beam-column joints using a variety of different types of 

anchoring in the beam reinforcement and laps in the 

column bar's lower zone. The results reveal that external 

beam-column joints' hysteretic behaviour and shear 

resistance are mostly governed by the beam's reinforcing 

details and anchoring length. Even in places with low to 

moderate seismic activity, it is critical to pay attention to 

the design of the RC beam-column junction. Apart from 

anchoring the beam's primary longitudinal bar, joint 

confinement is a critical feature that significantly affects 

cooperative behaviour.  

Murty et al. [44] investigated twelve RC beam-

column joint subassemblies with varying details of beam 

bar anchoring and transverse reinforcement at the joint 

core. The study's results indicated that the specimen 

combination of full anchoring and ACI standard hook 

with hairclip provides excellent energy dissipation and 

hysteretic loop and may be used in structures located in 

low seismic zones. 

 

3. 4. Transverse Reinforcement in Joint          TR 

should be rendered within the joint region to resist shear 
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forces and confined concrete. Disparate TR joints are 

elucidated. 

Adib et al. [45] examined non-linear designing of 

cyclic response of RC-BC joints reinforced via plain 

bars. Linear elastic elements represented the BC 

components. Rigid elements defined the dimensions of 

the joint panel. At the beam's end, the non-linear 

rotational spring took into deliberation the slip's effect. 

The BC connections that had bar slippage failure mode 

were considered. However, a lower moment capacity 

with a lower axial load was there.  

Said et al. [46] elucidated the outcome of replacing 

the TR with cementitious composite in RC-BCJ 

subjugated to cyclic loading. For testing, '2' specimens of 

whole-scale RC-BCJ were cast and prepared. At a 5% 

drift ratio, the joint was damaged. At the drift ratio of 7%, 

the ECC specimen was damaged. Lastly, the failure 

happened in the joint zone due to the localization of 2' 

prominent cracks. 

Marimuthu and Kothandaraman [47] explored the TR 

methods in RC-BCJ. Throughout the years, numerous 

techniques of reinforcing techniques were developed. 

Enhanced performance, lessened congestion, effortless 

fabrication; in addition, the simple placing of concrete on 

the joint was found. Superior performance was attained 

by headed studs aimed at the joint's conventional shear 

reinforcement. Headed stud joint's behavior was very 

close to convention behavior. When there were issues 

with the reinforcement congestion in the joints, the 

diagonal collar stirrups were not helpful. 

Sengupta and Li [48] formed a customized Bouc–

Wen design aimed at the hysteresis behavior of RC-BCJ 

with restricted TR For solving the differential equations 

accompanied by executing a systematic appraisal of the 

parameters associated with the model, Livermore Solvers 

for Ordinary Differential Equations together with the 

Genetic Algorithm was employed. Centered on the broad 

parametric study, the impact of the joint physical 

parameters, say the column axial load ratio, plain or 

deformed bars aimed at longitudinal reinforcement, the 

joint AR, the BC longitudinal RR, concrete compressive 

cylinder strength, on the parameters were meticulously 

studied. However, the sensitive ranking of every 

parameter could easily be deduced after every parameter 

to a definite gamut of gauging error happened because of 

every variation. 

Kotsovou and Mouzakis [49] generated a seismic 

design of RC exterior BCJ. The diagonal strut 

mechanism predominantly resisted the HDC exterior 

BCJ, centered on the supposition that the load transferred 

to the joint as the BC elements. The method's validity was 

experimentally verified via a comparative study of the 

performance of '7' full-size BCJ sub-assemblages. In 

accord with the present European Codes, ‘3’ were 

designed along with four in compliance with the 

technique. Those modeled to comply with the 

specifications completely fulfilled the code performance 

needs compared to the specimens modeled in compliance 

with the present code provisions. However, it was hard to 

place on compacting concrete. 

 

3. 5. Beam and Column Reinforcement Ratio            
For preventing concrete crushing, the maximum RR for 

beams is rendered. The minimal RR for columns is 

needed for providing resistance in opposition to bending 

that might occur regardless of analytical outcomes. The 

researched-on RR of disparate materials utilized in BC-

SS is discussed here.  

Wang et al. [50] studied the RR's effect on the 

competence of the RC column to oppose lateral impact 

loading. It discussed the consequence of lateral impact 

loading rates, longitudinal RR, and stir-up ratios on the 

failure mode, lateral load-bearing capacity, et cetera. 

The ultimate load-bearing capacity of columns would be 

the augmentation in longitudinal RR. The longitudinal 

RR and loading velocity did not significantly 

influence it. However, the column would be susceptible 

to SF if the stirrup space was larger or else to flexural 

failure. 

El-Gendy and El-Salakawy [51] elucidated the 

flexural reinforcement sort's consequence together with 

the ratio on the punching activities of RC slab-column 

edge connections subjugated to reversed-cyclic lateral 

loads. Doubling GFRP-RR of 0.7 to 1.4% brought about 

43 and 63% amelioration in the initial stiffness and the 

connections' ED capacity. However, the stiffness 

degradation was not significantly affected. As the strain 

gauge malfunctioned after the 1.00% drift ratio, the ratio 

couldn't be gauged to connect ES-0.7. 

Ibrahim et al. [52] illustrated the steel-to-FRP RR as 

a tool managing the SFRC BCJs’ lateral response. The 

outcomes displayed that instead of FRP RR, utilizing the 

steel RR could improve the administration of the SFRC 

BCJs’ serviceability state. However, preventing breakage 

in non-structural elements was a highly complicated task 

worth 3 to 5 times the expense. Consequently, the non-

structural elements’ breakage in FRP-RC models might 

be higher. 

Tobbi et al. [53] explicated the Concentrically 

Loaded Fibers-Reinforced Polymer RC Columns’ 

activity with several reinforcement kinds together with 

ratios. The outcomes displayed that the FRP bars had 

been utilized as longitudinal reinforcement aimed at 

concrete columns intended for the concentric 

compression; in addition, the FRP transverse 

reinforcement’s amalgamation and steel longitudinal 

bars provided suitable strength and flexible behavior. 

However, the stress computation did not consider the 

deprivation of concrete cover involvement following the 

breakage. Therefore, the concrete columns regarded the 

cross-sectional region from the elastic phase’s start until 

failure was not precise.  
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Yavas and Goker [54] illustrated the RR's impact on 

shear behaviors of I-shaped UHPC beams and devoid of 

fiber shear reinforcement. The outcomes displayed that 

the SS in higher RRs via the SF-UHPC's mechanical 

features along with fibers' crack-bridging capacity was 

advanced if the steel fibers' insertion to the UHPC 

mixture with lower RRs adjusted the failure mode as of 

the shear to flexure. The present methodologies for the 

envisaging of SS were not employed to execute the SF-

UHPC members. 

Carmo et al. [55] analyzed the lightweight cumulative 

concrete BCJ with various strengths along with RR. The 

outcomes displayed that to get the benefits of tensioned 

rebar’s capacity, a considerable quantity of concrete in 

compression along with concrete with higher strength 

was desired by the BCJs with higher RR. The proper 

casting  of  the  concrete  was  highly  complicated,  with 

the small cross-sections possessing a higher number of 

rebar. 

Hassan et al. [56] illustrated the column size and RR's 

consequence on SS of glass fiber-reinforced polymers 

(GFRP) RC 2-Way Slabs. The outcomes displayed the 

crucial factors influencing the punching shear capacities 

like the reinforcement and slab size, accompanied by the 

ratio of the slab critical section's perimeter to the 

effectual slab depth. The FRP grids might not provide a 

similar punching shear. 

 

3. 6. Column Axial Load Ratio            Axial load is a 

structural load of a beam slab and a brick wall that 

functions on a longitudinal axis on a column. The 

different methodologies aimed at increasing the axial 

load ratio were explicated in this section. 

Karimi et al. [57] recommended an FRP-encased 

steel-concrete composite column for several slenderness 

ratios. However, the devise methodologies for Concretes-

Filled Steel Tubes (CFSTs) or Concrete-Encased Steel 

(CES) columns were not applicable due to the FRP tube’s 

existence. Therefore, an analytical methodology was 

produced to discover the composite column’s activity for 

several slenderness ratios. The predicted values highly 

agreed upon the experiential outcomes from the appraisal 

of 6 columns between 500 mm-3000 mm in height. The 

parametric study was executed to scrutinize the effect of 

the diameter of column, FRP tube thickness, FRP tube’s 

axial compressive modulus, steel-to-concrete region ratio 

on the capacity associations along with slenderness limit. 

Nevertheless, the composite column’s constancy was 

reduced with an augmentation in diameter. 

Mogili et al. [58] examined the impacts of BC 

geometry together with eccentricity on the seismic 

performance of RC BC knee joints. In consequence of the 

shortage of experiential outcomes, the performance of 

knee joints’ impact and the beam axis’s eccentricity with 

the column centerline was not recognized. To review the 

impact of the beam axis’s eccentricity and the proportion 

of BC flexural capacity, the 4 full-scale knee joint sub-

assemblages were evaluated underneath the upturned 

cyclic loading. The outcomes displayed the knee joints’ 

weaker performance. The eccentricity’s declining 

consequence was noticed in the opening activities. To 

ameliorate the opening capacity, the stronger columns 

were employed effectively. However, the methodology 

possessed a torsional breakage. 

Halahla et al. [59] examined Shapes Memory Alloys 

(SMA) on the springiness of external RC BCJs utilizing 

the damage plasticity method. The consequence of 

utilizing the SMA on the flexibility capability of exterior 

RC-BCJ at various column axial load levels was 

concentrated in this work. The experiential outcomes 

obtained from the literature for authentication reasons 

were correlated with the outcomes attained by the finite 

element examination; both were contrasted with 

theoretical solutions. The outcomes displayed that the use 

of SMA enhanced the springiness of RC joints without 

dropping load capacity. Furthermore, the finite element 

technique successfully executed the capture of huge 

strain accompanied by the super-elastic activity of SMA 

bars. 

Zhao et al. [60] examined a macro BCJ element 

technique to deliberate the consequence of joint inelastic 

deformations aimed at an internal joint with stirrups. The 

force transfer methodologies and inelastic response 

methodologies were regarded for the evolvement of 

macro BCJ, utilizing axial springs demonstrating the bar-

slip technique of longitudinal reinforcement, concrete, 

and reinforcement on the interface-shear together with 

joint core. Eight reinforcement materials and concrete 

components in the joint core were operated 

simultaneously to impact joint shear deformation. The 

outcomes displayed that the joint method could create the 

joint SS, hysteretic response, and BC sub assemblages’ 

join shear deformation. To estimate the relationship for 

interface-shear springs, merely small data are utilized. 

However, the lower ductility was possessed by the 

methodology. 

Influencing parameters are analyzed for RC-BC 

joint SS Concerning RR; the BC ratio's result utilizing 

disparate materials and methods is estimated. Finally, the 

different methodologies utilized to augment the external 

RC-BCJ shear strength are analyzed with Figures 2 

and 3. 

The BC ratio’s evaluation concerning RR is exhibited 

in Figure 2. Kaszubska et al. [61] investigated on the 

influence of longitudinal GFRP reinforcement ratio on 

shear capacity of concrete beams; GFRP has 1.85% of 

R.R. CFRP [62] and hybrid fiber [63] have 1.25% and 

1.90%. Then, lightweight aggregate concrete (LWAC) 

[64] has 1.52% of RR. Then, CFRP [65] and Eurocode 8 

(E8) [66] have 1.35% and 1.8%. Next, CFRP [67] has 

0.68%  RR,  which  is  less  RR  than  E8.  Finally,  FRP 

[68] has 2.01% of RR. Figure 3 shows the RR of various 
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Figure 2. Evaluation of the BC ratio in terms of RR 

 

 

 
Figure 3. Evaluation of the BC ratio in terms of RR 

 

 
materials used in SS GFRP [50] has 52.1% of DR. GFRP 

[51] and SCC [53] has 43% and 60.3% of DR. Then, FRP 

[54] has 47% higher DR than all other materials. Then, 

HCW-SC [68] has 40% of DR.  
 

 
3. CONCLUSION 
 

This study intends to comprehend the consequence of 

disparate parameters on the SS of exterior RC-BCJ. The 

experimentation tests' huge database is employed to 

assess the major role of parameter on the joint SS of 

exterior BCJ. The imperative levels of main parameters 

on the joint SS are exhibited in the data analysis. The 

CCS, the joint AR of the joints, anchorage of beam 

longitudinal reinforcement, and the number of stirrups in 

the joint are the most vital factors affecting the shear 

capacity of external RC-BCJ. The influence of higher 

strain rate loading on the specimens' flexural capacity 

modeled utilizing gravity and seismic considerations is 

investigated. The subassembly's ductility is enhanced 

with the amelioration of the reinforcement at the BCJ. 

The ductile subassembly exhibits high stiffness and 

ultimate strength under higher strain rate loading. A 

limited range of applicability is only there for most 

strengthening schemes developed so far. However, 

additional research is needed to develop sufficient 

guidelines over a longer-term service for RC with 

transverse or lateral confinement.  
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Persian Abstract 

 چکیده 
ساختمان   کیدر  یاتیح یآنها اجزا ن،ی. بنابراکندی م تیریربه مدانفجار، زلزله و ض د،یشکست را تحت حوادث شد یهاسمی( رفتار سازه و مکانBCJستون )-ریاتصالات ت

در نظر گرفته شود.    یدر قاعده طراح   هاتیدودمجموعه مشترک وجود دارد تا مح  نیدر برش، در ا  ف یدر خمش، برش، و ستون ضع   ف یضع   ریمتفاوت، مثلاً ت   یهستند. کمبودها

 (SS)  یبه نفع مقاومت برش  ریتأث  یسال گذشته انجام شد. پارامترها  20  انیدر م  کیستماتیس  قات ی (، تحقRCبتن مسلح )(  BCستون )-ریلات ترفتار اتصا  لیو تحل  هیتجز  یبرا

RC-BCJ الف( مقاومت فشارشوندی م ی بررس نجای در ا یخارج( . ی ( بتنCCS اتصال محصور شده توسط ت )آرماتور ت  ر،ی(، )ب )و ستون، و )ه( بار   ری)ج( طول لنگر، )د

  افت ی  ری تأث  یهاجنبه  انیدر م  CCSمشترک با    SSبا    یهمبستگ  نیترشود. قابل توجهی م  افت ی  جهینت  قیمفصل، که از طر   SS  یهستند. برا  '5'  یاصل  ی ها پارامترهاستون  یمحور

 دهد.ی نشان م را RC-BCJ یمقاومت برش ی اتیح یهایژگیمطالعه و نیشد. ا
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A B S T R A C T  
 

 

Microchannel heat sink has been employed and as a part of electronic equipment extensively 
investigated. In this investigation, heat transfer and fluid flow features of laminar flow of water in a 

manifold microchannel heat sink (MMHS) was numerically simulated. Selected heat flux was 100 

W/m^2 and water was as working fluid. The effect of length of inlet/outlet ratio (λ=Linlet/Loutlet), the height 
of microchannel (Hch), and width of the microchannel (Wch) at Reynolds number (Re) range from 20 to 

100 as independent parameters on the fluid flow and heat transfer features were examined. Obtained 

results demonstrate that in MMHS, the impinging jet on the bottom channel surface, inhibits the growth 
of hydrodynamic and thermal boundary layers, resulting in an enhanced heat transfer rate. Also, by 

increasing Re and keeping the geometric parameters constant, the heat transfer rate increases. Based on 
the present investigation, for low Re, it is better to choose a λ=Linlet/Loutlet >1 and for high Re, choose a 

λ<1. For low Re, maximum of performance evaluation criterion (PECmax) is obtained at Hch=300µm, and 

for high Re, PECmax is obtained at Hch=240µm. for Re=20 to 100, the maximum of PECmax is 1.765 and 
obtained at Re=100 and Hch=240µm.  

doi: 10.5829/ije.2022.35.05b.10 
 

 

NOMENCLATURE 

Wch width of the microchannel (µm) q heat flux (W/m2) 

Wf width of the fin (µm) Re Reynolds number 

Hch height of microchannel (µm) T temperature  )K( 

Hm height of manifold (µm) Tin
 Inlet temperature  )K ( 

Hs height of substrate (µm) Tout Outlet temperature )K ( 

Lin length of inlet path (µm) Tm mean Bulk temperature )K ( 

Lm length of manifold (µm) Ts average temperature of microchannel wall )K ( 

Lout length of outlet path (µm) u velocity (m/s) 

λ length of inlet/outlet ratio (Linlet/Loutlet) uin Inlet velocity (m/s) 

MMHS manifold microchannel heat sink L    Length of microchannel (µm) 

MMHE manifold microchannel heat exchanger Nuave average Nusselt number 

TMHS Traditional microchannel heat sink Nuave.r reference average Nusselt number 

PEC performance evaluation criterion f friction coefficient 

FFMHS Force-fed microchannel heat sink fr reference friction coefficient 

JIHS Jet impingement heat  kf thermal conductivity of fluid (W/mK) 

p Pressure (Pa) μf dynamic viscosity (Ns/m2) 

Δp pressure drop (Pa) cp specific heat capacity (J/kg K) 

ṁ mass flow rate (kg/s) Ach Microchannel cross section  (m2) 

*Corresponding Author Institutional Email: sheikhz@kashanu.ac.ir (G. A. Sheikhzadeh) 
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1. INTRODUCTION 

 

In the electronic equipment industry, using microchannel 

heat sink as one of the effective methods for achieving 

high electronic components thermal performance. 

Therefore, modeling different types of microchannel heat 

sink is one of the important topics of interest of 

researchers [1-3]. Also, Attempts had been made by 

many authors to develop improved models suitable for 

various  proceses [4-6]. 

Traditional microchannel heat sink (TMHS) and 

manifold microchannel heat sink (MMHS) are two 

categories of the microchannel heat sink. TMHS has two 

fundamental problems: major variation of temperature 

within the heat source and high-pressure drop. In the 

MMHS, compared with TMHS, as shown in Figure 1, the 

coolant flow path to a small part is reduced, and also cold 

fluid impinges on the microchannel bottom surface. 

Therefore, the pressure drop is reduced, and the growth 

of thermal and hydrodynamic boundary layers is limited 

and leads to better heat transfer. Many researches have 

been done on the application of MMHS in the electronics 

industry and for the purpose to cool the electronic chips. 

At   present,   researchers  are  now  trying  to  find  

MMHS  that  can  not  only  improve  heat  transfer  but 

also  be  economically  viable  and  have  a  low  pressure 

drop.  Therefore,  they  are  studying  on  MMHS 

geometry and etc. Some of these studies are discussed as 

follows: 

Kermani [7] by experimental method, showed major 

enhancement in heat transfer coefficient in the MMHS 

for cooling the solar cells than TMHS. His result showed 

that for MMHS, 37% of total pressure drop were obtained 

in the microchannel with a hydraulic diameter of 36 µm 

and 13% of total pressure drop were obtained in the 

microchannel with a hydraulic diameter of 67 µm. The 

remaining total pressure drop occurs in the manifold. 

Escher et al. [8] introduced a 3D flow modeling of 

MMHS. They studied the hydrodynamics performance 

and thermal performance for one-unit cell of MMHS. 

Also, they determined thermal performance and total  

 

hydrodynamical structure of the system. Their 

observations showed that the width of the channel and 

Linlet/Loutlet, change the thermal performance. Cetegen [9] 

for achieving the minimum pumping power and 

maximum heat transfer coefficients, by numerical 

simulation studied tree type of microchannel heat sink: 

Force-fed microchannel heat sink (FFMHS), TMHS, and 

Jet impingement heat sink (JIHS). Her results showed 

that at the same pumping power, for FFMHS, heat 

transfer coefficients are 306% higher than JIHS and are 

72% higher than TMHS. Kasten et al. [10]  for 

microchannel unit cell, numerically modeled a 3D 

conjugate heat transfer. In the next step, they simulated a 

3D complete heat sink model. They concluded that if the 

flow rate increases, the thermal resistance of MMHS 

decreases and, pressure drop increases. Boteler et al. [11] 

by a numerical analysis and one phase mode, studied 

flow field and heat transfer for a manifold microchannel 

heat exchanger. They concluded that two parameters, 

such as a microchannel fin and width of microchannel, 

have a significant effect on thermal performance. Husain 

and Kim [12] numerically modeled a 3D model of 

MMHS. The key parameters of their research were 

thermal resistance and water pumping power. Their 

results showed that the nozzle height to the microchannel 

height (Hnz/Hch) and the ratio of the microchannel width 

to the microchannel height (Wch/ Hch) are more effective 

parameters on pumping power of water and thermal 

resistance. Sarangi et al. [13], by 3D numerical 

simulation, studied the influence of geometrical variables 

such as manifold height, manifold inlet/outlet ratio, 

microchannel width, and microchannel depth on the 

performance of MMHS. Their study consisted of two 

sections: porous-medium pattern and unit-cell pattern. 

Their observations showed that the optimum value of the 

manifold inlet/outlet ratio is equal to 3. In the study of 

Arie et al. [14] the air was used as a cooling fluid in 

MMHS. To obtain the best design variables, they used an 

optimization function. Their investigation showed that, 

by using MMHS, improvement in heat sink thermal 

performance is observed. Arie et al. [15] for achieving  

 

 
Figure 1. Comparison of Traditional microchannel with Manifold microchannel 
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the optimal thermal performance of manifold 

microchannel heat exchanger (MMHE) and for 

determining the best design parameters, used a numerical 

method. Their observations showed that friction 

coefficient and Nusselt number compared to chevron 

categories of the plate heat exchanger are effective 

parameters in optimizing the manifold microchannel. 

Yue et al. [16] studied thermal performances of a MMHS 

in the presence of nanofluids as working fluids. Their 

observations showed that Nusselt number and water 

pumping power increases by increasing the volume 

fraction of nanoparticles and Re and decreases by 

increasing the diameter of the particles. Andhare et al. 

[17] designed a particular type of MMHE to study 

numerically and experimentally the impact of this type of 

microchannel heat sink on thermal performance. Their 

observations showed that for �̇�<20g/s, the total heat 

transfer coefficient htotal=20000. W/m2K was obtained. Li 

et al. [18] numerically studied flow field and heat transfer 

for both MMHS and TMHC for non-Newtonian fluid 

such as dilatant fluid and pseudo-plastic fluid. Their 

result showed that drag resistance decreased for pseudo-

plastic fluid flow up to 2 orders and increased for dilatant 

fluid flow up to 3 orders. Arie et al. [19] enhanced the 

performance of an air-water MMHE, used multi-

objective optimization and compared the results with 

optimized conventional heat exchangers, such as 

louvered fin, plain plate-fin, pin fin, wavy fin and, wavy 

fin surfaces. Their results showed that the sophisticated 

design of the manifolds and fins could significantly 

improve the performance of MMHE. Compared to a 

wavy-fin heat exchanger, MMHE can up to 60% increase 

heat transfer density. 

Drummond et al. [20] experimentally studied a 

hierarchical MMHC. They studied the effect aspect ratio 

and channel width on the thermal and hydraulic 

performance. They showed that the case with a larger 

hydraulic diameter compared to the case with a smaller 

hydraulic diameter lead to lower thermal resistance and 

higher heat transfer coefficient. Ju et al. [21] presented 

numerical modeling to analyze thermal and 

hydrodynamic performances of the micro-pin-fin heat 

sink. Their result showed that heat sinks with square and 

circular micro-pin-fins with the same cross-sectional area 

have the same thermal performance. Zhang et al. [22] by 

numerical simulation, studied both steady and pulsating 

flow in MMHS. Their result showed that pulsating flow 

inlet, in comparison to the steady flow, improves thermal 

performance. Also, in comparison to other pulsating 

types, sinusoidal-wave pulsating flow plays a more 

effective role in enhancing heat transfer. Jung et al. [23] 

studied experimentally and numerically a 3D MMHS 

was made of silicon. Their experimental result showed 

that at a flow rate of 0.1 l/min and a maximum 

temperature of 90 C°, 250 W/cm2 is removed by the 

MMHS with a pressure drop of less than 3 kPa. Tiwari et 

al. [24] designed and studied experimentally single-phase 

flow in a MMHE. Their result showed that for the tube-

side with m ̇=806 𝑔/𝑠 and for the shell-side with �̇�=82 

𝑔/𝑠, shell-side heat transfer coefficient of 45,000 𝑊⁄𝑚2K 

and overall heat transfer coefficient of 22,000 𝑊⁄𝑚2K 

can be obtained. Luo et al. [25], studied heat transfer in a 

MMHS for two-phase flow boiling process. Their 

observations showed that for the manifold divider, the 

manifold ratio ranges from 1 to 2 is suitable to reduce the 

pressure drop of the MMHS. Yang et al. [26] numerically 

studied performance enhancement of hybrid 

microchannel heat sink. Their result showed that 

compared to the usual MMHS, the best heat sink could 

decrease thermal resistance by 19.15% and reduce 

pressure drop by 1.91% at Re = 295. Drummond et al. 

[27] experimentally studied two-phase flow morphology 

in high aspect ratio manifold microchannels. Their results 

showed that for manifold microchannels, the two-phase 

flow regime plays an important role in heat transfer 

improvement and must be with accuracy considered in 

heat sink design. Luo et al. [28] by 3D numerical 

methods, studied two-phase flow boiling in MMHS for 

different manifolds configurations (C-type, H-type, Z-

and, U-type). Their results showed that compared with C-

type and Z-type, H-type and the U-type manifolds due to 

their lower pressure drop and better heat transfer 

performance are recommended. Yang et al. [29] 

performed an experimental comparison between a hybrid 

microchannel heat sink (HMHS) and a typical manifold 

microchannel heat sink (CMMHS. Their results showed 

that the HMHS reduce thermal resistance and pressure 

drop. Luo et al. [30] studied numerically pressure loss 

and thermal performance of subcooled flow boiling in an 

MMC with various sizes of fin widths and channel widths 

and various inlet volume flow rates. Their observations 

showed that the thermal resistance of heat sink reduced 

when the volume flow rate increases, but pressure drop 

increased. 

In the current study, the effects of variation of 

geometric dimension of MMHS such as length of 

inlet/outlet ratio, the height of microchannel and, width 

of microchannel at Re=20 to 100 on the flow field and 

heat transfer to find the optimal geometric dimension are 

numerically investigated. According to the obtained 

results, the best geometry is selected in terms of thermal 

improvement. In addition, for more precise results, the 

water thermophysical properties of the working fluid and 

silicon as a solid part (manifold and microchannels) are 

considered temperature-dependent, which had not been 

considered in previous similar articles. The PEC is also 

considered as a criterion for selecting the optimal 

microchannel rather than Nusselt number, and pressure 

drop. 
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At first of the current investigation, the model under 

consideration and boundary condition are presented. 

Then, system of governing equations and boundary 

conditions, numerical procesure, gind independency 

study and validation are done. Finally results and 

disscussion are presented for investiagatoin of heat 

transfer and fluid flow features of laminar flow of water 

in a manifold microchannel heat sink. Figure 2 shows the 

research methodology. 

 

 

2. MODEL DESCRIPTION  
 
2. 1. Geometrical Model and Boundary Conditions       
The effect of variable geometric parameters such as λ, 

Hch and Wch for Re=20 to 100 on the flow field and heat 

transfer was investigated. Manifolds, microchannels and 

substrate are made of silicon. MMHS schematic in the 

current study is shown in Figure 3. The manifolds are 

distributed above the microchannels. The coolant fluid, 

after passing through the inlet channels of the manifolds, 

rotates 90° and enters the microchannels, removes the 

heat from the substrate along the microchannel length  

 

 

 
Figure 2. Research methodology 

and, finally 90° turn and exits upward and enters the output 

channels in the manifold. Figure 4 shows the 

computational domain and geometric dimension for a unit 

cell of MMHS. Due to symmetry boundary conditions and 

to reduce the computational cost, a unit cell of MMHS is 

chosen. At the inlet of manifold, mass flow inlet and, at the 

outlet of manifold, pressure outlet have been selected as 

boundary conditions. Also, constant heat flux of 100 

W/cm2 on the bottom wall and no-slip velocity boundary 

condition on the walls of the microchannel has been 

considered. Figure 5 indicates the boundary conditions for 

the unit cell of MMHS. 
 
 
3. THERMOPHYSICAL PROPERTIES 
 
In the present simulation, silicon has been used as a solid 

part (manifold and microchannels) and, water is used as 

a working fluid. Temperature-dependent thermophysical 

properties between 300K to 400K, including thermal 

conductivity and dynamic viscosity of water and thermal 

conductivity of silicon were considered as the function of 

temperature [31-32]. Variations of the other 

 

 

 
Figure 3. Schematic of MMHS 

 

 

 
Figure 4. Computational domain and geometric dimension 

for the unit cell of MMHS 

Start 

Creating geometry and boundary conditions, etc. 
 according to the available experimental data 

If the present results match the 
selected experimental data? 

Yes 

Run the code and extract the results  

No 

Creating a model in the present study 
 with different geometric dimensions and   ...  

Investigating the effect of parameters such as 

Re, λ, Hch, Wch on heat transfer and pressure drop 

Investigating the effect of parameters such as 

λ, Hch, Wch on PEC 

Conclusion 
 

End 
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Figure 5. Applied boundary conditions for the unit cell of 

MMHS 

 

 

thermophysical properties of water and silicon between 

the temperature ranges of 300K to 400K have no 

significant effect on the results.  

 

 

4. GOVERNING EQUATIONS  
 

Single-phase fluid flow and laminar flow governing 

equations at steady states condition in Cartesian 

coordinate is: 

Continuity equation: 

∂

∂𝑥𝑗
(𝑢𝑗) = 0  (1) 

Momentum equation: 

∂

∂𝑥𝑗
(𝜌𝑢𝑗𝑢𝑖) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇𝑓

𝜕𝑢𝑖

𝜕𝑥𝑗
) (fluid) (2) 

Energy equation: 

∂

∂𝑥𝑗
(𝜌𝑢𝑗𝑐𝑝𝑇𝑓) =

𝜕

𝜕𝑥𝑗
(𝑘𝑓

𝜕𝑇𝑓

𝜕𝑥𝑗
) (solid) (3) 

T , p ,and 𝑢𝑗 represent the temperature, pressure, and 

velocity, while the subscripts f and s refer to the fluid and 

solid, respectively. For the flow to justify the assumption 

of laminar flow, the low Re (Re=20 to 100) is considered. 

The liquid to the solid interface was coupled by 

continuity of both heat flux and temperature: 

𝑇𝑠𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
= 𝑇𝑓𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

 (4) 

−𝑘𝑠 (
𝜕𝑇𝑠

𝜕𝑛
)

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
= −𝑘𝑓 (

𝜕𝑇𝑓

𝜕𝑛
)

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  (5) 

 

4. 1. Important Parameters in the Three-
dimensional Flow          The friction coefficient, which 

is one of the parameters for evaluation of the 

microchannel operation, is defined as follows: 

𝑓 = 2𝛥𝑝
𝐷ℎ

𝐿

1

𝜌𝑢𝑖𝑛
2   (6) 

where, L, 𝐷ℎ, 𝑢𝑖𝑛, and 𝜌 are the length, hydraulic 

diameter, inlet velocity, and density,  respectively. 

The average Nusselt number defined as follows: 

𝑁𝑢𝑎𝑣𝑒 =
𝑞′′𝐷ℎ

𝑘𝑓(𝑇𝑠−𝑇𝑚)
  (7) 

where, 𝑇𝑚 and 𝑇𝑠 are the mean Bulk temperature and 

microchannel wall temperature, respectively. 

Performance Evaluation Criterion parameter (PEC), is 

defined as follows [33] : 

𝑃𝐸𝐶 = (𝑁𝑢𝑎𝑣𝑒 𝑁𝑢𝑎𝑣𝑒.𝑟⁄ ) (𝑓 𝑓𝑟⁄ )1/3⁄   (8) 

Re based on flow in the straight part of the microchannel 

according of Figure 6 defined as follows: 

𝑅𝑒 =
�̇�𝑐ℎ𝐷ℎ

𝜇𝐴𝑐ℎ
  (9) 

where 

𝐴𝑐ℎ = 𝑤𝑐ℎ/2 × 𝐻𝑐ℎ  (10) 

𝐷ℎ =
2𝐻𝑐ℎ𝑤𝑐ℎ

𝐻𝑐ℎ+𝑤𝑐ℎ
  (11) 

 

 

5. GRID INDEPENDENCY  
 

Several meshes with different cell numbers have been 

used to ensure that the results are independent of the grid. 

The mesh and results are plotted for the microchannel 

middle plate. According to Figure 7, for one case, a mesh 

with the 1420800 cells is sufficient for conducting 

simulation. By increasing the cell numbers more than 

1420800, the obtained results do not have significant 

variations (heat transfer coefficient difference between 

1420800 and 1965600 cells is 0.50%).  

 

 

 
Figure 6. Microchannel section and microchannel 

geometrical characteristics  
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Figure 7. Mesh independence study. Hch = 360µm, 

Wch=60µm 
 
 

6. MODEL VALIDATION  
 

For assurance of the accuracy of numerical simulations, 

the numerical results are compared with available 

experimental data. In Kermani’s study, heat transfer 

enhancement of MMHS with hydraulic diameter 

Dh=36µm examined. Figure 8 show validation with 

kermani result for Dh=36µm. according to Figure 7, it can 

be seen that the current results have good match with 

Kermani’s experimental data [7]. 
 

 

7. RESULTS AND DISCUSSIONS  
 
In this section, the results of the numerical simulation of 

fluid flow and heat transfer inside the MMHS are 

presented. Nu and ∆p are two important parameters that 

are presented. Also, to study from an engineering and 

economic viewpoint, the PEC has been presented for 

different cases. Also, the results are presented as 

temperature contours and velocity contours. 

 

 

 
Figure 8. Heat transfer coefficient variations versus mass 

flow rate: comparison of present numerical results with 

experimental result [7] for Dh=36µm 

7. 1. Effect of Re on Heat Transfer and Pressure 
Drop          The cooling fluid, after passing through the 

inlet nozzle, impacts the microchannel floor. In the 

MMHC flow, due to the direct impact of the flow 

perpendicular to the microchannel floor and the short 

flow path length, most of the flow is developing along the 

microchannel, thus limiting the growth of the 

hydrodynamic and thermal boundary layer. Therefore, a 

small diffusion length from the solid wall to the 

convective flow and better heat transfer rate is achieved. 

At the subsequent region, the rate of heat transfer 

decreases due to the growth of the hydrodynamic and 

thermal boundary layer. The results are plotted for the 

microchannel middle plate. Figure 9 shows temperature 

contours and velocity contours at various Re for 

Hch=600µm, Wch=60µm, Wf=60µm, Lin=120µm, and 

Lout=200µm. According to Figure 9(a), as the Re 

increases, the temperature of the microchannel floor and, 

consequently, the surface temperature in contact with the 

heat source decreases; this is due to the increase in flow 

rate and fluid velocity on the microchannel floor. The 

maximum temperature of the microchannel floor is 

311.3K at Re=20 and is 306.3K at Re=100. Also, the 

thermal and hydrodynamic boundary layer thickness is 

reduced, and therefore, the heat transfer rate is increased. 

At the inlet zone of the flow from the nozzle to the 

microchannel, due to the reduction of cross-section, the 

velocity in this zone increases (according to Figure 9(b)) 

and formed a rotational zone near this zone. The 

Muximum velocity is related to the microchannel input 

at Re=20 is 1.07m/s and at Re=100 is 5.27m/s. Also, by 

increasing the Re, the flow injection velocity on the 

microchannel floor increases, and the formed rotational 

zone becomes larger.  

 

7. 2. Effect of λ =Linlet/Loutlet on Heat Transfer and 
Pressure Drop           Figure 10 shows temperature 

contours and velocity contours at various λ for 

Hch=600µm, Wch=60µm, Wf=60µm and Lout=200µm at 

Re=100. Studies were performed for λ =0.6 to 1.3, but 

contours from λ=1 to λ=1.3  are similar, and  their changes 

are not significant and not shown. Figure 10(a) shows 

that by increasing in λ, the temperature of the 

microchannel floor increases. Due to the increase in 

cross-sectional area and decrease in inlet velocity from 

the nozzle to the microchannel, the flow injection 

velocity on the microchannel floor decreases. The 

maximum temperature of the microchannel floor is 

306.3K at λ=0.6 and is 307.8K at λ=1. Figure 10(b) show 

with an increase in λ, inlet velocity from the nozzle to the 

microchannel decreases, and as a result, flow injection 

velocity on the microchannel floor decreases. The input 

velocity at λ=0.6 is 5.27m/s and at λ=1 is 3.45m/s. Also 

as λ increases, the maximum velocity zone is also seen in 

the output manifold, and in λ=1, the maximum velocity 

is seen in the output manifold zone. 
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Re=20 Re=40 Re=60 Re=80 Re=100 

     
(a) 

     
(b) 

Figure 9. (a)Temperature contours (b) Velocity contours at various Re 

 
 

λ=0.6 λ=0.7 λ=0.8 λ=0.9 λ=1 

     
(a) 

     
(b) 

Figure 10. (a)Temperature contours (b) Velocity contours at various λ 



950                                        M. R. Babaei et al. / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   943-953 

 

 

 

Figures 11(a) and 11(b) respectively show variations 

of the Nu and ∆p versus λ for different Re on the 

microchannel floor. By increasing Re, Nu and ∆p are 

increased. At higher Re and smaller λ, the slope of 

variations of Nu and ∆p is greater and for lower Re the 

slope of the changes is imperceptible. By increasing in λ, 

the amount of Nu and ∆p, as well as their variations are 

reduced. 

 

7. 3. Effect of λ on PEC           Figure 12 shows PEC for 

various λ and Re. by increasing λ, PEC is increased for 

Re=20, 40 and 60 and for λ>1, PEC variations are 

insignificant. For Re=80, the PEC values are close to 1.  

For Re=100, by increasing in λ, PEC is decreased. The 

highest PEC is occurred at Re=100 and λ=0.6. It seems 

that due to the smaller inlet section of the microchannel 

at λ=0.6 than other λ values, with increasing Reynolds 

number, the increase in heat transfer is greater than the 

pressure drop increase. For lower Re, it is better to choose 

a λ>1 and for higher Re, choose a λ<1.  

 

 

 
(a) 

 
(b) 

Figure 11. Variations of the (a) Nu (b) ∆p versus λ for 

various Re 
 
 

 
Figure 12. Variations of the PEC versus λ for different Re 

 
 
7. 4. Effect of Hch and Wch on Heat Transfer and 
Pressure Drop            In this section, variations of the 

Nu and ∆p at various Hch and Wch for Re=20 and 100 

were studied. Before presenting the results and analyzing 

them, it is notable that: according to that the results are 

presented for a constant Re, according to the definition of 

Re in Equation (9) and ratio of mass flow rate in Equation 

(12), with variation of Hch and Wch, mass flow rate 

changes so that the Re remains constant. 

�̇�𝑐ℎ2
/�̇�𝑐ℎ1

=
𝐴𝑐ℎ2𝐷ℎ1

𝐴𝑐ℎ1𝐷ℎ2

  (12) 

Figures 13 and 14 show variations of Nu and ∆p 

versus Hch for different values of Wch for Re=20 and 

Re=100, respectively. The following can be seen from 

Figures 13 and 14: 

By increasing the Hch, the Nu increases at first and 

decreases slightly at the end. The effect of Wch is more 

evident in larger values of Hch. As the Hch increases, the 

effect of Wch on the Nu becomes more evident. 
 
 

 
Figure 13. Variations of the Nu and ∆p versus Hch for 

different Wch for Re=20  
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Figure 14. Variations of the Nu and ∆p versus Hch for 

different Wch for Re=100 

 

 

Also, as the Wch increases, the Numax is obtained at a 

greater Hch. Table 1 shows Numax and coresponding Hch, 

for which Numax is obtained for various Wch at Re=20 and  

Re=100. As can be seen, by increasing Re, the Numax is 

received at a higher Hch. According to Figure 13, for 

Wch=48µm to Wch=84µm, as the Hch increases, ∆p first 

decreases slightly and then increases, so that at higher Hch 

and lower Wch, a more severe pressure drop is observed.  

 

 
TABLE 1. Numax for various Wch at Re=20 and Re=100 

Hch(µm) Numax Re Wch(µm) 

420 21.38 20 
36 

480 33.83 100 

480 23.51 20 
48 

540 36.06 100 

480 24.71 20 
60 

570 37.45 100 

540 25.46 20 
72 

600 38.59 100 

570 25.89 20 
84 

600 39.55 100 

 

But for Wch=36µm, an increasing trend is observed from 

the beginning to the end. The same trend is observed for 

Figure 14, with the difference that, firstly, for all values 

of the Wch, the ∆p first decreases slightly and then 

increases, and secondly, the ∆p values are higher than 

Re=20.  

 

7. 5. Effect of Channel Height and Channel width 
on PEC               Figure 15 shows variations of PEC with 

repect to Hch for various Wch at Re=20 and Re=100. Table 

2 shows PECmax and corresponding Hch for various Wch 

and Re. According to Figure 15, for all Re, by increasing 

Hch, PEC increases at first and then decreases. By  

 

 

 
(a) Re=20 

 
(b) Re=100 

Figure 15. PEC for different values of Hch and Wch for (a) 

Re=20 and (b) Re=100 
 

 

TABLE 2. Maximum PEC and corresponding Hch for various Wch and Re 

PEC 

Re=100 Re=80 Re=60 Re=40 Re=20 Wch(µm) 

0.922 at Hch=240 0.915 at Hch=240 0.896 at Hch=240 0.867 at Hch=240 0.795 at Hch=300 36 

1.171 at Hch=240 1.160 at Hch=240 1.136 at Hch=240 1.118 at Hch=300 1.078 at Hch=300 48 

1.379 at Hch=240 1.358 at Hch=240 1.342 at Hch=300 1.328 at Hch=300 1.313 at Hch=300 60 

1.578 at Hch=240 1.541 at Hch=300 1.520 at Hch=300 1.504 at Hch=300 1.505 at Hch=300 72 

1.765 at Hch=240 1.705 at Hch=300 1.671 at Hch=300 1.650 at Hch=300 1.672 at Hch=360 84 
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comparing the PEC for Re=20 and 100, it is observed 

PEC is increased with Wch; this increase is more for 

middel Hch (PECmax is occured between Hch=240µm and 

Hch=300µm). 
Similar trend for above parameter were reported by 

previous reserchers [8-10]. But study on the PEC was 

arly are considered in the previous investigations. Based 

on the obatined results, one can say current investigation 

is more applicable than previous reported investigation. 
 
 

8. CONCLUSION 
 
The effect of λ, Hch, and Wch at Re=20 to 100 on the heat 

transfer and flow field characteristics including Nu, ∆p, 

and PEC for laminar flow regime of water in the MMHS 

have been simulated numerically. The results showed 

that: 

• As the Re increases, the thermal and hydrodynamic 

boundary layer thickness is reduced, and therefore, 

the heat transfer rate is increased. 

• For Hch=600µm, Wch=60µm, Wf=60µm and λ=0.6, 

by increasing the Re from 20 to 100, the maximum 

temperature of the microchannel floor is reduced 

from 311.3K to 306.3K.  

• For Hch=600µm, Wch=60µm, Wf=60µm and 

Re=100, by decreesing λ from 1 to 0.6, the 

maximum temperature of the microchannel floor is 

reduced from 307.8K to 306.3K.  

• By increasing in λ, the amount of Nu and ∆p is 

reduced. 

• For low Re, it is better to choose a λ˃1 and for high 

Re, choose a λ˂1. The highest PEC is for Re=100 

and λ=0.6 (PEC =1.095). 

• By increasing Re, the Numax is occured at higher Hch 

(for example at Wch=84µm, Numax=25.89 for 

Hch=570µm & Re=20, and  Numax=39.55 for 

Hch=600µm & Re=100).  

• At the highest Hch and the least Wch, the highest ∆p 

is observed (∆p =2700Pa at Hch=600µm & 

Wch=36µm).  

• By increasing Wch, PEC increases. PECmax is 

occured at middel Hch; between Hch=240µm and 

Hch=300µm. 

To complete this work and in the future simulations, 

the authors intend to consider the micro-scale phenomena 

such as charge accumulation or slip effect near the walls. 

Also, investigation about the effect of using hybrid 

nanofluids as a cooling fluid to improve the cooling in 

this system is of interest to the authors. 
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Persian Abstract 

 چکیده 
سازی شده است. برای اطمینان  در این تحقیق، انتقال حرارت و رفتار جریان سیال در حالت آرام و برای سیال آب در یک چاه حرارتی میکروکانال منیفولدی بطور عددی شبیه

انتقال حرارت، خواص ترموفیزیکی سیال آب و سیلیکون متغیر )وابسته سازی جریان سیال و  از صحت روش عددی، نتایج با اطلاعات تجربی موجود مقایسه شده است. در شبیه

 100تا  20ستقل در اعداد رینولدز به دما( در نظر گرفته شده است. تاثیر نسبت طول ورودی به خروجی جریان، ارتفاع میکروکانال و پهنای میکروکانال به عنوان پارامترهای م

ه است. نتایج نشان داد که در چاه حرارتی میکروکانال منیفولدی، جت برخوردی بر سطح پایین کانال، رشد لایه مرزی هیدرودینامیکی  بر جریان سیال و انتقال حرارت بررسی شد

یابد. ل حرارت افزایش مییابد. همچنین با افزایش عدد رینولدز و ثابت نگه داشتن ابعاد هندسی، نرخ انتقاکند و در نتیجه نرخ انتقال حرارت افزایش میو حرارتی را محدود می

انتخاب شود. در محدوده مطالعه، برای اعداد رینولدز کوچک، ماکزیمم  λ <1و برای اعداد رینولدز بزرگ  λ >1بر اساس نتایج حاضر، برای اعداد رینولدز کوچک، بهتر است 

، ماکزیمم معیار 100تا  20آید. برای اعداد رینولدز بدست می 240µmchH=گ در آید و برای اعداد رینولدز بزربدست می 300µmchH=( در maxPECمعیار ارزیابی عملکرد )

 آید.بدست می 240µmchH=و  Re=100و در  1.765ارزیابی عملکرد برابر با 
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A B S T R A C T  

 

Past studies show that until now the Random Vortex Method (RVM) has only been used to solve the flow 

of Newtonian fluids. In this paper, by presenting a new approach, the RVM is developed for the first time 
with the aim of simulating the flow of non-Newtonian fluids. For this purpose, a numerical simulation of 

two-dimensional flow of non-Newtonian power-law fluid in a T-junction is presented. The simulation is 

conducted for Re = 50-200 at the inlet of the channel and different power-law indexes (n = 0.2-1.4). The 
RVM solves the Navier–Stokes equations as a function of time and determines the velocity at any point 

of the channel directly and without determining a mesh on the geometry. Potential velocity, an initial 

condition for the flow analysis by the RVM, is obtained using the Schwarz–Christoffel conformal 

mapping. The effect of two parameters of power-law index and Reynolds number on the recirculation 

zone has been investigated. Acceptable agreement among the results of the present study and the existing 

numerical and experimental results shows the capability of the proposed method, according to which the 
RVM can be considered a powerful promising method in simulating the non-Newtonian fluids in laminar 

and turbulent flow regimes. 

doi: 10.5829/ije.2022.35.05b.11 
 

 

NOMENCLATURE 

U inlet velocity of the channel (m/s) b heterogeneous source term in the vorticity equation 

H inlet height of the channel (m) Gr(x,t) Green function 

n power-Law index Δt time step (s) 

m power-Law consistency index Re Reynolds number at the inlet section of the channel 

Q1 inlet flow rate of the channel (m3/s) Rer local Reynolds number 

Q2 outlet flow rate from the longitudinal branch (m3/s) ux velocity profile in x direction (m/s) 

Q3 outlet flow rate from the lateral branch (m3/s) uave average velocity (m/s) 

z complex number on z-plane Lr recirculation length (m) 

t complex number on t-plane Greek Symbols 

t  conjugate of t   Del operator 

dt/dz Schwarz-Christoffel transfer function µ dynamic viscosity (pa.s) 

N total number of vortexes ω* dimensionless vorticity in normal direction to the x-y plane 

F(tj) Schwarz-Christoffel transfer function ρ fluid density (kg/m3) 

( )jW z
 

induced velocity equation on the vortex j σ standard deviation of Gaussian distribution 

t* dimensionless time   shear rate (s-1) 

V* dimensionless velocity vector 
*  dimensionless shear rate 

x* x-dimensionless coordinates µa apparent viscosity (pa.s) 

y* y-dimensionless coordinates ω vorticity in normal direction to the x-y plane (s-1) 

u* dimensionless velocity in x direction Superscript 

v* dimensionless velocity in y direction * dimensional variable 

*Corresponding Author Institutional Email: teymourtash@um.ac.ir (A. R. Teymourtash) 
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1. INTRODUCTION 

 

One of the most promising and accurate methods for 

studying the viscous flow in the laminar and turbulent 

regimes, is the Random Vortex Method (RVM). So far, 

all studies performed with this method are limited to 

Newtonian fluids. However, the behavior of most real 

fluids used in the food, petroleum and petrochemical 

industries, such as solutions and molten polymers, 

industrial oils, as well as materials that have viscous and 

elastic properties (viscoelastic) is considered non-

Newtonian, and because of its wide application in 

industry, it is a topic that is always discussed and various 

methods are used to study and simulate such process. 

Numerous methods for studying and modeling non-

Newtonian fluid flow have been discovered and 

identified. Each has proven its strengths and weaknesses 

through repeated research. But, what is certain is that the 

discovery and appearance of an accurate method to 

simulate fluid flow has always been of interest. For this 

reason, this paper develops the RVM in order to simulate 

the flow of non-Newtonian fluids by introducing a new 

approach for the first time. For this purpose, the non-

Newtonian power-law fluid in a T-junction is simulated 

using RVM. 

The T-junctions are often used as phase separators for 

raw materials (liquid-gas) in industrial applications such 

as refrigeration system, advanced thermodynamic cycle, 

nuclear reactors, petroleum exploitation pipelines and so 

on [1]. More applications of T-junction have been 

mentioned in the research of Yang et al. [1]. The 

junctions (T or Y) are commonly located in such a way 

that the inlet two-phase flow to the branch is unequal 

separated between the side and main branches, and puts 

the gas-rich flow in the side branch and the liquid-rich 

flow in the main branch. 

In the RVM, a limited number of vortexes are 

generated and are followed in the form of a numerical 

algorithm using the Lagrangian perspective. To solve the 

unsteady flow, each time step is divided into two half 

steps. In the first half step, the effects of the viscosity are 

neglected and this time step is passed by the convection 

mechanism. In the second half step, the viscosity effects 

are influenced by the random movement of the vortex 

bubbles generated by the diffusion mechanism. 

RVM is employed to solve the two-dimensional 

equations of motion and the time function of 

incompressible fluids in laminar and turbulent flows. The 

method is based on solving the time-dependent vorticity 

equation, which is obtained from the effect of the Curl 

operator on the Navier-Stokes equations and its 

integration with the continuity equation. 

The condition of no-slip on the wall at any point in 

time is the boundary condition for solving the fluid flow 

equations. In the RVM, to reduce the wall velocity 

tangential component to zero, a number of definite 

constant rotational vortexes are produced and their 

movements are generated due to both mechanisms of 

convection, diffusion and Lagrangian perspective 

accordingly. The motion of each vortex stems from the 

potential velocity of the fluid in addition to the total 

instantaneous velocities induced by the other vortexes 

and their images at the center of the intended vortex. 

Similarly, the instantaneous velocity at any point in the 

field is obtained using the instantaneous velocities 

induced by the vortexes, their images, and the velocity of 

the potential velocity passing through that point. 

The RVM was first introduced by Alexandre Chorin 

who proposed a model for turbulent flow around a 

cylinder in 1973 [2]. He modified this method in 1978 to 

import the boundary conditions to the calculations for the 

boundary layer analysis, and named it the Random 

Vortex Method [3]. Thereafter, RVM became known as 

a numerical method for solving the flow field. 

Gagnon and Giovannini [4] were other people who 

did their research using the RVM. In this study numerical 

simulation and physical analysis of high Reynolds 

number recirculating flows behind sudden expansions 

have been investigated. 

Many researchers have recently done their 

investigation using RVM, some of which are mentioned 

here. Noori and Zafarmand [5] simulated the laminar and 

turbulent flow inside some divergent channels and 

investigated the effects of the divergence angle and 

Reynolds number on the reverse flow inside the channel 

using RVM. In this study, the flow inside divergent 

channels with different angles and Reynolds numbers 

was investigated; while, instantaneous and average 

velocities being calculated. A demonstration of the 

production of vortexes and their distribution was 

presented. The movement of the produced vortexes 

instantly and at different times was well depicted. In 

addition to the above results in this study, the effect of 

divergence angle and Reynolds number on flow 

separation within divergent channels was investigated 

and the results are presented in a useful graph. 

Zafarmand et al. [6] studied the turbulent flow in a 

channel using the vortex blob method. They obtained and 

discussed the physical concepts of turbulence and 

entropy generation. At first, time-averaged velocities and 

then their fluctuations were calculated. It was observed 

that turbulence structures occupy different positions and 

move with convection velocity. To verify the second law 

of thermodynamics, averaged vorticity and its 

fluctuations as well as averaged entropy and its 

fluctuations were calculated. In this research, for the first 

time, the turbulence structures were visualized and 

presented by employing the vector of velocity 

fluctuations, vorticity and entropy generation 

fluctuations. 



956                                           Y. Noori et al. / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   954-966 

 

Zafarmand and Ghadirzad [7] studied high Reynolds 

viscous flow simulation past a cylinder as well as an 

elliptical airfoil by random vortex blob. In both cases, the 

obtained mean time velocities were compared with 

available numerical and experimental results. Having 

known the velocity field, by employing momentum 

balance, the drag and lift coefficients caused by flow past 

the elliptical airfoil with different diameter ratios were 

calculated. 

Tadayoni-Navaei and Zafarmand [8] used the RVM 

for geometries with the unsolvable Schwarz-Christoffel 

formula. In this paper, the Schwarz-Christoffel mapping 

function for a square cavity is numerically obtained. 

Then, the instantaneous and the average velocity fields 

were calculated inside the cavity using the RVM. The 

advantage of this modeling is that for calculation of 

velocity at any point of the geometry. There is no need to 

use meshing in the entire flow field and the velocity in a 

special point can be obtained directly; also, no need to the 

other points. 

Jin et al. [9] suggested a circle theorem technique to 

handle 2-D flows around arbitrary cylinders in discrete 

vortex method. In this work, a novel boundary method is 

proposed based on the circle theorem technique. Under 

this algorithm, the identical vortices were introduced 

outside the body to counteract the lost strengths of 

vortices through the use of the circle theorem and surface 

curvature. A series of numerical simulations of flow over 

various cross-sectional bodies at high Reynolds numbers 

were performed to validate the accuracies in predicting 

the hydrodynamic loads, including flow past elliptic, foil, 

square, and triangular cylinders. 

Mimeau et al. [10] compared the semi-Lagrangian 

Vortex Method (VM) and Lattice Boltzmann Method 

(LBM) for incompressible flows. In this study, a proven 

version of each method was used and compared on 

different three dimensional benchmarks in terms of 

numerical accuracy, convergence, numerical diffusion 

and dissipation. It was shown that both methods converge 

to the same solution but in a different way. The VM 

performs better than the LBM for the lowest resolution 

whereas LBM appears to be more accurate for the 

growing resolutions. 

Qian and Yao [11] studied the McKean–Vlasov type 

stochastic differential equations (SDEs) arising from the 

random vortex method, which arise from the random 

vortex dynamics and other physics models. By 

introducing a new approach, they resolved the existence 

and uniqueness of both the weak and strong solutions for 

the McKean–Vlasov stochastic differential equations 

whose coefficients are defined in terms of singular 

integral kernels such as the Biot–Savart kernel. 

Extensive studies have been performed on T-

junctions as well as non-Newtonian fluids. Hayes et al. 

[12] studied the flow specification of a Newtonian fluid 

in a two-dimensional, planar, right angled Tee branch by 

solving the Navier-Stokes equations. In this work the 

effects of the branch length and the grid size on the 

interior flow field were examined to assess the accuracy 

of the solutions. They concluded that the length of the 

side branch has very little influence on the interior flow 

field, particularly at higher Reynolds number. 

Khandelwal et al. [13] studied the treatment of power-

law fluid in a T-channel in the laminar regime. The two-

dimensional numerical calculations have been done using 

Ansys Fluent. In this paper the parameters such as wake 

length, critical Reynolds number and the variation of 

viscosity were calculated by using constant density and 

non-Newtonian power-law viscosity model. The results 

showed that for a particular power-law index (n), length 

of recirculation zone increases in the side branch with 

increasing Re. Also, it increases with decreasing n for the 

fixed Re. The critical Reynolds number decreases with 

decreasing n. 

Brandi  et  al.  [14]  carried  out  research  using  the 

Direct  Numerical  Simulation ( DNS)  and  Linear 

Stability Theory (LST) analysis on an Oldroyd-B fluid 

flowing between two parallel plates. In this paper, the 

laminar-turbulent transition was studied and the 

convection of Tollmien–Schlichting waves was 

investigated for the incompressible, two-dimensional 

flow between two parallel plates. The viscoelastic fluid 

adopted was modeled by the Oldroyd-B constitutive 

equation.  DNS  and  LST  were  used  to  verify  the 

stability of the viscoelastic fluid flow to unsteady 

disturbances. 

Zhou et al. [15] examined the dynamics and 

interfacial evolution for bubble breakup in shear-

thinning, non-Newtonian fluids in a microfluidic T-

junction. The result showed that the length of the bubble 

tip is linearly stretched with time, and the elongation rate 

increases with the concentration of CMC solution. Also, 

the rheological property of the CMC solution could 

significantly affect the bubble breakup process in the 

microfluidic T-junction. 

Kwak and Nam [16] presented a simple factor for the 

vortex formation in power-law fluids flowing inside a 

channel. Their research explored the feasibility of 

applying the flow reversal condition on the Couette–

Poiseuille (C–P) power-law fluid to predict the vortex 

generation. 

Luo et al. [17] presented the results of mixing the non-

Newtonian inelastic fluids in a turbulent patch of T-

junction. Results were obtained based on a Direct 

Numerical Simulation (DNS) of a turbulent flow in a 

converging T-junction for both Newtonian (water) and 

non-Newtonian inelastic fluid (dilute Xanthan Gum 

solution). Based on experimental data, the Bird-Carreau 

law was used to capture the inelastic shear thinning 

property of the solution and passive scalar was 

introduced in the transverse branch to investigate the 

mixing in such configuration. 
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Yang et al. [18] carried out an experimental 

investigation to compare the phase separation 

performance between the single and double branching T-

junctions. The experimental data were compared with the 

predicted values produced by theoretical models based 

on water-air mixture, and they found out that there is no 

suitable model for the refrigerants. It was concluded that 

the inlet mass flux has little influence on phase separation 

while the phase separation efficiency drops sharply with 

the increase of inlet quality. 

Rostami and Morini [19] experimentally studied the 

production of the Newtonian droplets with non-

Newtonian and Newtonian bearer flows inside the micro 

T-junctions. In this paper the generation of Newtonian 

microdroplets in both Newtonian and non-Newtonian 

carrier fluids through a commercial micro T-junction 

under an opposed-flow configuration was analyzed 

experimentally. 

Moghimi et al. [20] examined the effect of non-

uniform magnetic field on non-Newtonian fluid 

separation in a diffuser. The purpose of this study is to 

investigate the boundary layer separation point in a 

magnetohydrodynamics diffuser. As an innovation, the 

Re value on the separation point is determined for the 

non-Newtonian fluid flow under the influence of the non-

uniform magnetic field due to an electrical solenoid, in 

an empirical case.  The impact of the magnetic field 

intensity on the separation point analyzed from the 

physical point of view. It was observed the wall shear 

stress increases by increasing magnetic field intensity 

that leads to delaying the boundary layer separation. 

Maurya et al. [21] examined the combined effects of 

the power-law rheology and isothermal rotating cylinder 

on the characteristics of the power-law fluid flow inside 

the T-junctions. The range of parameters considered in 

this work is as: Reynolds number, 1 < Re ≤ 50, power-

law index, 0.2 ≤ n ≤ 1, Prandtl number, 10 ≤ Pr ≤ 100 and 

non-dimensional circumferential velocity of the cylinder, 

−5 ≤ α ≤ 5. Results suggest that the rotating cylinder can 

be used as a technique to create and/or reduce the 

formation of momentum and thermal boundary layers in 

the flow domain. 

Motahar [22] estimated non-Newtonian behavior of 

nanofluid phase change material containing mesoporous 

silica particles using a neural network approach. In this 

paper, the rheological properties of nanofluid phase 

change material containing mesoporous silica 

nanoparticles are predicted by the artificial neural 

networks (ANNs) method based on the experimental 

database reported in literature. The results showed that 

the developed ANN has a very low mean squared error 

for the training and test dataset. Also, the predicted 

dynamic viscosity and shear stress also have the 

maximum relative error of 6.26 and 0.418%, 

respectively. 

Vatani and Domiri-Ganji [23] experimentally studied 

the patterns of the two-phase flow (gas-liquid) inside a 

rectangular channel with 90° bend. The aim of this study 

was to analyze the behavior of two-phase flow in an 

inclined rectangular channel with 90̊ bend for various 

vertical lengths. The fluids used in this study were air and 

water. In this study, the effects of vertical length on flow 

regimes and pattern transition borders are examined. 

According to the flow visualization, no vortex was 

observed in the vertical section. The results showed that 

the flow regime in the vertical section is churn flow 

regime. Finally, it can be seen that the flow pattern 

structures are not greatly affected by changing the 

vertical length. 

In the continuation, this research uses the RVM to 

simulate the non-Newtonian fluid flow following a new 

approach for the first time. The target of this research is 

to develop the RVM in the non-Newtonian fluids 

simulation. For this purpose, the non-Newtonian power-

law fluid in a T-junction is simulated using RVM for 

Re=50-200 at the inlet of the channel and different 

power-law indexes (n=0.2-1.4). 

 

 

2. CONFIGURATION OF THE CASE GEOMETRY AND 
FINDING THE POTENTIAL VELOCITY 
 

Figure 1 shows a channel with the specifications. The 

inlet velocity of the channel is U, and the inlet height of 

the channel is H. Q1, Q2 and Q3 are the input flow rate, 

the output flow rate from the longitudinal branch and the 

output flow rate from the lateral branch, respectively. 

Since potential flow analysis for complicated 

geometries is a very difficult process, the mentioned 

geometries can be simplified using the conformal 

mapping. In this approach, a complicated geometry in the 

z-plane is transformed to a simpler geometry in the t-

plane. The Schwartz-Christoffel conformal transfer is 

used to compute the potential velocity in internal flows. 

The transformation converts the channel and its inner 

region, which is located on the z-plane axis, into the 

upper half of the transfer t-plane axis. 

 

 

 
Figure 1. Configuration of channel with a T-junction 
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The conversion of the channel shown in Figure 1 by 

the Schwartz-Christofel conformal mapping to its 

corresponding t transfer plane is illustrated in Figure 2. 

As mentioned before, to find the potential flow as an 

initial condition, the Schwartz-Christofel transfer 

function is used, which is obtained for a T-junction as 

shown in Equation (1) [25]: 

(1) 
2

2

1

5

dt t

dz t


−
=

−

 

According to Figure 2, the input flow to the channel 

is equivalent to one source and the output flows from the 

channel are equivalent to two sinks in the complex 

transfer t-plane. 

 

 

3-THE GOVERNING EQUATIONS 
 

The governing equation in RVM is the two-dimensional 

vorticity transport equation where its dimensionless form 

for the incompressible non-Newtonian fluid flow is 

derived as follows: 
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In the above relations, u* and v* are the fluid velocity 

in x and y directions respectively, µ is the dynamic 

viscosity and ω* is the vorticity in normal direction to the 

x-y plane. b is the heterogeneous term of the source term 

in the vorticity equation, which becomes to zero (b=0) 

for the Newtonian fluid. Furthermore, Re is the liquid 

phase Reynolds number at the inlet section of the channel 

which is derived for the non-Newtonian fluid flow as 

follows [26]: 

 

 

 
Figure 2. Transmission t-plane for the T-junction 

(4) 
2n nH U
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where ρ is the density of fluid, H is the inlet height of the 

channel, U is the inlet velocity of the channel, n is the 

Power-law index and m is the consistency index. 

The RVM scheme is based on the vorticity transport 

equation solution in two steps of convection and 

diffusion which for non-Newtonian flow, these two steps 

will be as follows, respectively [4]: 
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The general solution of the vorticity transport equation is 

obtained by the summation of the above equations. In the 

RVM, the no-slip condition or zero relative velocity on 

the wall at any moment is considered as a boundary 

condition of the fluid flow equations. In order to zero the 

sliding velocity on the walls, a number of similar 

vortexes with the same circulation are generated, and are 

separated from the wall by the diffusion mechanism and 

enter the flow field. In the next step, these vortexes 

continue their motion by both diffusion and convection 

mechanisms. In addition, to eliminate the normal induced 

velocity by the vortexes, the vortexes image is used. 

To solve the diffusion equation, the Green function is 

used. According to Andrei Polyanin solution [27], the 

Green function of Equation (6) is: 

(7) ( )
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According to the above relation, the derived Green 

functions in Newtonian and non-Newtonian fluids are 

similar. This means that in the non-Newtonian fluid, as 

in a Newtonian fluid, the diffusion mechanism can be 

solved using the random perpendicular motion. The 

motion due to the diffusion of the vortexes is as two 

perpendicular displacements which are the random 

variables with Gaussian distribution and a mean value of 

zero and a standard deviation of 2 t
σ

Re


=  ( t  is the 

time step). 

As a matter of fact, term b has its effects on the 

standard deviation σ. The effect of adding b to the 

diffusion equation for a non-Newtonian fluid (despite the 

same Green functions) could be simulated by an 

alternative approach. According to this approach, for a 

non-Newtonian power-law fluid, after calculating the 

shear rate and apparent viscosity in each time step for any 

location of the vortex, the local Reynolds and its standard 

deviation (

r

2 t
σ

Re


=

); where Rer is the local Reynolds in 
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any point of fluid, are determined for a random motion. 

In other words, in this approach, it is assumed that for a 

non-Newtonian fluid in each time step, each point of the 

fluid that indicates the position of a vortex has different 

viscosity. To determine the apparent viscosity, after 

finding the instantaneous velocities of u* and v* at any 

point of the geometry using the RVM, according to 

power-law model, the shear rate could be computed by 

the following relations [26]: 
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where   is the shear rate. In the power-law model, µa is 

the apparent viscosity which is derived as follows [26]: 
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where *  is the dimensionless shear rate, n is the power-

law index and m is the consistency index. Now, a relation 

can be derived between the local Reynolds and the liquid 

flow Reynolds number at the inlet of the channel as 

follows: 
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In this equation, Rer is the local Reynolds number and Re 

is the Reynolds number at the inlet of channel, which in 

this study is Re=50-200. After calculating the fluid shear 

rate in each time step for each point inside each vortex 

locations, the local Reynolds and the standard deviation 

r

2 t
σ

Re


=  for a random motion is determined. In other 

words, in fluid flow simulation using RVM, the 

difference between the non-Newtonian and Newtonian 

fluids is the random motion of the vortexes. In Newtonian 

fluid, all vortexes in every time step move with the same 

constant standard deviation. Whereas, for a non-

Newtonian fluid, each vortex in each time step performs 

its random motion with a determined standard deviation 

and at the same time different. 

According to RVM, if N is the total number of 

vortexes, the induced velocity equation is shown below 

[5]: 
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In this equation, the first term is the set of velocities 

induced by all vortexes on the vortex j. The second term 

is the set of velocities induced by the images of all 

vortexes on the vortex j, and the third term is the velocity 

of the passing potential at point tj corresponding to point 

zj. Also, t is the complex coordinate in the transfer plane, 

t  is the conjugate of t, and F(tj) is also a Schwarz-

Christoffel transfer function. 

 

 

4. VALIDATION OF RESULTS 
 

To validate the results of this research and indicate the 

ability of the presented method, first the non-Newtonian 

flow between two infinite parallel flat plates is solved by 

RVM and was compared with analytical results.  Also, 

the results of the present study were compared with the 

results of Hayes et al. [12] and Khandelwal et al. [13]. 

Consider a unidirectional non-Newtonian flow 

between two infinite parallel flat plates in the x direction, 

which located at y=± H/2. The velocity field ux, 

normalized by the mean velocity is given by 

Rakotomalala et al. [28]: 
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where n represents the Power-law index. The comparison 

between the analytical solution and the present results for 

a non-Newtonian flow between two infinite parallel flat 

plates with different power-law indexes is illustrated in 

Figure 3. According to this figure, there is a very good 

conformation between the presented method results and 

the analytical solution. Figure 4 shows the horizontal 

velocity profiles between two plates for various power-

law indexes resulting from the recent study. For the 

identical flow rate, when n>1 (shear thickening fluid) the 

profile of velocity becomes sharper. Whereas, when n<1 

(shear thinning fluid) the profile of velocity changes to 

plug flow profile. 

To validate the present method in solving non-

Newtonian flow, the output results have been compared 

with numerical and experimental results by Hayes et al. 

[12] and Khandelwal et al. [13]. This comparison is 

performed for the recirculation length Lr inside the side 

branch of the T-junction which is studied as the 

dimensionless ratio of Lr/H (H is the inlet height of the 

channel) for various power-law indexes (n=0.2, 0.4, 0.6 

and 1) at different Reynolds numbers. The results of this 

comparison can be observed in Figure 5. As this figure 

shows, a very good conformation exists between the 

results which show a promising performance of the 

current method for non-Newtonian fluid flow 

simulations. 
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Figure 3. Comparison of the analytical solution and the present results of RVM for a non-Newtonian flow between two infinite 

parallel flat plates with different power-law indexes 

 

 

 
Figure 4. Horizontal velocity profiles of non-Newtonian fluid flow between two infinite parallel flat plates with different power-

law indexes (Obtained from present study) 
 

 

For n=0.2, 0.4, 0.6 and 1, the minimum percentage of 

deviation of the values obtained in present study in 

comparison with the outcomes of Khandelwal et al. [13] 

were about 0.41%, 0.26%, 0.56% and 0%, respectively; 

while the maximum deviations were about 5.17%, 

2.45%, 1.61% and 2.93%, respectively. 

Furthermore, for n=1, the minimum percentage 

deviation of the values in comparison with the results of 

Hayes et al. [12] is about 0.29%; while the maximum 

deviation is about 3.87%. As the figure shows, there is an 

acceptable conformation between the present study 

results and the both sets of results. 
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Figure 5. Comparison of recirculation length (Lr/H) with that of Khandelwal et al. [13] for n=0.2,0.4,0.6 and with that of Khandelwal 

et al. [13] and Hayes et al. [12] for n=1 at different values of Re 

 
 
5. RESULTS AND DISCUSSION 
 

The computation begins with the initial condition of the 

potential flow. Starting with a potential flow, the flow 

develops by generating vorticity along solid walls to 

annihilate the slip velocity. The vortexes motion stems 

from both convection and diffusion mechanisms. 

Vortexes that move away from the computational domain 

are neglected in the computational process. 

Once the vortexes fill all the computing domain, their 

number is almost constant; which means: 
0

dN

dt


 (N is 

the total number of vortexes within the computing 

domain). Afterwards, velocity can be evaluated 

anywhere in the flow. Such a velocity field is 

instantaneous, and to obtain the average velocity, the 

computation must be repeated in several time steps and 

then averaged. 

In order to investigate the effect of the parameters of 

power-law index and Reynolds number on the 

recirculation zone, after solving the non-Newtonian fluid 

flow using RVM, the streamlines inside the T-junction 

can be drawn. Figure 6 illustrates the streamlines inside 

a T-junction for Re=50, 100, 150 and 200, respectively. 

To demonstrate the effect of the power-law index over 

the flow, seven cases (n=0.2, 0.4, 0.6, 0.8, 1, 1.2 and 1.4) 

are investigated, which is shown here as an example of 

one case (n=0.2). This figure shows that for a specific 

power-law index, increasing the Reynolds number 

increases the length of the recirculation zone. 

Figure 7 shows the streamlines inside a T-junction for 

n=0.2, 0.4, 0.6, 0.8, 1 and 1.2, respectively for four fixed 

Reynolds numbers Re=50, 100, 150 and 200 (here for 

Re=100). The results show that, by increasing the value 

of the power-law index, the length of the recirculation 

zone decreases. This is due to that by increasing the 

power-law index, the local Reynolds number decreases 

in the whole flow field. In other words, with increasing 

the power-law index, the shear thickening treatment of 

the fluid rises and as a consequence, the fluid viscosity 

grows higher which leads to a decrease into the length of 

the recirculation zone. 
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After finding the length of the recirculation zone in 

the lateral branch for different values of the Reynolds 

number and the power-law indexes, these values can be 

displayed on a graph to compare results. Figure 8 

illustrates the length of the recirculation zone within the 

T-junction in terms of the Reynolds number for the 

various power-law indexes. For a particular power-law 

index, this length increases nonlinearly with increasing 

Reynolds number. Also, for a fixed Reynolds number, 

the recirculation length increases with decreasing power-

law index. Therefore, it can be concluded that the 

recirculation length is a function of the power-law index 

and the Reynolds number. Another important conclusion 

that can be drawn from this figure is that the lower the 

power-law index, the greater the effect of the Reynolds 

number on the length of the recirculation zone. In 

contrast, increasing the Reynolds number for the power-

law indexes with high values does not have a significant 

effect on the length of the recirculation zone. 

It is important to determine the critical Reynolds 

number in which the start of the recirculation zone 

appears in the lateral branch, is very important. In present 

study critical Reynolds numbers are obtained for several 

of the power-law indexes. For this purpose, for a specific 

power-law index, the Reynolds number is gradually 

increased from the lower values with a tolerance of ±1, 

and for each value of the Reynolds number, the change 

of the velocity sign in the y-direction inside the lateral 

branch is checked. The change in the velocity sign 

indicates the presence of a recirculation zone there. For 

instance, Figure 9 illustrates the streamlines in a T-

junction for the critical Reynolds number for the cases of 

n=0.2 and 1.2, respectively. As can be seen from this 

figure, for n=0.2, up to Re=8, no sign change in velocity 

and therefore no wake is observed in the flow, but as the 

Reynolds number increases to Re=9, a recirculation zone 

in the lateral branch appears. In the same way, for n=1.2, 

no recirculation zone exists until Re=19 but this zone 

appears at Re=20. 

Figure 10 illustrates the critical Reynolds number in 

terms of power-law index obtained from present study in 

comparison with the results of Khandelwal et al. [13]. As 

the figure shows, there is very good conformation 

between both sets of results. By incrementing the power-

law index, the critical Reynolds number is enhanced, 

meaning that the start of the recirculation zone appearing 

in the lateral branch occurs at a higher Reynolds number. 

In the other words, with increasing the power-law index, 

the shear thickening treatment of the fluid rises and as a 

consequence, the fluid viscosity grows higher which 

leads to recirculation zones occurring at a higher 

Reynolds number.  

 

 

  

  
Figure 6. Streamlines inside a T-junction at different values of Re for n=0.2 (Obtained from present study) 
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Figure 7. Streamlines inside a T-junction at different values of n for Re=100 (Obtained from present study) 

 
Figure 8. Variation of recirculation length (Lr/H) with Re at different values of power-law indexes (Obtained from present study) 
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n=0.2 

  

n=1.2 

  
Figure 9. Streamlines for critical Reynolds number in which the start of the recirculation zone appears in the side branch for n=0.2 

and 1.2 (Obtained from present study) 

 

 

 
Figure 10. Comparison of critical Reynolds number for the 

onset of flow separation at different values of power-law 

indexes with that of Khandelwal et al. [13] 

 
 
6. CONCLUSION 
 

As mentioned earlier, the main purpose of this study is to 

develop the Random Vortex Method in simulating and 

solving the flow of non-Newtonian fluids, which in this 

research is offered for the first time with the introduction 

of a new approach. By observing the obtained results and 

comparing them with the numerical and experimental 

results of other researchers, there is a very good and 

acceptable agreement, which proves that the proposed 

method is very capable in simulating the flow of non-

Newtonian fluids. Therefore, from now on, the RVM can 

be considered as one of the reliable and accurate methods 

in non-Newtonian fluid analysis and many existing non-

Newtonian fluid problems can be investigated by this 

method. 

Important advantages of the RVM include its ability 

to study the fluid flow in a wide range of Reynolds 

numbers, including laminar and turbulent regimes, 

solving time-based equations, and no need to simplify 

governing equations. Therefore, this method can be used 

for two-phase flows that need to determine the 

instantaneous velocities. Also, simulation of turbulent 

flow in this method is possible easily and with very high 

accuracy and can be considered as future work. In 

addition to internal flows, this method can also be used 

to simulate external flows. 

In conclusion, it can be said that in this study, the 

capability of the RVM in simulating and solving the flow 

of non-Newtonian fluids has been proven. Therefore, it is 

suggested that other studies be performed to investigate 

the flow of non-Newtonian fluids with this method, 

especially the simulation of turbulent flows, which this 

method is able to solve with high accuracy. 
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Persian Abstract 

 چکیده 
 یکمقال  با ارائ     ینشتک  است د در امد  استهااد  یوتند  ش یالات ست   یامحل جر يبرايقط    (RVM اي تصتاديد   از روش ورتكس  تا نوممطالعات گذشته  شاتام مد د ک    

 یالست  يدوبعک یاممنظور، جر  ینا ياشتک  است د بر توستع  داد  یوتندش  یرغ یالات ست  یامجر يستاز  ی شت  اولین بار با  کف يبرا اي تصتاديد  روش ورتكسیک، جک  یكردرو

 يو شتاص   ا  Re = 50-200 ي دکد رینولکز ورودي  اشال در محکود برا يستاز  ی شت این  شتک  است د   ستازيی شت ب  صتورت دکدي   T تصتالا یکدر   یرشیوتند پاورلاغ

استهو س را ب  صتورت تابعد از زمام حل مد  نک و بکوم شیاز ب  شت ك  -ت شاویرمعادلا  روش ورتكس  اي تصتاديداشجام شتک  است د   n = 0.2-1.4  پاورلا در طیفمخهلف 

شچایکد سرد  پهاشسیل ب  دنوام شرط اولی  در تحلیل  بنکي بر روي  نکست  و  چننین بکوم شیاز ب  تعیین سترد  در تچام میکام ستیال، سرد  در  ر شقط  از  اشال را تعیین مد

اثر دو پارامهر شتاص  پاورلا و دکد رینولکز   ریستهويل ب  دست  دمک  است د-است     در این مقال  با استهااد  از ت کیل  چکیس شتوارت  صتاديدجریام ب  روش ورتكس  اي ت

   با توج  ب  دم  د کدارائ  شتک  را شاتام م روش  ی قابل د موجود،تجربشهایج دکدي و مطالع  حاضتر و   یجشها ینتوايق قابل ق ول ب بر شاحی  گردش مجکد بررستد شتک  است د

 دگري در شظر گريه   در رژیم  اي جریام درام و در م یرشیوتندغ سیالات  یامجر سازيی قکرتچنک در ش  یکوار ننک روش ام یک را روش ورتكس  اي تصاديد مد توام
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A B S T R A C T  
 

 

In Central Vietnam, the traditional materials for making concrete are usually of natural origin. The 

overexploitation of these materials causes many adverse effects on the natural environment. Local 
industrial plants and quarries generate millions of tons of waste products such as fly ash and stone 

powder. However, when used for the partial replacement of cement and sand, these waste products can 

affect the compressive strength of concrete. Therefore, it is necessary to build models to predict 
compressive strength for this type of concrete. The paper aimed to apply artificial neural network models 

to predict the compressive strength of concrete using fly ash and stone powder waste products. The input 

of the ANN model includes six parameters: ultrasonic pulse velocity, wave amplitude attenuation ratio, 
and 4 parameters of concrete materials. Experimental data were obtained from 72 cubic specimens of 

different mixtures using available materials in Central Vietnam. These models allow predicting the 28-

day compressive strength of concrete within the range of 9-62MPa (90-620daN/cm2). Furthermore, these 
models can predict compressive strength with any mixture. It is significant when re-evaluating whether 

the actual compressive strength value is as reliable as the one provided by the manufacturer. 

doi: 10.5829/ije.2022.35.05b.12 
 

 

NOMENCLATURE 

ANN Artificial neural network C Binder 

fc Concrete compressive strength D Water 

A Fine aggregate UPV Ultrasonic pulse velocity 

B Coarse aggregate A2/A1 Amplitude attenuation ratio 

 
1. INTRODUCTION1 
 
In Central Vietnam, as shown in Figure 1, the traditional 

materials for making concrete are sand, gravel, Portland 

cement, and water. The sources of these materials are 

often natural, such as sand mined from rivers, stone 

powder from quarries, cement formed by fine grinding 

clinker, natural gypsum, shells, and clay. The over-

exploitation of these materials causes adverse effects on 

nature. Especially sand mining in rivers causes landslides 

and floods in this area. Therefore, it is necessary to find 

alternative sources of materials for those traditional ones. 

Some studies in Vietnam use waste products to partially 

replace traditional materials such as autoclaved aerated 
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concrete after the autoclaving process to replace 25% of 

natural sand [1], rice husk ash, and fly ash, partially 

replacing cement [2, 3]. This research axis of using waste 

products has received significant attention in many 

countries. The mechanical properties of the concrete 

using these materials have been considered in literature 

[4, 5] and the compressive strength was also studied by 

Kanthe et al. [6] and Sadowski et al.  [7]. Therefore, it 

helps to benefit waste products and limit the use of 

traditional materials, helping to reduce adverse effects on 

the natural environment [8, 9]. 

One problem arises: waste products can affect 

compressive strength, an essential parameter of concrete 

quality. Therefore, it is necessary to study the  
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compressive strength of concrete using these new 

alternative materials. Scientists have examined the 

application of ultrasonic pulse velocity (UPV) to evaluate 

concrete compressive strength for decades due to its 

distinct advantages over conventional compression 

measurements. The widely used relationship between 

concrete compressive strength and UPV is expressed in 

the exponential formulation. However, examining the 

performance coefficients of these models shows that the 

single nonlinear regression with exponential formulation 

provides bad fitting curves since some concrete 

ingredients affect much on compressive strength but at a 

low rate on UPV [10, 11]. The multivariable model with 

many input parameters, including UPV and other 

parameters such as concrete ingredient materials, age, 

and temperature is recommended to enhance the 

situation. Regression models and artificial neural 

network models are commonly used to predict the 

compressive strength of concrete [12, 13]. The accuracy 

of the regression model depends on the selection of input 

parameters and the amount of input data of the model [14, 

15]. For the artificial neural network model, the choice of 

the artificial neural network structure determines the 

prediction results [16, 17]. The sensitivity analysis to 

predict the compressive strength of concrete based on the 

artificial neural network has been mentioned by Heidari 

and Hashempour [18]. 

Each year, about one million tons of fly ash are 

generated at Vung-Ang thermal power plants. At Phuoc-

Tuong quarry, there is a large amount of waste stone 

powder (as shown in Figure 1). The paper proposes to 

reuse fly ash and stone powder to replace cement and 

sand partially. At construction sites in the area, the 

required compressive strength for concrete is from 20-

50MPa (200-500daN/cm2). Some studies have predicted 

the compressive strength of concrete in this range. 

However, no studies have been available for predicting 

compressive strength in such a wide range as above using 

fly ash and stone powder to replace cement and sand. 

This paper aimed to build an artificial neural network 

model to predict the compressive strength of concrete 

using two waste products, fly ash and stone powder. The 

input of the ANN model will be the concrete mixtures, 

UPV, and wave amplitude attenuation ratio. The number 

of specimens for the experiment is determined by the 

design of the experiment method. Many different 

structures of artificial neural networks are elaborated to 

choose the most optimal one. The model allows 

predicting compressive strength in the range of 8.65-

62.13MPa (86.5-621.3daN/cm2). The research results 

help concrete manufacturers evaluate the concrete 

mixtures and determine the optimal mix to ensure the 

design compressive strength requirements. In addition, 

the model allows the supervision consultant to re-

evaluate the compressive strength provided by the 

concrete manufacturer. 

 

 

2. MATERIALS AND METHODS 
 
2. 1. Materials           Compressive strength value is 

influenced by many factors such as mixtures, concrete 

mixing method, curing conditions, specimen shape, 

concrete age. Therefore, the Ishikawa diagram was used 

to analyze the effect of the affecting factors as shown in 

Figure 2. Because the concrete using fly ash and stone 

powder waste is the object of study, the concrete mixture 

will be a factor to be included in the research model. 

Other factors are assumed to be in standard conditions 

according to Vietnamese standards. 

The traditional local material for making concrete are 

sand, gravel, cement, and water. Based on actual data at 

concrete factories in the area, the study uses fly ash and 

stone powder waste products to replace 20% cement and 

sand. 

 
2. 2. Design of Experiments          Based on the analysis 

of the Ishikawa diagram as shown in Figure 2, the 

concrete mixture is the input parameter of the artificial 

neural network model to predict the compressive 

strength. By consulting the Vietnamese Ministry of 

Construction,  for concrete of compressive strength from 

20  to  50MPa  (200-500daN/cm2),  the essential material  

 
Figure 1. Origin of fly ash and stone powder in Central 

Vietnam 
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Figure 2. Ishikawa diagram: Main factors affecting the 

compressive strength 

 

 

components for making concrete are shown in Table 1. 

The result indicates that the binder has the most 

considerable variation with 58.9% compared to the full 

content of this material. The remaining parameters such 

as fine aggregates, water, and coarse aggregates (a 

mixture of aggregate particles with sizes from 10-20mm) 

are changed by 32.2, 17.4, and 8.3%, respectively. 

The study uses the design of experiments method to 

determine the number of specimens to be taken. The 

number of levels of each parameter such as fine 

aggregate, coarse aggregate, binder, and water is 3, 2, 4 

and 3, respectively, as given in Table 2. The number of 

experimental specimens was determined according to the 

full factorial experiment design method as follows: 

Experimental mixture number = 21 × 32 × 41 = 72  (1) 

All component materials of 72 concrete mixtures are 

shown in Table A1 in the appendix. 

 

2. 3. Artificial Neural Network            Using fly ash 

and stone powder with different mixtures can change the 

compressive strength of concrete. Therefore, it is 

necessary to predict the compressive strength of concrete 

using these waste products. The paper proposes to use an  

 

 
TABLE 1. Content range of specimen concrete components 

Concrete components Unit Content range Total 

Fine 

aggregate 

Sand (80%) kg 512-755.2 

640-944 Stone powder 

(20%) 
kg 128-188.8 

Coarse aggregate (gravel) kg 1100-1200 1100-1200 

Binder 
Cement (80%) kg 172.8-420 

216-525 
Fly ash (20%) kg 43.2-105 

Water liter 190-230 190-230 

 

TABLE 2. Content level of each specimen component 

Label 
Concrete 

components 

Level of variation Number 

of levels 1 2 3 4 

A Fine aggregate (kg) 640 792 944 * 3 

B Coarse aggregate (kg) 1100 1200 * * 2 

C Binder (kg) 216 319 422 525 4 

D Water (liter) 190 210 230 * 3 

 

 

artificial neural network to predict the compressive 

strength of concrete using waste products in central 

Vietnam. The model inputs are four concrete materials 

such as fine aggregate, coarse aggregate, binder, and 

water and two ultrasonic wave characteristics such as 

ultrasonic pulse velocity and wave amplitude attenuation 

ratio measured at 28 days . Three prediction models with 

different inputs are elaborated to compare their 

performances in order to find the best model. 

Model 1: There are five input parameters including 

fine aggregate (A) [kg], coarse aggregate (B) [kg], binder 

(C) [kg], water (D) [liter] and ultrasonic pulse velocity 

(UPV) [m/s]. The output is the compressive strength at 

28 days (fc) [daN/cm2 ].  

Model 2: There are five input parameters including 

fine aggregate (A) [kg], coarse aggregate (B) [kg], binder 

(C) [kg], water (D) [liter] and amplitude attenuation ratio 

(A2/A1). The output is the compressive strength at 28 

days (fc) [daN/cm2].  

Model 3: There are six input parameters including 

fine aggregate (A) [kg], coarse aggregate (B) [kg], binder 

(C) [kg], water (D) [liter], UPV [m/s] and amplitude 

attenuation ratio (A2/A1). The output is the compressive 

strength at 28 days (fc) [daN/cm2]. 

The neural network is a backward propagation 

consisting of 3 layers including one input layer, one 

hidden layer, and one output layer. A total of 72 

experimental datasets is randomly split into training, 

validation, and testing datasets by MATLAB software. 

The training data has 50 samples accounting for 70% of 

the total dataset. The validation and testing data have 11 

samples respectively.  

Three coefficients such as standard deviation (S), 

coefficient of determination (R2), and mean squared error 

are used to evaluate the prediction model accuracy, as 

given in Equation (2). Where yi is the ith observed 

response value;  �̄� is the mean response; �̂�𝑖 is the ith fitted 

response and n is the number of observations. 

𝑆 = √𝑀𝑆𝐸 = √
1

𝑛
∑ (�̂�𝑖 − 𝑦𝑖)

2𝑛
𝑖=1

𝑅2 = 1 −
∑ (�̂�𝑖−𝑦𝑖)

2𝑛

𝑖=1

∑ (�̅�−𝑦𝑖)
2𝑛

𝑖=1

𝑀𝑆𝐸 =
1

𝑛
∑ (�̂�𝑖 − 𝑦𝑖)

2𝑛

𝑖=1

            (2) 

 

Water 

Binder 
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Temperature 
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Fine aggregate 

Coarse aggregate 
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Handmade 

By machine 

14 days 

28 days 

7 days 

Compressive 

strength 
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3. EXPERIMENTS AND RESULTS  
 

3. 1. Specimen Preparation          According to 

Vietnam Standard TCVN 5574:2018, the concrete 

specimen is a cube with an edge of 15cm as given in 

Figure 3. The specimen is fabricated and cured at the 

University of Science and Technology Laboratory, The 

University of Da Nang in Vietnam. Specimen curing in 

the laboratory at a temperature of 25±20C and relative 

humidity of 80±7% as shown in Figure 4.   

  

 

 
Figure 3. Mold for making concrete samples 

 

 

 
Figure 4. Curing concrete samples 

 

 

3. 2. Experiment Results        At the age of 28 days, 

ultrasonic pulse velocity (UPV), wave amplitude 

attenuation ratio (A2/A1), and compressive strength of the 

specimen are measured. There are three ways to 

determine the ultrasonic pulse velocity based on the 

propagation of ultrasonic waves as shown in Figure 5. 

The paper uses direct transmission through the sample 

using the Tico Proceq ultrasound device. 

Waves emitted from the Tico Proceq ultrasound 

device with a frequency of 54kHz and connected to a 

digital signal acquisition as shown in Figure 6. Figure 7 

shows the device connection diagram to receive wave 

signals. The amplitudes of the emitted wave (A1) and 

received wave (A2) are illustrated in Figures 8 and 9. The 

amplitude attenuation ratio when propagating through the 

 

Direct              Semi-indirect                    Indirect 

Figure 5. Positions of ultrasonic transducers 

 

 

 
Figure 6. Tico Proceq ultrasound and SYSAM-SP5 signal 

acquisition 

 

 

 
Figure 7. Device connection diagram to receive wave signal 

 

 

 
Figure 8. Wave signal from the emitting source 

 

 

 
Figure 9. Wave signal from the receiving source 
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concrete specimen is determined. The concrete 

compressor used for measuring the compressive strength 

is a hydraulic compressor SYE-2000A with a maximum 

compressive force of 200 tons. Then, the characteristic 

compressive strength is calculated by Equation (3).  

𝑓𝑐 =
𝑃

𝐴
   (3) 

where P is the destructive compressive force, and A is the 

cross-sectional area of the specimen. The ultrasonic pulse 

velocity (UPV), wave amplitude attenuation ratio 

(A2/A1), and compressive strength of 72 mixtures are 

shown in Table A1 in the appendix. 

 

3. 3. Results of the Artificial Neural Network         

The artificial neural network structure proposed in the 

paper to predict the compressive strength consists of 

three layers including the input, hidden, and output layer, 

as given in Figure 10. In order to determine the 

appropriate number of neurons in the hidden layer, the 

trial-and-error method is proposed to use for many cases 

with different hidden neuron numbers. Table 3 illustrates 

the results of three prediction models with different 

numbers of neurons in the hidden layer. The results show 

that the ANN model with ten hidden neurons gives the 

highest accuracy of compressive strength prediction. 

Therefore, the three most suitable models to predict 

compressive strength are selected including model 1 

(5x10x1), model 2 (5x10x1), and model 3 (6x10x1). 

 

 

 
Figure 10. ANN network structure 

 

 

TABLE 3. Coefficients of determination of ANN networks  

Networks ANN The structure of layers The coefficient (R2) 

Model 1 

5x8x1 88.36% 

5x10x1 93.66% 

5x15x1 91.7% 

5x20x1 90.6% 

Model 2 

5x8x1 86.89% 

5x10x1 93.38% 

5x15x1 92.7% 

5x20x1 90.7% 

Model 3 

6x8x1 89.31% 

6x10x1 94.55% 

6x15x1 93.07% 

6x20x1 92.87% 

The training procedure of the three ANN models is 

shown in Figure 11. In this figure, the vertical axis is the 

mean squared error (MSE), and the horizontal axis is the 

number of training iterations. The meaning of Figure 11 

is to evaluate the training process of the artificial neural 

network model. The best validation performance 

indicates the iteration at which the validation 

performance reached a minimum. The training work 

continues for six more iterations and then stops. If the test 

curve increased significantly before the validation curve 

has increased, it is possible that some overfitting may  

 

 

 

 

 
Figure 11. Training procedure of three ANN models 
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have occurred. The results show that the validation and 

test curves are similar in all three prediction models. In 

which model 3 has the minor mean squared error (MSE). 

Therefore, model 3 has the best training among the three 

predictive models. 

Figure 12 shows the relationship between the outputs 

of the network and the targets. The three graphs represent 

training, validation, and testing data. The dashed line in 

each graph represents the perfect result as the output 

equals the target. The solid line represents the best-fit 

linear regression line between the output and the target. 

The predicted compressive strength (output) compared 

with the experimental results (target) of all three models 

has a good agreement. At the same time, the line 

approximating the predicted compressive strength for 

both cases above coincides with the straight-line Y=T of 

the graphs. However, the evaluation parameters of model 

3 are the best of the three models, as given in Table 4. 

 
 
 

 

 
Figure 12. Prediction results of compressive strength of 

three ANN models 

 
 
 

TABLE 4. Performance parameters of models 1, 2, and 3 

Performance coefficients 
Deviation (S), 

daN/cm2 

Determination 

coefficient (R2), % 

ANN model 

Model 1 38.05 93.66 

Model 2 38.89 93.38 

Model 3 35.26 94.55 

4. DISCUSSIONS  
 
The results of the training process and the prediction of 

compressive strength, as given in Figures 11 and 12, 

show that the artificial neural network models have high 

accuracy. Model 3 is the most accurate predictor and the 

most suitable model to predict the compressive strength 

of concrete using fly ash and stone powder. However, 

model 1 and 2 can be very suitable for predicting the 

compressive strength for manufacturers corresponding to 

selected concrete ingredients using fly ash and stone 

powder. 

In addition to predicting the compressive strength for 

72 existing grades, the ANN can predict the compressive 

strength for any mix when the model's input parameters 

are known. For example, it is necessary to check whether 

the supplier's actual compressive strength value of 

concrete ensures the designed one or not. Then, with the 

known concrete mix provided by the concrete 

manufacturer, while the UPV values and the amplitude 

attenuation ratio were measured experimentally, with an 

established ANN network (model 3), it is facilitated to 

predict the compressive strength of concrete. For 

illustration, Table 5 shows the expected compressive 

strength value based on the given mixtures, known UPV, 

and amplitude attenuation ratio values. 

 

 
TABLE 5. Predicting compressive strength of concrete 

according to model 3 by ANN 

Concrete components 
UPV 

(m/s) 
A2/A1 

Predicted results 

(daN/cm2) 

Fine 
aggregate 

(kg )  

Sand 515 

4395 0.277 227.26 

Stone 

powder 
129 

Coarse aggregate (kg) 1200 

Binder 

(kg )  

Cement  224 

Fly ash  56 

Water (liter) 195 

 
 
5. CONCLUSIONS 
 

The paper proposes three artificial neural network 

models that allow predicting the compressive strength of 

concrete using ingredient materials in Central Vietnam. 

The highlight is the reuse of fly ash and stone powder 

waste products. The inputs of ANN models are concrete 

mixtures, ultrasonic pulse velocity (UPV), and amplitude 

attenuation ratio. These models allow predicting the 

compressive strength of concrete at 28 days within the 

range of 8.65-62.13MPa (86.5- 621.3daN/cm2).  

The outstanding advantage of the built neural network 

model is that it can predict the compressive strength for 
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any concrete mixture. It is significant when it is necessary 

to evaluate the compressive strength provided by the 

concrete supplier. Then, with the concrete manufacturer's 

known concrete mix, while ultrasonic pulse velocity and 

amplitude attenuation ratio were experimentally 

measured, using the built ANN model, it is easy to predict 

the compressive strength of concrete. 
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APPENDIX  
 
TABLE A1. Designation of mixture, ultrasonic pulse velocity (UPV), amplitude attenuation ratio (A1/A1), and compressive strength 

(fc) 

Mixture 
Designation 

of mixture 

Fine aggregate (A), kg/m3 Gravel 

(B) 

kg/m3 

Binder (C) (kg/m3) 
Water 

(D) liter 

UPV 

(m/s) 

Amplitude 

attenuation 

ratio 

Compressive 

strength 

Sand 

(80%) 

Stone 

(20%) 

Total 

(100%) 

Cement 

(80%) 

Fly ash 

(20%) 

Total 

(100%) 
A2/A1 fc(daN/cm2) 

1 A1B1C1D1 512 128 640 1100 172.8 43.2 216 190 4250 0.074 144.7 

2 A1B1C1D2 512 128 640 1100 172.8 43.2 216 210 4055 0.112 108.1 

3 A1B1C1D3 512 128 640 1100 172.8 43.2 216 230 3935 0.093 90.4 

4 A1B1C2D1 512 128 640 1100 255.2 63.8 319 190 4495 0.472 315.8 

5 A1B1C2D2 512 128 640 1100 255.2 63.8 319 210 4360 0.347 215.4 

6 A1B1C2D3 512 128 640 1100 255.2 63.8 319 230 4355 0.128 193.9 

7 A1B1C3D1 512 128 640 1100 337.6 84.4 422 190 4695 0.390 447.5 

8 A1B1C3D2 512 128 640 1100 337.6 84.4 422 210 4560 0.309 403.3 

9 A1B1C3D3 512 128 640 1100 337.6 84.4 422 230 4515 0.453 317.7 

10 A1B1C4D1 512 128 640 1100 420 105 525 190 4715 0.618 545.7 

11 A1B1C4D2 512 128 640 1100 420 105 525 210 4675 0.194 553.3 

12 A1B1C4D3 512 128 640 1100 420 105 525 230 4520 0.308 467.0 

13 A1B2C1D1 512 128 640 1200 172.8 43.2 216 190 4440 0.051 152.3 

14 A1B2C1D2 512 128 640 1200 172.8 43.2 216 210 4215 0.016 103.3 

15 A1B2C1D3 512 128 640 1200 172.8 43.2 216 230 4185 0.034 95.2 

16 A1B2C2D1 512 128 640 1200 255.2 63.8 319 190 4690 0.021 121.4 

17 A1B2C2D2 512 128 640 1200 255.2 63.8 319 210 4525 0.088 246.1 

18 A1B2C2D3 512 128 640 1200 255.2 63.8 319 230 4465 0.054 220.4 

19 A1B2C3D1 512 128 640 1200 337.6 84.4 422 190 4760 0.027 354.1 

20 A1B2C3D2 512 128 640 1200 337.6 84.4 422 210 4745 0.110 417.0 

21 A1B2C3D3 512 128 640 1200 337.6 84.4 422 230 4715 0.205 364.3 

22 A1B2C4D1 512 128 640 1200 420 105 525 190 4900 0.097 592.2 

23 A1B2C4D2 512 128 640 1200 420 105 525 210 4705 0.408 509.3 

24 A1B2C4D3 512 128 640 1200 420 105 525 230 4680 0.499 469.1 

25 A2B1C1D1 633.6 158.4 792 1100 172.8 43.2 216 190 4410 0.037 157.1 

26 A2B1C1D2 633.6 158.4 792 1100 172.8 43.2 216 210 4120 0.040 120.0 

27 A2B1C1D3 633.6 158.4 792 1100 172.8 43.2 216 230 4080 0.062 96.5 

28 A2B1C2D1 633.6 158.4 792 1100 255.2 63.8 319 190 4560 0.049 306.2 

29 A2B1C2D2 633.6 158.4 792 1100 255.2 63.8 319 210 4485 0.065 242.9 

30 A2B1C2D3 633.6 158.4 792 1100 255.2 63.8 319 230 4330 0.025 196.8 

31 A2B1C3D1 633.6 158.4 792 1100 337.6 84.4 422 190 4705 0.058 443.9 

32 A2B1C3D2 633.6 158.4 792 1100 337.6 84.4 422 210 4680 0.092 373.6 

33 A2B1C3D3 633.6 158.4 792 1100 337.6 84.4 422 230 4540 0.050 369.9 

34 A2B1C4D1 633.6 158.4 792 1100 420 105 525 190 4775 0.249 539.3 

35 A2B1C4D2 633.6 158.4 792 1100 420 105 525 210 4625 0.057 475.6 
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Mixture 
Designation 

of mixture 

Fine aggregate (A), kg/m3 Gravel 

(B) 

kg/m3 

Binder (C) (kg/m3) 
Water 

(D) liter 

UPV 

(m/s) 

Amplitude 

attenuation 

ratio 

Compressive 

strength 

Sand 

(80%) 

Stone 

(20%) 

Total 

(100%) 

Cement 

(80%) 

Fly ash 

(20%) 

Total 

(100%) 
A2/A1 fc(daN/cm2) 

36 A2B1C4D3 633.6 158.4 792 1100 420 105 525 230 4445 0.235 457.0 

37 A2B2C1D1 633.6 158.4 792 1200 172.8 43.2 216 190 4245 0.076 179.6 

38 A2B2C1D2 633.6 158.4 792 1200 172.8 43.2 216 210 3945 0.070 106.2 

39 A2B2C1D3 633.6 158.4 792 1200 172.8 43.2 216 230 3905 0.102 107.6 

40 A2B2C2D1 633.6 158.4 792 1200 255.2 63.8 319 190 4490 0.144 304.8 

41 A2B2C2D2 633.6 158.4 792 1200 255.2 63.8 319 210 4310 0.036 243.2 

42 A2B2C2D3 633.6 158.4 792 1200 255.2 63.8 319 230 4260 0.143 184.5 

43 A2B2C3D1 633.6 158.4 792 1200 337.6 84.4 422 190 4630 0.195 487.7 

44 A2B2C3D2 633.6 158.4 792 1200 337.6 84.4 422 210 4500 0.109 387.6 

45 A2B2C3D3 633.6 158.4 792 1200 337.6 84.4 422 230 4510 0.083 333.4 

46 A2B2C4D1 633.6 158.4 792 1200 420 105 525 190 4650 0.189 461.7 

47 A2B2C4D2 633.6 158.4 792 1200 420 105 525 210 4550 0.116 322.1 

48 A2B2C4D3 633.6 158.4 792 1200 420 105 525 230 4505 0.161 483.4 

49 A3B1C1D1 755.2 188.8 944 1100 172.8 43.2 216 190 4105 0.084 166.8 

50 A3B1C1D2 755.2 188.8 944 1100 172.8 43.2 216 210 3975 0.082 120.8 

51 A3B1C1D3 755.2 188.8 944 1100 172.8 43.2 216 230 3720 0.082 93.8 

52 A3B1C2D1 755.2 188.8 944 1100 255.2 63.8 319 190 4445 0.119 294.7 

53 A3B1C2D2 755.2 188.8 944 1100 255.2 63.8 319 210 4285 0.097 269.7 

54 A3B1C2D3 755.2 188.8 944 1100 255.2 63.8 319 230 4175 0.137 219.9 

55 A3B1C3D1 755.2 188.8 944 1100 337.6 84.4 422 190 4580 0.084 467.3 

56 A3B1C3D2 755.2 188.8 944 1100 337.6 84.4 422 210 4620 0.100 417.8 

57 A3B1C3D3 755.2 188.8 944 1100 337.6 84.4 422 230 4495 0.113 394.5 

58 A3B1C4D1 755.2 188.8 944 1100 420 105 525 190 4645 0.143 365.8 

59 A3B1C4D2 755.2 188.8 944 1100 420 105 525 210 4555 0.118 514.9 

60 A3B1C4D3 755.2 188.8 944 1100 420 105 525 230 4455 0.045 392.2 

61 A3B2C1D1 755.2 188.8 944 1200 172.8 43.2 216 190 4135 0.028 152.9 

62 A3B2C1D2 755.2 188.8 944 1200 172.8 43.2 216 210 3965 0.033 118.2 

63 A3B2C1D3 755.2 188.8 944 1200 172.8 43.2 216 230 3765 0.010 86.5 

64 A3B2C2D1 755.2 188.8 944 1200 255.2 63.8 319 190 4415 0.016 313.0 

65 A3B2C2D2 755.2 188.8 944 1200 255.2 63.8 319 210 4370 0.012 261.4 

66 A3B2C2D3 755.2 188.8 944 1200 255.2 63.8 319 230 4215 0.042 228.0 

67 A3B2C3D1 755.2 188.8 944 1200 337.6 84.4 422 190 4540 0.194 478.1 

68 A3B2C3D2 755.2 188.8 944 1200 337.6 84.4 422 210 4460 0.105 477.2 

69 A3B2C3D3 755.2 188.8 944 1200 337.6 84.4 422 230 4400 0.032 383.4 

70 A3B2C4D1 755.2 188.8 944 1200 420 105 525 190 4555 0.175 621.3 

71 A3B2C4D2 755.2 188.8 944 1200 420 105 525 210 4525 0.057 466.8 

72 A3B2C4D3 755.2 188.8 944 1200 420 105 525 230 4520 0.039 519.6 
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Persian Abstract 

 چکیده 
د از این مواد اثرات نامطلوب زیادی بر محیط طبیعی ایجاد می کند. کارخانه ها  در مرکز ویتنام، مواد سنتی برای ساخت بتن معمولا منشاء طبیعی دارند. بهره برداری بیش از ح

هنگامی که برای جایگزینی جزئی سیمان و ماسه استفاده می شود،  محلی میلیون ها تن مواد زائد مانند خاکستر بادی و پودر سنگ تولید می کنند. با این حال، و معادن صنعتی

نوع بتن ضروری است. هدف این مقاله استفاده از  مقاومت فشاری بتن تأثیر بگذارند. بنابراین ساخت مدل هایی برای پیش بینی مقاومت فشاری این این مواد زائد می توانند بر 

ارامتر است: سرعت  شش پ  شامل  ANNقاومت فشاری بتن با استفاده از خاکستر بادی و مواد زائد پودر سنگ بود. ورودی مدل  بینی مهای شبکه عصبی مصنوعی برای پیش مدل

نمونه مکعبی از مخلوط های مختلف با استفاده از مواد موجود در ویتنام مرکزی  72پارامتر مصالح بتن. داده های تجربی از  4پالس اولتراسونیک، نسبت تضعیف دامنه موج و 

فراهم می کنند. علاوه بر این، این مدل ها می   MPa (90-620daN/cm2) 9-62ه روزه بتن را در محدود 28به دست آمد. این مدل ها امکان پیش بینی مقاومت فشاری 

ه شده توسط سازنده قابل اعتماد است یا  توانند مقاومت فشاری را با هر مخلوطی پیش بینی کنند. هنگام ارزیابی مجدد اینکه آیا مقدار مقاومت فشاری واقعی به اندازه مقدار ارائ

 خیر، مهم است.
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A B S T R A C T  
 

 

The hollow glass microspheres (HGMS) has been recently used in the fabrication of low-density 
polymeric composites due to rather high stiffness nature of the fillers together with their lightweight that 

in turn results in the development of micro-composites of engineered properties with enhanced 

mechanical properties. Interfacial interactions at the filler/polymer interface control the load transfer and, 
thus, bulk properties of composites leading to unpredictable performance of composites embedded with 

inclusions. Nevertheless, useful analytical models are required to estimate the mechanical behavior of 
the HGMS based composites with the incorporation of the effect of interfacial interactions and possible 

agglomeration of fillers. No studies so far have reported the analytical modeling of HGMS reinforced 

thermosetting composites emphasizing the role of the interphase shaped at the vicinity of fillers.  This 
study aims at the fabrication of 0-20 wt% HGMS/polyester micro-composites followed by 

micromechanical modeling of the fabricated parts whilst the effect of the interphase region is emphasized 

by models modification. The results indicated a strong correlation between the interphase characteristics 
and Young’s modulus of the specimens revealing the dependency of the modulus on the thickness and 

modulus of the interphase as well as the level of agglomeration and interfacial debonding of the HGMSs. 

The results demonstrated that with considering no interphase, the models underestimate the modules of 
the parts, which suggests the presence of stiff interphase around the HGMS governed by changes in the 

interfacial cross-link density of the parent polymer as hypothesized supported by the mechanical 

response of the parts. 

doi: 10.5829/ije.2022.35.05b.13 
 

 

NOMENCLATURE 

Ai Constants used on Eshelby’s tensor f Fillers volume fraction (%) 

d Filler diameter (mm) l Filler length (mm) 

E11 Composite elastic modulus (GPa) Greek Symbols 

EC Composite elastic modulus (GPa)  ζ Shape factor in Halpin-Tsai relation, l/d 

Ef Filler tensile modulus (GPa) η Halpin-Tsai constant as a function of modulus and shape factor 

Ei Interphase tensile modulus (GPa) νm Matrix Poisson ‘s ratio 

Em Matrix tensile modulus (GPa) η Halpin-Tsai constant as a function of modulus and shape factor 

 
1. INTRODUCTION1 

 

The fabrication of lightweight high stiff composites has 

drawn increasing attention due to their extensive 

applications mainly due to the energy conservation 

aspects, the decrease in the processing costs and energy 

consumption during the processing. Therefore, the 

 

*Corresponding Author Institutional Email: mkarevan@iut.ac.ir 
(M. Karevan) 

development of lightweight thermosetting composites 

with no or minimal decrease in their mechanical 

properties has drawn a great body of interest due to their 

broad applications in structures, automotive industries or 

energy sectors [1, 2]. However, due to the presence of 

multiple variables such as the interfacial interactions at 

the surface of filler, the agglomeration of fillers and the 

 

  



978                                            M. Karevan / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   977-987 

 

modified properties of the polymers at the surface of the 

fillers, the eventual mechanical properties of reinforced 

polymers cannot be easily predicted through analytical or 

computational tools. Interfacial interactions either 

repulsive or attractive can modify the physical properties 

of polymer chains at the interface of filler/polymer and, 

thus, result in either an imperfect or strong bonding at the 

contact of filler/polymer, respectively [3].  

Most often, attractive interactions lead to the 

generation of a third stiff layer called “interphase” that is 

responsible for the quality of load transfer from the 

matrix to the filler. The interactions, moreover, may 

result in the formation of the agglomeration phase which 

suppresses the mechanical properties of the reinforced 

composites [4, 5]. One main challenge still existing is the 

unknown properties of the interphase for many 

composite systems as the thickness and mechanical 

peripeties of the interphase are remarkably material 

specific. In addition, the small size of the interphase 

requires sophisticated and advanced techniques for its 

accurate characterization [6]. The latter would lead to 

even more issues in the corporation of the interphase as a 

second mechanism into modeling tools [7]. 

The challenges arise when, for reliable 

characterization, the lack of any filler/polymer shear 

slippage, filler debonding and additional voids, micro-

cracks and imperfections at the interface is assumed [8, 

9]. Such phenomena significantly result in mechanical 

response exhibited by nano/micro-composites that 

cannot be easily predicted or engineered through even 

extensive experimental observations [10, 11]. Therefore, 

for a better understanding of the effect of interfacial 

interactions on mechanical performance of composites, 

although micromechanical models have been frequently 

employed, there is a need for approaches through which 

the effect of the interactions could be assessed. 

Based on previous studies, numerous thermosetting-

based composite systems have been designed and 

developed using micro size fillers from metal oxides, 

carbon-based materials to natural fibers [12, 13]. It could 

be consequently understood that the utilization of glass 

based reinforcements has been widely reported in the 

enhancement of mechanical properties of composites 

[14, 15]. Although this body of research reveals the 

dependence of mechanical and physical behavior 

thermosetting composites reinforced with fillers, the use 

of the hollow glass microspheres (HGMSs) as 

lightweight high stiff reinforcements has been rarely 

reported in respect of the elastic response of polyester-

based composites filled with HGMS as the reinforcement 

[16]. In one study, Chen et al. [17] reported the use of 

HGMSs coated with silver particle aiming at the 

fabrication of electrically conductive microspheres to be 

employed as one of the reinforcement phase in epoxy-

based liquid molded composites. The composites 

exhibited electromagnetic interference shielding 

properties whilst the HGMSs acted as materials to fill up 

the vacancies generated by the network of carbon fibers. 

Jiang et al. [18] have recently revealed their work on the 

use of HGMSs in reinforcing expanded polystyrene 

(EPS) and epoxy resin (EP) to develop compression 

molded foam balls of enhanced compressive strength. In 

another study, Altay et al. [19] incorporated HGMSs 

together with polystyrene (PS) microfiber membrane to 

examine the effect of HGMSs on the thermal insulation 

and sound absorption insulation behavior of glass fiber 

fabric-reinforced epoxy composites. Moreover, no 

research has been reported on the correlations amongst 

the elastic performance of the HGMS reinforced 

thermosetting micro-composites emphasizing the effect 

of interphase [20, 21]. To do so, this study aims at the 

analytical modeling of 0-20 wt% HGMS reinforced 

polyester micro-composites using the Halpin-Tsai and 

Tandon-Weng models accounting for the interphase 

thickness and elastic modulus for a better understanding 

of the role of the reinforcing mechanism, the interphase, 

in overall tensile behavior of the HHMSs based micro-

composites.  

To examine the interphase impact on the elastic 

modulus of the fabricated parts, tensile testing was 

performed and the moduli of the composites were 

compared with the models’ predictions. Upon parametric 

changes in the interphase properties, best result fitting 

based on the experimental values was determined and 

possible links with the interfacial modification of the 

polyester matrix such as degree of cross-links at the 

surface of HGMS and the possible presence of 

agglomeration phase as an adverse clustered region at 

higher filler loading were discussed.   
 
 

2. EXPERIMENTAL 

 

2. 1. Material          Industrial-grade HGMS was used as 

the micro-reinforcement with the density of 0.38 g/cm3, 

the modulus of 1.99 GPa and an approximate diameter of 

~30-40 μm. An industrial-grade polyester thermoset resin 

was used as the polymer matrix. The resin components of 

hardener and catalyst were mixed as described by the 

manufacturer. Figure 1 represents the SEM image of the 

fractured surface of polyester composites reinforced with 

HGMS illustrating the surface morphology and the 

average size of the HGMS fillers.  

 

2. 2. Fabrication of HGMS/Polyester Micro-

composites    Micro-composites of polyester resin 

reinforced with 0 to 20 wt% of as-received HGMS were 

fabricated using direct mixing of the fillers within the 

resin utilizing a high shear mixer (HSM) consisting a 

rotor/stator mechanism  at 3000 rpm for 30 minutes. The 

mixture of resin/hardener/catalyst was then mixed and 

cast into silicon molds per the ASTM standard  required 
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Figure 1. SEM image of a single HGSM particle exposed 

from the surface of HGMS/polyester composites 
 

 

for each test near its gel time to avoid HGMS floating 

onto the surface of the resin due to its lightweight. To 

fabricate specimens, the curing process was performed at 

the ambient condition taking ~ 24 hours for the 

speciemens to be cured. No surface modification of 

HGMSs was used in the fabrication process of the current 

study [22]. The summary of the fabrication route and 

dispersion technique is given in Table 1. 

 

2. 3. Characterization of HGMS/Polyester 

Composites 

 

2. 3. 1. Tensile Properties           To understand the 

effect of HGMSs on the tensile response of the 

composites including Young’s modulus and tensile 

strength, tensile testing was performed per to the ASTM 

D638 test method using a universal tensile testing 

machine (Sanaf Co., Iran).  

Three tensile test specimens were used in the case of 

each composite system and at least an average of two 

specimens were reported. The tensile values were 

obtained at the deformation rate (stroke speed) of 2.54 

mm/min at the ambient temperature. The slop of stress-

strain curve over the linear region was used to determine 

the modulus of the samples and the highest point on the 

curves were as the tensile strength of the composites. 

 

2. 3. 2. Impact Measurement          The Izod impact 

resistance of the composites was measured according to 

the  ASTM D256  using an Impact machine  (Sanaf Co., 
 

 

TABLE 1. Fabrication process specification   

Parameter Value 

HSM rotational speed 3000 (rpm) 

HSM diameter 20 (mm) 

Mixing time 30 (minutes) 

Curing time 24 (hours) 

Curing temperature  ambient 

Mold cavity dimension 
120×120×10 mm3 

3.2×12×70 mm3 

Iran). At least three specimens were used for the impact 

resistance performance of each composite system and the 

average and standard deviation were reported. The test 

was performed to better correlate the presence of stiffer 

interphase with the assumptions used in the incorporation 

of the interphase into the modeling techniques used. 

 

2. 3. 3. Drop Weight Testing        HGMS reinforced 

composites of 120×120×10 mm3 were fabricated to 

conduct the drop-weight analysis. A digital drop testing 

system based on the changes on the deflection of a single 

cantilever beam load-cell and electric out-put current of 

strain gages on a Whetstone Bridge was used for 

assessing the toughness of the parts. The system works in 

such a way that upon damage onto the specimens, a 

fraction of the potential energy applied is absorbed by the 

parts and the rest of the energy is to be transferred to the 

loadcell. The energy received by the cantilever leads to 

the deflection of the beams to be a measure of the 

absorbed energy by the composites in a differential 

manner. 

 

2. 3. 4. Scanning Electron Microscopy (SEM) 

Studies            The morphology, HGMS/polyester 

bonding conditions, dispersion quality and 

microstructure of the fractured surface of the composites 

were evaluated on a FE-SEM (QUANTA FEG 450-

USA). The surface of the SEM composite samples cut 

from the fractured surface of the composites was gold 

sputtered before the analysis to eliminate electron 

charging effects created by the non-conductive nature of 

the polymer-based specimens. 

 

 

3. MICROMECHANICAL APPROACH 

 

To understand the effect of interactions on the elastic 

response of HGMSs reinforced composites, 

micromechanical models were utilized emphasizing the 

role of the interphase properties [23]. Assumptions 

including the perfect dispersion and distribution of 

HGMSs, linear elastic properties of the filler and matrix, 

isotropic properties of the constituents were made. The 

aspect ratio of HGMSs was assumed to be ~ 1 as the 

fillers with spherical geometry as clearly demonstrated in 

Figure 1. Moreover, it was assumed that perfect 

interfacial bonding exists at the interface of 

HGMSs/polyester as one main factor, although this 

assumption proved to be invalid at higher fillers content 

due to weakened interfacial strength. Therefore, it was 

assumed that any debonding conditions and micro-voids 

resulting in shear slippage of agglomerated phase are not 

generally present in the bulk micro-composites as 

confirmed by the SEM image represented in Figure 2. It 

is illustrated in this study upon the addition of further 

HGMS loadings, interfacial debonding is likely due to 
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the suppressed wettability of the polymer due to excess 

surface area of the fillers to be wetted by the polyester 

resin. In the current study, three analytical models were 

employed to examine the effect of the interphase.  

The Halpin-Tsai (H-T) model and Tandon-Weng 

extracted from Eshelby’s tensor components first 

introduced in the case of ellipsoidal particles into an 

infinite matrix were used as the modeling technique [24].   

Required modifications were considered to 

incorporate the interphase modulus and thickness per to 

a parametric study using the core-shell concept as the 

interphase acts like the matrix for the filler. The 

properties of a single entity homogenized filler being a 

new filler previously consisting of a filler and 

surrounding matrix, thus, were approximated using the 

micromechanical models. In addition, as the models are 

normally utilized in the case of short-fibers and function 

more accurately for inclusions of considerable aspect 

ratios, the rule of mixtures (ROM) was also used for the 

case of comparison to understand the reinforcing effect 

of the filler/interphase entity embedded in the polyester. 

The Halpin-Tsai equations used for the estimation of 

Young’s modulus of the composites are expressed as the 

following equation [25]: 

�� = �� ����	

���
 �  (1) 

where 

 = � ��
�����

� ��
�����

   (2) 

in which Ef, Em and EC are Young’s modulus of the 

fillers, matrix and the composites, respectively and f the 

fillers volume fraction. 

� = 2 �
� is to be ~2 in the case of spherical particles. � is 

a correction factor depending upon the shape and 

geometry of fillers reportedly exists in the literature [26]. 

Tandon-Weng (T-W) explicit model initially introduced 

based on the Mori-Tanaka method was used to compare 

the modeling results with those represented by the 

experimental observations and the H-T model. The 
 

 

 
Figure 2. SEM image of the fractured surface of 

HGMS/polyester representing bonding conditions of 

HGMS/polyester 

Tandon-Weng model can be described as the equation 

below [26, 27]: 

���
��

= �
��
(��������)/�.    (3) 

where E11 is the longitudinal Young’s modulus in the 

direction of fibers/fillers, νm the Poisson’s ratio of the 

polyester in this study and A constants were obtained 

using the Eshelby’s tensor depending on the aspect ratio, 

Poisson’s ratio of the matrix as well as the elastic Lame 

constants of the filler and matrix. The Young’s modulus 

of the HGMSs was assumed to be 1.99 GPa based on the 

literature [28] and industrial-grade fillers. The modulus 

of 4.54 GPa for the neat polyester based on the 

experimental testing results, the density of 1.23 and 0.38 

g/mm3 based on the densitometry results and the 

manufacturer datasheet, respectively, and 0.23 and 0.40 

as the Poisson’s ratio of the HGMSs and the polyester-

based on the literature values and manufacturer were 

used. The Lame constants were used based on the 

elasticity theory in respective constituents from literature 

as needed unless otherwise mentioned.  

The hypothesis is that the vol% of the interphase 

region is significantly governed by the interphase 

thickness, the geometry of fillers and the agglomeration 

phase accordingly resulting in variations in the modulus 

of HGMS/polyester composites. To examine the effect of 

the ratio of interphase vol% to that of the filler, the 

interphase thickness was estimated to vary from 1 to 8 

μm based on reasonable values reported in the case of 

micro-reinforced composites in literature [29]. The effect 

of interphase modulus, thus, was evaluated using the 

assumed values whilst the generation of a stiffer 

interphase compared to that of the matrix was 

hypothesized based on the experimental tensile moduli. 

In all cases, simultaneous variations in the interphase 

modulus as well as the changes in the interphase 

thickness were taken into account. It is pointed out that 

multiple variables exist to be considered in the 

 

 
TABLE 2. Summary of the values used in the micromechanical 

modeling of the composites 

Parameter Value 

HGMS diameter 30 (μm) 

HGMS modulus 1.99 (GPa) 

HGMS density 0.38 (g/mm3) 

HGMS wt. % 0-20  

HGMS aspect ratio ~1 

Interphase thickness 0-8 (μm) 

Interphase modulus 2-15 (GPa) 

Neat polyester modulus 4.54 (GPa) 

Neat polyester density 1.23 (GPa) 
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incorporation of the interphase region into the analytical 

models. However, the thickness and modulus of this 

region are markedly affected by the interfacial strength 

and, thus, are taken into consideration as underlying 

parameters. Table 2 summarizes the parametric and 

experimental values employed in the micromechanical 

modeling of the HGMS/polyester composites. 

 

 

4. RESULTS AND DISCUSSION 

 

4. 1. Tensile Properties          Figure 3 illustrates the 

tensile properties of polyester composites reinforced with 

0-20 wt% of HGMS. As understood from the results, 

addition of HGMS results in a sharp decrease in the 

tensile strength whilst an increase in the modulus is 

observed.  The decrease in the tensile strength as shown 

in Figure 3a is attributed to the highly porous nature of 

the fabricated parts with lower packing density and 

integrity of the specimens. It is hypothesized that an 

increase in the observed modulus as revealed in Figure 

3b is correlated to the increased degree of interfacial 

cross- links generated at the filler surface and, thus, the 

enhanced stiffness of the composites. It is suggested that 

due to the lower Young’s modulus of the HGMSs used 

compared to that of polyester, the second mechanism of 

reinforcement contributes to an increase in the modulus. 

However, upon the addition of HGMS up to the 12 wt% 

loadings, the modulus reaches a plateau suggesting the 

presence of opposing effects such as the formation of 

HGMSs agglomeration at higher loadings resulting in the 

decrease in the effective interfacial bonding and, thus, the 

interphase quality [5]. The latter is believed to decrease 

the shear resistance of the bulk composites as a result of 

weaker filler’s wettability and, thus, suppressed load 

transfer at the interface of HGMSs and polyester matrix 

[30].  

 

4. 2. Impact Behavior of the Composites           The 

impact response of the specimens as a function of the 

HGMS wt% is demonstrated in Figure 4. As shown, the 

impact resistance of the composites experiences an 

overall increase with addition of filler content reaching 

an optimum value at 10 wt% of HGMSs. The 

observations could be ascribed to the generation of the 

greater volume of stiff interphase around the fillers as the 

HGMSs containing hollow structures cannot be 

essentially considered as a contributing phase to the 

enhanced impact performance of the composites. The 

hypothesis of stiffer interphase concerning the parent 

polymer matrix is interrelated to the polymer chains of 

cross-linking nature with significant growth in the degree 

of chains immobilization. The formation of constrained 

chains is thought to be occurred due to the presence of 

attractive interfacial forces, chains mechanical 

interlocking due to the fillers surface adsorption effect 

 

 
Figure 3. (a) Tensile strength and (b) tensile modulus of 

HGMS reinforced micro-composites as a function of HGMS 

loading 
 

 

and interfacial van der Waals forces [31, 32]. The 

decrease in the results beyond this filler content is 

attributed to the increased agglomeration of the HGMS 

phase resulting from several competing factors. First, it 

is widely believed that at higher filler ratios, there is a 

lack of enough polymer available to wet the surface of 

fillers due to the extensive surface of fillers compared to 

that of polymer resin. Moreover, the agglomeration phase 

not only encourages crack propagation through the 

cluster phase with no polymer bonding, but also the 

agglomerated region leads to a decrease in effective 

interfacial interactions and, consequently, lowered 

interphase properties in terms of thickness and modulus 

[33].  
 

 

 
Figure 4. Impact resistance of HGMS filled micro-

composites 
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4. 3. Toughness Performance of HGMS/Polyester 

Composites         The HGMS/polyester composites 

energy consumption obtained from the drop weight 

impact as a measure of the toughness against the HGMS 

content is displayed in Figure 5. It is clearly understood 

from the figure that the addition of HGMSs into the 

polyester leads to an overall enhancement in the 

toughness exhibiting the greatest values in the case of 

composites at 12-15 wt% of HGMS loading. The 

findings support the creation of a stronger interfacial 

bonding and hence the formation of interphase with a 

stiffer nature compared to the neat polyester as earlier 

confirmed by the impact test results. As clearly 

understood, the results are in good agreement with the 

tensile response and impact performance of the parts 

where the presence of agglomeration phase at higher 

HGMSs loading adversely influences the toughness of 

the fabricated composites due to the factors discussed 

earlier.  

 

4. 4. Micromechanical Predictions              Figure 6 

illustrates the micromechanical results predicted by the 

models compared to the experimental moduli. It is clearly 

shown that unmodified models underestimate the elastic 

modulus, which is ascribed to the lower modulus of the 

HGMS than that of the neat polyester. The presence of 

stiffer interphase is hypothesized. It is revealed by the 

findings as the aspect ratio of the fillers is ~1, the moduli 

are predicted the same regardless of the model used. 

Several factors further contribute to the models 

underestimation including inadequate load transfer in the 

case of spherical particles, the assumption of uniform 

distribution of fillers in the matrix and perfect 

filler/polymer interfacial bonding.   

Figures 7a to 7d depict the effect of incorporating the 

interphase of varying thickness while its modulus 

changes from 2 to 15 GPa. It is well defined that after the 

increase in the modulus beyond 12 GPa, the models start 

predicting more accurately concerning the experimental 
 

 

 
Figure 5. Drop weight energy absorption vs. time on based 

on absorbed energy difference. The downward peaks 

represent maximum energy absorbed upon damage by the 

specimens 

 
Figure 6. Modeling predictions as a function of HGMS wt% 

 

 

values and the increase is more intensified as the 

interphase thickness increases. 
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Figure 7. Modeling predictions as a function of HGMS wt% 

and interphase thickness in μm and modulus of: (a) 2, (b) 4, 

(c) 12, and (d) 15 GPa 
 

 

The findings are correlated to and support the 

occurrence of a stiffer interfacial region as a result of an 

enhanced degree of cross-links at the vicinity of the 

HGMS surface forming stiff interphase. As mentioned 

earlier, a core-shell technique was employed to 

incorporate the interphase into the models. As expected 

with the addition of an interfacial phase surrounding the 

HGMSs, the overall elastic properties of the matrix 

changes resulting from the neat matrix replaced by either 

softer (at the interphase modulus of 2 GPa) or stiffer (at 

the interphase modulus of 15 GPa) material. Beside this 

phenomenon, as the interphase region of a given 

thickness occupies the neat matrix, the resulted shell 

material around the HGMS is expected to contribute to 

the overall modulus of the core-shell entity. 

Consequently, the modulus of the new filler (consisting 

of the interphase as the shell and the original HGMS as 

the core) is dramatically influenced by the thickness and 

the assumed modulus of the interphase.  

As shown in Figure 7a, with the increase in the 

interphase thickness, the overall modulus of the 

composites is further decreased due to the addition of 

softer phase (modulus of 2 GPa) compared to the parent 

matrix (modulus of 4.54 GPa). The finding suggests that 

the interphase modulus is likely to be greater than 2 GPa 

based on the experimental value. As represented in 

Figure 7b, the presence of the interphase adversely 

contributes to the elastic response of composites. 

Nevertheless, the interphase thickness exhibits only a 

slight impact on the modulus as the interphase modulus 

and that of the neat polyester are comparable. Figures 7c 

and 7d clearly illustrate that the existence of a stiff 

interphase compared to the neat matrix not only leads to 

the enhancement in the modulus of the composites but 

also results in the sensitivity of the models to the 

interphase thickness. As discussed earlier, in this case, 

the interphase region of high modulus replaces the softer 

matrix, and, consequently, results in a marked 

improvement in the elastic response of the composites. 

As shown in Figure 7d, the impact of interphase thickness 

on the composites modulus is more intensified when the 

interphase gains greater degree of elastic properties. 

Figures 8a and 8b in addition demonstrate the 

sensitivity of the models to the interphase thickness (6 

and 8 μm represented) whilst the modulus varies. As 

understood from Figures 7 and 8, the composites 

modulus is more sensitive to both interphase thickness 

and modulus at lower HGMS wt%. It could be 

understood from the modulus curves represented in 

Figure 9 that there exists a trade-off between the 

interphase modulus and thickness suggesting that stiffer 

interphase of lower thickness may virtually lead to the 

same prediction as thick interphase of lower modulus. 

However, it is clearly understood from Figure 9 that the 

modulus predictions are more sensitive to the thickness 

of the interphase than the modulus resulting in a greater 

reinforcing efficiency [34]. The findings suggest that 

even though spherical particles, irrespective of their size, 

show an aspect ratio of 1, fillers of small diameters might 

contribute to the more effective interfacial load transfer 

than those with larger diameters. This effect could be 

thought of as the enhancement in the surface to volume 

ratio of fillers and, thus, an increase in overall volume 

fraction of the created interphase. The effect of the 

agglomeration phase on the overall elastic response of the 

fabricated part was also examined to give a better insight  

 

 

 

 
Figure 8. Modeling predictions as a function of HGMS wt% 

and modulus at the thickness of: (a) 6 and (b) 8 μm 
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Figure 9. Optimized modeling predictions as a function of 

HGMS wt% 

 

 

into the effect of interfacial interactions in particular at 

higher HGMSs loadings. As shown in Figure 10, the 

level of agglomeration phase was incorporated into the 

models considering the cluster size based on of a 

representative SEM image at high filler loading above 20 

wt%. It is shown that with the incorporation of no 

agglomeration, the models somewhat overpredict the 

modulus depending on the models used (considering 

interphase); however, with the agglomeration involved, 

the modified models predict optimally closer to the 

experimental tensile modulus values. The agglomeration 

level/size was assumed using the SEM images of the 

fractured surface considering the equivalent particle size 

based on an average number of 4 HGMSs within each 

cluster as shown in Figure 11 (distinguished by circles) 

as discussed later in this work. It was found that each 

equivalent radius of HGMS is around 48-50 μm (v.s. 15-

20 μm in the case of isolated HGMSs). 

 

4. 5. Morphological Properties      Figure 11 

represents the SEM micrographs of HGMS reinforced 

polyester micro-composites filled with 3,  10,  20 and 30 

 

 

 
Figure 10. Modeling predictions as a function of HGMS 

wt% and agglomeration level from 0 to 100% 

  

  
Figure 11. SEM fracture surfaced of HGMS/polyester 

composites filled with HGMS loading of (a) 3 wt% 

representing isolated single fillers dispersed within the 

matrix, (b) 10 wt% illustrating grown number density of 

fillers, (c) 20 wt% suggesting the presence of fillers clusters 

besides a dispersed phase and (d) 30 wt% as a high ratio 

filled composites displaying tangential interconnected 

spherical surface demonstrating lowered wettability of 

fillers due to their excess surface area compared to available 

polyester 
 

 

wt% of the reinforcements. It is revealed that at low 

fillers loading, there exists uniform dispersion of 

HGMSs within the matrix illustrated in Figure 11a and 

composites where the models take into account high-

level dispersion of fillers. Nevertheless, with an 

increase in the filler content, a higher number density of 

the fillers is observed, which leads to the possible 

presence of agglomerated phase as shown in Figures 

11c and 11d. As reported frequently elsewhere, the 

existence of the agglomeration phase results in 

numerous mechanisms shown to be unfavorable to the 

interfacial load transfer at the filler/polymer matrix. 

Some factors adversely compete with the reinforcing 

mechanisms, which, accordingly, lead to the 

discrepancy between the model’s prediction and the 

experimental elastic behavior of the composites as 

described in previous parts [35]. First, the 

agglomeration would result in the interparticle slippage 

against the shear forces upon loading because no 

bonding exists between the surface of fillers. Second, 

the lowered mechanical response of the fabricated part 

could be ascribed to the decrease in the effective surface 

area of the reinforcement phase due to the excess of 

fillers compared to the available polymer content and, 

thus, lower wettability of the HGMSs at the higher 

loadings [36, 37]. This observation could be better 

explained by the interconnected HGMSs surface where 

the fillers interspace is not enriched with polymer phase 

as clearly understood from Figures 11c and 11d (shown 

by arrows). Moreover, the higher number density of the 

fillers prohibits the formation of the interphase region 

with the assumed thickness due to the pinning effect of 

HGMSs sites [5, 38].  
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The exhibition confirms the agreement between the 

micro-mechanical model’s prediction and the 

experimental elastic response resulting from the 

interfacial detachment at the interface of the HGMSs and 

polyester as understood from the SEM images. 

 

 

5. CONCLUSION 

 

Micro-composites of HGMS/polyester reinforced with 0-

20 wt% of filler were fabricated and the effect of the 

presence of the interphase region and agglomeration on 

the overall elastic response of the composites was 

examined. The results indicated the existence of stiffer 

interphase as a result of perfect bonding at the contact of 

filler/polymer concerning the neat polyester leading to 

the increase in the modulus of the specimens upon the 

addition of fillers. It was further revealed that the elastic 

modulus of the composites is highly sensitive to the 

interphase modulus and thickness resulting in more 

accurate predictions with respect to the experimental 

values using the Halpin-Tsai, Tandon-Weng and the rule 

of mixtures when the interphase of a few microns up to 8 

and modulus of 12-15 GPa are incorporated into the 

models. The findings confirmed the higher sensitivity of 

models to the interphase properties at lower filler content. 

It was shown through the morphological studies a perfect 

bonding of HGMS/polymer exists in the bulk specimens 

at loadings of lower filler ratio; however some levels of 

agglomeration leading to interconnected HGMSs and 

suppressed wettability of fillers were observed and 

accounted into the models to understand the effect of 

agglomerated phase on Young’s modulus. The findings 

were linked to their severe number density of filler at 

higher HGMS content and, thus, models underestimation 

at such loadings. The study provided a methodology to 

give a better insight into the effect of interfacial 

interactions generated in thermosetting-based 

composites filled with HGMS reinforcements on the 

overall elastic response of the parts. 
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A B S T R A C T  
 

 

The aim of this study is synthesis of molecularly imprinted polymers (MIPs) and evaluation for 
extraction of catechin. Catechin is a bioactive compound which is found abundantly in green tea. In this 

paper, MIPs was synthesized by precipitation polymerization technique for catechin, acrylic acid and 

trimethylolpropane trimethacrylate as a template, functional monomer and cross-linker in a molecular 
ratio of (1:12:12), respectively. Surface morphology in the MIPs by scanning electron microscopy (SEM) 

demonstrated spheres with nanometric scale. Fourier transform infrared spectroscopy (FTIR) of the 

polymers showed that catechin molecule was captured in the network copolymers. Porosity of the 
polymers were analyzed using Brouneur Emmet Teller (BET) technique. Based on BET analysis, 

specific surface area of the MIPs was 45.5 m2.g-1 while it was 42.2 m2.g-1 for non-imprinted polymers 

(NIPs). It means that the imprinting process was carried out successfully. Adsorption properties of the 
polymers were characterized too.  The best binding capacity of the MIPs was reported equal to 440 mg. g-1 

in 750 ppm of the feed concentration whereas it was 84mg.g-1 for quercetin (similar structure of catechin). 

It confirms that the MIPs technology can be introduced as a good candidate for separation process with a 

satisfactory result in selectivity. The binding capacity of the MIPs was evaluated for natural extract of green 

tea using a high-performance liquid chromatography (HPLC) device which similar results were obtained. 

According to above mentioned results, separation and pre-concentration of the bioactive compounds from 
the extract of medicinal plants can be suggested via MIPs technique. 

doi: 10.5829/ije.2022.35.05.14 
 

 
1. INTRODUCTION1 
 
Catechin is a flavonoids compound which is found in a 

variety of fruits, vegetables and herbal plants. Although 

catechins are not nutritionally- nutrition for humans, they 

help improve human health by preventing various 

diseases [1]. Some Fruits like grapes, apples, 

strawberries, cherries, and various types of tea, especially 

green tea are the main sources of catechins [2]. Figure 1 

shows the structure of catechin molecule contain five 

hedroxyl groups.Thanks to their hydroxyl groups, 

polyphenols such as catechin and quercetin are the most 

common food antioxidants. 

These compounds play an important role in 

preventing chronic diseases like cancer by inhibiting free 

radicals. Due to the presence of flavonoid bioactive 

compounds such as catechins in green tea, Chinese 

people use green tea as a medicinal beverage. Recently,  
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Figure 1. Chemical structure of Catechin molecule  

 

 

green tea became very popular in many countries 

including Iran [3]. There are many different methods for 

separation of the bioactive or special compounds. Using 

eco-friendly technique is welldwon for human safty. 

Adsorption of methylene blue by silk cocoon as a natural 

adsorbent and extraction of the bioactive compound from 

gringer via subcritical water extraction can be mentioned 

as green methods [4-5]. Intra molecular interaction is a 

very old concept. Fisher's lock-and-key theory which are 

analogous to the substrate-enzyme interaction, relates to 
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this concept. Today, the molecular imprinting technique 

is a method for designing and detecting the molecules 

according to a mimic system, such as antibodies and 

biological receptors [6-9]. The MIPs are three 

dimensional network polymers with specific binding 

sites for template molecules which are obtained by 

polymerization of functional monomers and cross-linker 

molecules in the presence of template molecules [10]. 

Then by elimination of the template molecule, some 

cavities with a similar structure will be created. 

Identification and selection of the template molecule is 

depend on covalent or non-covalent bonding (such as 

ionic, hydrogen and van der Waals bond) [10-12]. Figure 

2 shows a general schem for creating the cavities 

(especially for Catechin molecule) after tempelate 

removal from MIPs.   

MIPs are three-dimensional network copolymers with 

specific binding sites that are obtained during the 

polymerization process, in presence of the effective 

compounds. Fast preparation, easy, cheap, 

reproducibility and high selectivity are the main reasons 

that this technique can be suggested for separation of the 

bioactive compounds. Various polymerization methods 

(such as bulk and precipitation polymerzation) have been 

developed for the synthesis of the MIPs. Radical 

polymerization, as the first method with a great 

adaptability in selecting functional monomers, in both 

bulk and precipitation polymerization, has been the most 

common method [13]. Five original compounds are 

present in the process of creating MIPs: a template 

molecule, a functional monomer, a cross-linker, an 

initiator and  a solvent. High selectivity, high mechanical 

and chemical stability, easy synthesis and cost-

effectiveness are the main advantages of the MIPs [14]. 

These advantages have led to numerous applications of 

this technique. Applications of the MIPs include sensors, 

solid phase extraction (SPE), enzymes, biosensors, food 

safety, detection of micro organisms and especially drug 

delivery [15-22]. In a study, imprinting of the polymers 

with herbicides was carried out to produce the adsorbents 

which could be used to isolate these hazardous 

compounds from contaminated water [23]. Synthesis of 

the MIPs was reported to isolate naphthoquinone 

compound from the extract of the plants [24]. Recently, 

this technique has also been reported to isolate antifungal  

 

 

 
Figure 2. Creating of cavity in MIPs after removing of 

Catechin 

compounds from secondary metabolites of T. virens [25]. 

In this study Catechin was used as a target molecule for 

MIPs synthesis in a molar ratio of (1:12:12) for template, 

functional monomer and cross-linker respectively via 

precipitation polymerization technique for the first time.  

According to the produced adsorbents with great bonding 

capacities, utilization of this type of intelligent polymers 

for extraction of the bioactive compounds from 

medicinal plants can be investigated. 

 
 
2. EXPERIMENTAL  
 
2. 1. Materials and Methods       The most materials 
which were used in the polymerization process, the 

chemicals were HPLC grade. Methanol and acetic acid 

with high purity were supplied by Merck (Darmstadt, 

Germany). The list of used chemicals are sumarized in 

Table 1.  

The equipments used in this study include analytical 

balance manufactured by A&D company, magnetic 

stirrer model R-50 (Italy), water bath manufacture by 

Memmert  model WB22 (Germany), sonicator model 

QTD1730 (Korea), Centrifuge manufactured by Hermle 

company (Germany) and oven. Jenway 6305 UV/Visible 

spectrometer was used to determine amount of the 

templates in loading process on the polymers at 278 nm 

wavelength. The porosity was evaluated by nitrogen gas 

adsorption/desorption analysis using Brouneur Emmet 

Teller (BET) analysis (PHS1020-China). The porosity 

measuring is based on the results of isothermal 

adsorption at 77 K.  Surface morphological information 

of the MIPs was obtained by scan electron microscope 

(SEM) model VEGA\\TESCAN (Czech). Amount of 

Catechin measured by HPLC equipment (Agilent 

Technologies, Palo Alto, CA, USA) with A G1328B 

manual injector and C18 Column. Fourier transform 

infrared spectra (400-4000 cm-1) were recorded for 

NIPs, Catechin, leached and un-leached MIPs on a 

 

 
TABLE 1. The used Chemical materials in synthesis of MIPs   

Chemical material Function Producer 

Quercetin  
Similal structure for 

template molecule Sigma-Aldrich 

Catehin Template molecule 

Acrylic acid Functional monomer Merck 

Trimethylolpropane 

trimethacrylate 
Cross-linker  

Sigma-Aldrich 

Azobisisobutyronitrile Initiator 

Acetonitrile Porogene 

Merck Methanol/Acetic acid Elution 

Acetone Solvent 
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Bruker spectrometer (model vector 22; Bruker, 

Germany). 

 
2. 2. Synthesis of the MIPs And NIPs           For 

synthesis of MIPs, the target molecule (catechin), acrylic 

acid monomer  (AA), and trimethylolpropane 

trimethacrylate crosslinker (TRIM) with molecular ratio 

of 1:12:12 were used [26]. Precipitation polymerization 

reaction was carried out in a flat-botton flask. Initiator of 

the reaction was 2,2-azobisisobutyronitrile and 

acetonitrile was used as a porogene. At first catechin was 

dissolved in acetonitrile solvent and then other reactants 

were added at 0°C. Ultrasonic process was performed for 

5 min after adding each compound. The mixture was 

purged for 5 min using nitrogen gas to remove oxygen 

molecules from the flask. The flask took place in a water 

bath at 60°C on the stirrer for polymerization reaction for 

duration of 24 h. Finally the synthesized polymer was 

centrifuged and kept in oven at 50°C over night. The 

synthesis of non-imprinted polymer (NIPs) was 

performed according to the same method but without the 

presence of any template. 

 

2. 3. Removal of the Catechin From The MIPs         
For separation of the catechin molecules from the 

synthesized polymer, the MIPs were elluted on the stirrer 

with methanol/acetic acid as a ellutant (9:1v/v)  for 

several times in room temperature. The process was 

continued until the absorbance of the extracted solution 

at the wavelength of 278 nm, reached to zero. The 

leached MIPs was washed with pure methanol and 

distilled water respectively and put in oven at 60°C for 

furthure use. 

 

2. 4. Evaluation of the MIPs 
 

2. 4. 1. Catechin Standard Absorption Curve      At 

first the standard curve for different concentration of 

catechin in acetonitrile/water solvent(1:1v/v) vs  

absorbance in wavelength at 278 nm was drown to 

measure the binding capacity of the MIPs (see Figure 3).  

 

 

 
Figure 3. The standard curve for catechin in 

acetonitrile/distilled water (1:1 v/v) 

According to the chart with the equation of y = 0.0136x, 

the correlation coefficient was 0.9926, which is very 

desirable. 

 
2. 4. 2. Measuring Binding Capacity of the MIPs          
In order to evaluate the data obtained from the adsorption 

analysis, a parameter was defined as the adsorption 

capacity, which determines the adsorbent performance 

and is an index to compare the adsorbent’s performance. 

The binding capacity (Qe) of the adsorbent (MIPs) was 

defined as the difference of the initial (C0) and final (Ce) 

amount (ppm) of catechin in the solution multiple loading 

value (V) over the amount of the used adsorbent (g), 

based on Equation (1): 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
𝑉 

(1) 

where Qe (mg/g) is known as binding capacity. 

 
2. 4. 3. Imprinting Factor        The imprinting factor 

(IF) is defined according to Equation (2): 

𝐼𝐹 =  
𝑄𝑀𝐼𝑃𝑠

𝑄𝑁𝐼𝑃𝑠

 
(2) 

in which, QMIPs and QNIPs are  binding capacity of the 

MIPs and NIPs, respectively. 

 
2. 4. 4. Yield of the Extraction     The yield of 

extraction or percent of the MIPs adsorption can be 

calculated as Equation (3):  

%𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐶0−𝐶𝑒

𝐶0
∗ 100  (3) 

where C0 and  Ce are initial and final concentration of the 

feed in loading process. 

 
2. 4. 5. Selectivity of the MIPs         In general, the MIPs 

were evaluated for their diagnostic properties relative to 

the template molecule. Chromatographic and equilibrium 

adsorption analyses on the discontinuous system are 

commonly used to study the selectivity of the imprinted 

materials. In such experiments, a certain mass of the 

chemical compound which is similar to the template 

molecule (base on its structure) is added to the solution 

containing the MIPs. After loading procedure, by 

measuring amount of the remained molecule in solution, 

the quantity of the adsorbed by MIPs can be calculated 

[27]. Figure 4 shows the structure of Quercetin molecule 

(a flavonoid compound) which is similar to Catechin 

molecule structurally. This compound was used for 

selectivity test of the MIPs. 

 
2. 4. 6. Selectivity Factor (α)     For measuring 

selectivity factor (α), at first distribution coefficient (Kd) 

of the template should be calculated. Distribution 

coefficient is introduced by Equation (4): 
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Figure 4. Chemical structure of Quercetin molecule 

 
 

𝐾𝑑 =
𝑄𝑒

𝐶𝑒
  (4) 

where Qe and  Ce are the binding capacity (mg.g-1) and 

final concentration (mg/l) of the feed in loading process, 

respectively. Selectivity factor (α) of MIPs is a important 

parameter that establish the selectivity of the polymers.  

Selectivity factor is defined as Equation (5): 

α =
Kd(catechin)

Kd(quercetin)
  (5) 

where Kd(catechin) and Kd(quercetin) are distribution 

coefficients of catechin and quercetin, respectively. 

Utmost measure of α, introduce high selectivity of the 

MIPs. 

 

2. 4. 7. Applicability Test for MIPs with Natural 
Product 
 

2. 4. 7. 1. Preparation of the Green Tea Extract         
The extract of green tea was carried out  in methanol 

solvent at 70ºC for 90 min [28]. It contains several 

flavonoids compounds which most of them are catechin 

and its derivatives. Amount of catechin before and after 

loading procedure on MIPs can be measured by HPLC 

equipment at retention time of 10.567 minutes of 

chromatogram according to standard curve (Figure 5). 
 

2. 4. 7. 2. Loading Natural Product Extract on the 
MIPs       The extracted solution from green tea was  

 

 

 
Figure 5. Standard HPLC curve for Catechin (Peak surface area 

vs concentration (ppm)) 

loaded on the MIPs. At first 20 µl of the extract was 

diluted with 10 ml methanol and then 10 ml of this  

solution with 10 mg of the leached MIPs was put in a 

conical flask. Loading process took place on the 

magnetic stirrer for 2h. Before and after loading process, 

the amount of Catechin in the solution was measured by 

HPLC equipment. Catechin was detected at retention 

time 10.567 minutes after injection in C18 column. 

Standard HPLC curve in different concentration of pure 

Catechin was prepared (Figure 5) and the binding 

capacities were calculated.  

As illustrated in Figure 5, the regression of the curve 

is 0.974, which shows an unexpected deviation from the 

straight line [28]. 

 

 
3. RESULTS AND DISCUSSION 
 
3. 1. Measurement of the Binding Capacity for 
MIPs         The amount of the polymer and the volume of 

solution in each loading was 10 mg and 20 ml, 

respectively, and loading was continued for two hours at 

the ambient temperature and in a batch system. The 

loading solvent at all loadings was distilled water-

acetonitrile (1:1 volume ratio). Both the adsorption of the 

filtered solution after loading process and adsorption of 

catechin solution in feed (before loading) was measured 

by UV spetrometer at a wavelength of 278 nm. The 

calculations and final results are summarized in Table 2. 

For evaluating of the MIPs, the same steps was 

performed using NIPs particles [29]. Measurement of the 

binding capacity was performed three times, and the 

results were relatively identical in all replicates. 
 

 

TABLE 2. Evaluation of the binding capacity on MIPs and 

NIPs 

Feed 

(𝑝𝑝𝑚) 

(before 

loading)  

Polymer 

Feed 

(𝑝𝑝𝑚) 

after 

loading 

Binding 

capacity 

(𝒎𝒈/𝒈) 

Extraction 

percentage 
IF 

1000 
MIP 897 206 10.3 

2.28 
NIP 955 90 2.2 

750 
MIP 492 516 34.4 

2.41 
NIP 595 310 20.6 

600 
MIP 493 310 25.8 

2.50 
NIP 538 124 10.3 

500 
MIP 401 198 19.8 

2.47 
NIP 460 80 8 

400 
MIP 356 88 4.4 

2.44 
NIP 382 36 1.8 

250 
MIP 221 58 2.9 

1.98 
NIP 235 30 1.5 
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The absorption curves of MIPs and NIPs showed that 

the utmost binding capacity was 516 (mg.g-1) for MIPs 

which occurred at a concentration of about 750 ppm 

(Figure 6). This difference in adsorption implies the 

presence of specific binding sites in the MIPs for 

catechin, that indicates the nanoporous MIPs was well 

synthesized. 

 
3. 2. Selectivity Analysis of the MIPs With 
Quercetin    At first, standard curve was obtained for 

different concentration of quecetin in acetonitrile-water 

solvent (1:1v/v). Measurement was carried out by UV 

spectrometer at 370 nm (Figure 7). 

Selectivity analysis of quercetin was performed using 

a 750 ppm quercetin solution, because the synthesized 

MIPs showed the best binding capacity in this feed 

conentration. Quercetin had a good absorbance at the 

wavelength of 370nm, so the quantity of quercetin was 

measured in this wavelength while acetonitrile and 

 

 

 
Figure 6. The variation of the binding capacity of the polymers 

Vs concentrations of Catechin 

 
 

 
Figure 7. Standard curve for quercetin in distilled 

water/acetonitrile (1:1 v/v) (Peak surface area vs concentration 

(ppm)) 

 
1 International Union of Pure and Applied Chemistry 

distilled water has no absorbance. The related results 

were summarized in Table 3. 

At a concentration of 750 ppm, the imprinted polymer 

with catechin had a binding capacity of 440 mg.g-1 and 

84 mg.g-1 for catechin and quercetin, respectively. This 

indicates a high selectivity of the synthesized polymer 

imprinted the specificity of nanopores created within the 

AA-based molecular imprinted polymer network. 

 
3. 3. Evaluation of the Polymers Based on 
Adsorption-Desorption Analysis     Based on the 

adsorption-desorption analysis by nitrogen gas, the 

specific surface area in MIPs was 45.5, while the specific 

surface area in NIPs was 42.2. These values indicated that 

the imprinting of the polymers was desirable. The data in 

Table 4 presents the formation of nanopore molecular 

imprinted polymers. We found that MIPs had both a 

larger cavity volume and diameter than NIPs which 

indicates that MIPs had a higher specific absorption to 

catechin compared to NIPs. Also, based on the hole 

classification of the IUPAC1, the mesopores are 

compounds with diameters between 2 - 50 nm. Therefore, 

according to the obtained average diameter of the 

cavities, the synthesized MIPs can be classified in the 

mesopores group. 

 

3. 4. Morphology Study     Imaging by scanning 

electron microscopy (SEM) proved the spherical and 

almost uniform shape of the particles in nanometric size. 

According to Figure 8, the particle size of the MIPs with 

diameter about 142 nm was observed. 
 
3. 5. Infrared (IR) Spectroscopy     Infrared 

spectroscopy for pure catechin, NIPs, leached (after 

elution) and un-leached (before elution) of the MIPs was 

carried out by Fourier transform infrared (FTIR)  
 

 
TABLE 3. Selectivity results with quercetin molecule for the 

synthesized MIPs base on Catechin template 

Before 

loading 

(𝐩𝐩𝐦) 

Loading 

solution 

After 

loading 

(𝐩𝐩𝐦) 

Binding 

capacity 

(mg.g-1) 

(𝑲𝒅) 
Selectivity 

factor (α) 

750 
Catechin 530 440 0.83 

7.54 
Quercetin 708 84 0.11 

 

 
TABLE 4. BET analysis for MIPs and NIPs 

Polymer 
Special surface 

area (m2.g-1) 

Volume of the 

cavities (cm2.g-1) 

Mean diameter of 

the cavities (𝒏𝒎) 

MIPs 45.521 0.049 4.338 

NIPs 42.206 0.044 4.203 
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Figure 8. Imaging by scanning electron microscopy (SEM) 

 
 

spectroscopy at the frequency of 500-4000 cm−1 by 

potassium bromide (KBr) salt, and recorded infrared (IR) 

spectra are shown in Figure 9. Although particles 

exhibited similar peaks due to having the same functional 

groups (such as CO, -OH, and carbonyl C=O), which 

indicates the similarity in the solid structure of the 

polymers, the difference between the IR spectra of the 

compounds was expected. A band related to the OH 

group of carboxylic acids (AA) was recorded at the 

frequency of 3000 cm−1, while this band for pure 

catechin (related to phenol groups of catechin) was more 

elongated and broad in the range of 3200-3550 cm−1. 

Due to the presence of common functional groups in 

MIPs before elution, on top of the functional groups 

related to the polymer structure resulting from the 

catechin, some peaks like the peak at 3000 cm−1 were 

wider and stronger. The peak related to C=C in the 

aromatic ring of catechin appeared at a frequency of 

about 1650 cm-1, and the ester C=O peak was recorded 

at the frequency range of 1735-1750 cm−1. This peak 

exists in catechin and un-leached MIPs spectrum while it 

was omitted in the leached MIPs. Also the related peak is 

absent in NIPs spectrum. It means that, after removal of 

catechin from the MIPs, most of catechin will be 

removed, so this peak will be disappeared in IR-

Spectrum. Absorbance in 1750cm-1 indicates steric 

carbonyl group which should not be found in catechin 

spectrum whereas the other spectrum involve this peak. 

However, the carboxylic acid C=O peak was expected to 

appear at the 1780-1710 cm−1 range, but due to its 

proximity to OH groups and intermolecular hydrogen 

bonds, this peak appeared at a lower frequency of about 

1670 cm−1 [30]. 

Frequency peaks at 2370 cm−1are related to the 

asymmetric tensile frequency of CO2 molecules present 

in the air and combine with the sample during the 

formation of KBr tablets [31]. The most obvious 

difference between the IR spectra of the catechin 

molecule and other polymeric compounds originated 

from the C=C bond in the catechin. In the catechin  
 

 
Figure 9. FTIR spectrum of the MIPs (after and before 

elution), NIPs and pure catechin molecule 

 

 

spectrum, this absorption was observed at a frequency of 

about 1660 cm−1 and was expected to appear in the MIPs 

spectrum before elution. However, it was hidden due to 

the presence of a peak at about 1670 cm−1 that belonged 

to the carboxylic group (C=O). This group, due to the 

presence of hydrogen bonds, had resonance [32]. 

 
3. 7. Evaluation of the Synthesied MIPs for 
Separation of Catechin from Natural Extract of 
Green Tea      The amount of the absorbed catechin by 

MIPs was measured base on comparing of the 

chromatogram in before and after loading process [33-

34]. Figure 10 shows the related chromatogram of green 

tea extract before loading on the MIPs. In this figure, 

catechin was appeared in  retention time close 10.567 

minutes. Figure 11 shows the related chromatogram of 

green tea extract after loading on the MIPs. In this figure, 

catechin was appeared at  retention time of close to10.767 

minutes. 

The related peak of the surface area belong to 

catechin was sumarized in Table 5.  

According to the standard curve in Figure 5, the 

binding capacity of the MIPs was calculated about 14.07 

mg.g-1. It means that the adsorption of catechin by 

nanoporous MIPs was carried out succesfully. 

 

 

 
Figure 10. HPLC Chromatogram of green tea extract before 

loading 
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Figure 11. HPLC Chromatogram of green tea extract after 

loading 

 

 
TABLE 5. HPLC results for natural extract of Green tea in 

loading process on MIPs 

Green Tea 

Extract 

Catechin 

(𝒑𝒑𝒎) 

Peak surface 

area (𝒎𝑨𝑼) 

Binding capacity 

(𝑸𝒆) (mg.g-1) 

Before loading 23.57 278244 - 

After loading 8.81 115212 14.07 

 

 

4. CONCLUSION 
 

Recently, the researches for separation of the bioactive 

compounds from natural extracts of medicinal plants or 

removal of the hazardous compounds from water has 

been increased. MIPs is one of the most suitable methods 

(adsorbent) with high selectivity in this regards. In this 

study, a highly stable and selective adsorbent was 

successfully synthesized according to precipitation 

polymerization reaction, in a molecular ratio of 1:12:12 

for the first time. The results confirmed a good binding 

capacity of the synthesized MIPs with high selectivity for 

catechin molecule. Due to its low cost, relatively easy 

synthesis, high stability and selectivity, this technique 

has being developed in the production of enzymes, 

hormones, sensors, development of isolation and 

diagnostic methods, drug delivery, water purification, 

environmental chemistry, etc. Since, herbal plants 

contain a lot of the bioactive compounds which are very 

effective in treatment of the human diseases like cancer, 

it is nessesary to find a suitable method for separation of 

these compounds and pre-concentration of them. Results 

of this research indicated that, MIPs technique can be 

suggested for extraction and pre-concentration of the 

bioactive compounds from medicinal plants. 
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Persian Abstract 

 چکیده 

  در چاي سبز يافت   به وفوراست كه  تركيب زيست فعال  كاتچين يك    .كاتچين مي باشدمولكول  استخراج    و ارزيابي آن براي   پليمرهاي قالب مولكولي  سنتزهدف از اين مطالعه  

 يلات متاكر  يپروپان تر  يلولمت  يتر  يد،اس  يليكرسوبي در حضور كاتچين، آكر  شدن  واكنش پليمري  به روش   (MIPs)  مولكولي  گيري شده  پليمرهاي قالب  مقالهدر اين    .شودمي

  ي الكترون يكروسكوپ م از استفاده  باريخت شناسي سطحي پليمر (، سنتز گرديد. 1:12:12به نسبت ) يبه عنوان مولكول هدف، منومر عاملي، اتصال دهنده عرض  يببه ترت

  (FTIR)مادون قرمز  يهفور  يلتبد  يسنج  يفطذرات كروي پليمر با ابعاد نانومتري را نشان داد. مطالعه پيوندهاي شيميايي موجود در ذرات پليمر با استفاده از    (SEM) ي  روبش

قرار   تجزيه و تحليل  مورد  (BET)از تسخير شدن مولكول كاتچين در داخل پليمر قالب گيري شده، دلالت دارند.  تخلخل سنجي پليمر، با استفاده از روش برونر، امت، تلر 

 g2m.-1 برابر  (NIPs) نشده يري قالب گ يمرهايدر پل  كه اين مقدار  يبوده در حال g2m 45.5.- 1برابرگيري شده  پليمرهاي قالب يژه درسطح و ، آناليز . براساس اين گرفت

  در  گيري شدهقالب  يمر پلهاي جذب سطحي پليمر نيز انجام شد. همچنين ويژگيانجام شده است.  يبه خوب يمر در پل يري كه قالب گ اين بدان معناست كهبوده است.  42.2

مولكولي  )  ينمولكول كوئرست  ياتصال برا  يتظرف  بوده است درحاليكه mg.g440-1مقدار   ين بهكاتچ  ياتصال برا  يتظرف  يشترينب ، دارايppm 750غلظت  محلول بارگذاري با

 ي بالا يريپذ ينشگزتواند به عنوان يك گزينه خوب با بيانگر آنست كه فناوري قالب گيري مولكولي مي  بوده است. اين موضوع  mg.g84-1 برابر( ينساختار مشابه كاتچبا 

  يع ما يسبز با استفاده از دستگاه كروماتوگراف ي چا يعيعصاره طب يشده بر رو يريگقالب يمرهاي ظرفيت اتصال پلاندازه گيري  چنينهم در فرآيند جداسازي معرفي شود. يمرپل

تركيبات زيست فعال از عصاره گياهان دارويي با استفاده از  بر اساس نتايج اشاره شده، جداسازي و تغليظ  كه نتايج مشابه حاصل شد. انجام پذيرفت (HPLC)با عملكرد بالا

 فناوري قالب گيري مولكولي، پيشنهاد مي گردد.
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A B S T R A C T  
 

 

Optimum design of sound absorbers with optimum thickness and maximum sound absorption has always 

been an important issue to noise control. The purpose of this paper is an achievement of optimum design 
for micro-perforated panel (MPP) and its combination with a porous material and air gap to obtain 

maximum sound absorption with maximum overall thickness up to about 10 cm in the frequency range 

of (20-500 Hz), (500-2000 Hz) and (2000-10000 Hz). For this purpose, the genetic algorithm is proposed 
as an effective technique to solve the optimization problem. By using the precise theoretical models (i.e. 

simplified Allard's model and Atalla et al.’s model) to calculate the acoustic characteristics of each layer 
consisting of MPP, porous material, and airgap, we obtained more precise optimized structures. The 

transfer matrix method has been used to investigate the sound absorption of structures. To verify the 

operation of the programmed genetic algorithm, the results obtained from the optimization of the MPP 

absorber are compared with others that show the accuracy and efficiency of this method. After ensuring 

the accuracy of the proposed programmed genetic algorithm with more precise theoretical models to 

achieve the characteristics of each layer, new structures were obtained that have a much better sound 
absorption coefficient in the desired frequency range than the previous structures. The results show that 

the sound absorption coefficient can be reached to 0.67, 0.96, and 0.96 in the mentioned first, second, 

and third frequency range, respectively by optimum design parameter choosing of a composite structure. 

doi: 10.5829/ije.2022.35.05b.15 
 

 

NOMENCLATURE 

f Frequency (Hz) d Diameter of the holes (mm) 

w Angular frequency (rad/s) D Depth of air gap (cm) 

L The thickness of the porous material (cm) Greek Symbols 

sZ  The specific acoustic impedance of the MPP (Rayls) 00c  The characteristic impedance of the air (kg/m2s) 

t The thickness of the panel (mm) σ Flow resistivity of the porous material 
2(Pa s m )  

sR
 The surface resistance of the vibrating air inside each hole e  

Final correction coefficient 

p Perforation rate (%) 
 Kinetic coefficient of air 

inZ  Input specific acoustic impedance (Rayls)    Sound absorption coefficient 

 
1. INTRODUCTION1 
 
Noise pollution is an unpleasant sound that is 

significantly harmful to general health and it’s become 

one of the most important environmental issues in 

 

*Corresponding Author Institutional Email: basirjafari@IRIBu.ac.ir 

(S. Basirjafari) 

modern life [1-5]. Control of noise, especially, in three 

frequency ranges, e.g. low-frequency (20 Hz-500 Hz), 

mid-frequency (500 Hz-2000 Hz), and high-frequency 

(2000 Hz-10000 Hz) is important [6-9]. Porous materials 

[10] are the most applicable types of sound absorbers 
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used in noise control in high frequencies [11-14]. To 

increase the sound absorption in low frequencies, the 

thick layer of the porous absorber is needed and it takes 

up a lot of space. They are cheaper sound absorbers than 

other types of absorbers but have three major drawbacks: 

1) They do not have adequate sound absorption in low 

and mid frequencies with low thickness;  

2) They do not have adequate strength against the 

impact and pressure; 

3) The separated particles from them are entered into 

the air and the ventilation system and thus damage 

human health. 

In previous works, we optimized a flat multi-layer 

porous sound absorber by using a multi-objective genetic 

algorithm for application in an anechoic chamber [15]. 

Due to the above disadvantages for porous sound 

absorbers, the achieved design was only suitable for use 

in certain places such as anechoic rooms and music 

studios, not in residential and public buildings.  

Hence the use of a Micro perforated panel (MPP) as 

a strength sound absorber in front of the porous absorber 

was considered by the researchers [16-19].  

MPPs were introduced by Maa [20-22] for the first 

time. The disadvantage of this type of sound absorber is 

the narrow frequency range of absorption. Due to an 

increase in the frequency range of absorption, some 

suggestions have been proposed such as the use of multi-

layered MPPs in succession [23-27] and the use of porous 

material behind the MPP [16-19].  

Researchers are interested to produce sound 

absorbers suitable for low-frequency noise control. To 

increase the sound absorption in low frequencies, the 

insertion of the flexible plate driven by a concentrated 

force on the back of the MPP is used [28]. Basirjafari [29] 

enhanced the Helmholtz resonator sound absorption only 

in low-frequency by Fibonacci sequence according to the 

nature inspiration, for the first time.  

Literature review shows that the multi-layered sound 

absorbers composed of porous materials and MPPs are 

mostly used for noise control, due to their high 

environmental compatibility, high strength, beautiful 

facing, low-cost manufacturing, simple installation, and 

the adjustable frequency bandwidth of sound absorption. 

Although, the thickness of each layer, the arrangement of 

layers, selection of material for each layer, determination 

of MPP parameters such as thickness, hole diameter, and 

porosity play important roles to design an optimum 

multi-layered sound absorber for an arbitrary frequency 

range of absorption. 

On the other hand, a genetic algorithm is an effective 

tool for optimization. By using the genetic algorithm, the 

type of arrangement, and the characteristics of each layer 

in the multi-layered sound absorber can be determined in 

such a way that the maximum absorption coefficient of 

sound is obtained in a special thickness. 

The purpose of this paper is to optimize the MPPs 

structure and porous material by using the more precise 

theoretical models (i.e. simplified Allard's model [14] 

and Atalla et al.’s model [30]) than previous researches 

[16, 23, 26] to calculate their acoustical characteristics, 

and their arrangement in combination with an air gap to 

have a maximum average of sound absorption coefficient 

in desired frequency ranges with a maximum overall 

thickness of 10 cm. 

Three frequency ranges including the first range (20 

Hz - 500 Hz), the second one (500 Hz - 2000 Hz), and the 

third one (2000 Hz - 10000 Hz) are selected for 

optimization. To this aim, the use of a genetic algorithm 

has been proposed as an effective tool in optimization 

problems. By using precise theoretical models, the 

genetic algorithm can give a more precise optimized 

structure. 

 

 

2. MATHEMATICAL MODEL 
 
In this paper, the transfer matrix of a multi-layered 

structure composed of an MPP, porous material, and the 

air gap is used to calculate its sound absorption 

coefficient, as described in the previous paper [16]. The 

previous method has been used with the difference that 

the simplified Allard's model is used to calculate the 

characteristic impedance and the propagation constant of 

porous material [14] because it is more accurate than the 

others. Atalla et al. [30] model is used for calculating the 

acoustic impedance of MPPs as: 

(1) ( ) ( ) 04
2 1 s

s e

R jw
Z t j

pd p




 
= + + + 
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In the above equations, 
sZ is the specific acoustic 

impedance of the MPP, t is the thickness of the panel, 
e  

is the final correction coefficient, 
sR  is the surface 

resistance of the vibrating air inside each hole, p is the 

perforation rate, d is the diameter of the holes, w is the 

angular frequency, and    is the kinetic coefficient of 

air. The sound absorption coefficient can be obtained 

[16]: 
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in which, 
inZ  an input specific acoustic impedance and 

0 0c is the characteristic impedance of the air. 

It can be seen that several factors affect the sound 

absorption coefficient of a multi-layered sound absorber 

composed of MPP, porous material, and air gap. For 

example, the absorption coefficient of the MPP depends 

on four factors: the diameter of the holes, the thickness 

of the panel, the porosity, and the depth of the air gap 

behind the panel. Also, the absorption coefficient of the 

porous absorber depends on different factors: porosity, 

tortuosity, Young's modulus, airflow resistivity, and the 

thickness of the porous material layer, which airflow 

resistivity and the thickness of the porous material layer 

is just considered in the simplified Allard's model. 

With the right choice of these quantities, suitable 

absorption can be achieved within the desired frequency 

range. The number and arrangement of layers also affect 

the sound absorption of the structure. Therefore, for 

optimal structural design, the type of arrangement, and 

the determination of the proper characteristics of each 

layer is very important. Because examining the effect of 

each of the above factors on adsorption efficiency 

requires the design, fabrication, and test of several 

laboratory samples, the trial, and error-based method is 

very costly and time-consuming. Therefore, the genetic 

algorithm is used to optimize the sound absorption of the 

mentioned multi-layered structure, with commercial 

porous materials whose specifications are given in Table 

1 of our previous paper [15]. By using the genetic 

algorithm, the type of arrangement, and the 

characteristics of each layer are determined in a way that 

the maximum sound absorption coefficient for the 

absorber with a certain thickness is obtained.  

The used parameters of the genetic algorithm in this 

paper are as follows: 
1. The maximum number of generations is 20. 

2.  The population size in each generation is 328 . 
3. The generation gap is equal to 0.5, which means that 

50% of the population in each generation is replaced 

and the mutation rate is 5% means that in each 

generation, 5% of the population is jump. 

4. In this case, the fitness function is the sound 

absorption coefficient. The transfer matrix method 

described in the previous section should be used to 

calculate it. 

The design parameters are the type and thickness of 

the porous absorber layer, the micro-perforated panel 

thickness, the holes diameter, the porosity, and the air gap 

thickness. 
 

 

3. RESULTS AND DISCUSSION  
 

Because in industrial applications, optimal absorber 

design is required for optimum performance in the 

desired frequency range, the purpose of this section is to 

optimize the multi-layered sound absorber composed of 

an MPP, porous material, and air gap for achieving the 

highest average of sound absorption coefficient in three 

frequency ranges including first range (20 Hz - 500 Hz), 

second range (500 Hz - 2000 Hz) and the third range 

(2000 Hz - 10000 Hz).  

For this purpose, a genetic algorithm has been used as 

an effective tool for optimization problems. For the 

implementation of the genetic algorithm, MATLAB 

software has been used. In the first step, a double-layer 

MPP and a three-layer MPP sound absorber have been 

optimized by the genetic algorithm and compared with 

the results reported by Ruiz et al. [26] to verify the 

programmed genetic algorithm. At the second step, a 

single layer MPP and a double-layer MPP have been 

optimized in the mentioned three frequency range by 

genetic algorithm. Finally, the multi-layered sound 

absorber has been optimized by the genetic algorithm in 

the same three mentioned frequency ranges. 

 

3. 1. Analytical Method Verification        To verify the 

mathematical model, the sound absorption coefficient of 

the single-layer micro-perforated panel and composite 

absorber was calculated by the transfer matrix method 

and compared with the experimental results illustrated in 

Figures 1 and 2. Sound absorption coefficients were 

examined in impedance tube, according to ASTM E 1050 

90 and ISO 10543-2.  

In Figure 1, the experimental result has been reported 

by Ruiz et al. [26] for the sound absorption coefficient of 

single layer micro-perforated panel absorber with 

characteristics of t = 1 mm, d = 0.25 mm, p = 3.4%, and 

air gap with the thickness of 1.1 cm. As shown in Figure 

1, the results of the proposed theory for the single-layer  

 

 

 
Figure 1. Comparison of the present theoretical result with 

the experimental result reported in [26] for the sound 

absorption coefficient of single layer micro-perforated panel 

absorber versus frequency; characteristics of MPP are t = 1 

mm, d = 0.25 mm, p = 3.4%, and thickness of air gap is 

1.1 cm 
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MPP correspond to the experimental results with an 

average error of 5.8%. 

In Figure 2, the experimental result has been reported 

by Davern [18] for the sound absorption coefficient of 

composite absorber consists of three layers with 

characteristics of the first layer: MPP absorber with t = 

6.3 mm, d = 0.75 mm, p = 4.7%; second layer: porous 

absorber with σ = 16000 2Pa.s m , L = 2.5 cm; third 

layer: air gap with D = 2.5 cm thickness. As shown in 

Figure 2, the results of the proposed theory for the triple-

layer MPP correspond to the experimental results with an 

average error of 15.7%. 
 
3. 2. Verification of the Programmed Genetic 
Algorithm        As mentioned before, the absorption 

coefficient of the MPP sound absorber depends on four 

quantities: the diameter of the holes, the thickness of the 

panel, the porosity of the panel, and the air gap thickness 

between the panel and the wall. 

To verify the performance of the programmed genetic 

algorithm for optimizing acoustic absorbers, the 

optimization results of MPP absorbers were compared 

with the optimization results reported by Ruiz et al. [26].  
 
 

 
Figure 2. Comparison of the present theoretical result with 

experimental result reported in [18] for sound absorption 

coefficient of composite absorber versus frequency (first 

layer: MPP absorber with t = 6.3 mm, d = 0.75 mm, p = 4.7 

%; second layer: porous absorber with σ = 16000 2Pa.s m

, L = 2.5 cm; third layer: air gap with D = 2.5 cm thickness) 

They have used the Atalla model [30] to calculate the 

sound absorption coefficient of the MPPs. Because it is 

more accurate than other models. Also, they used the 

Simulated Annealing algorithm (SA) to optimize it. 

Therefore, in this paper, to compare the optimization 

results, the Atalla model is used to calculate the sound 

absorption coefficient. The relations of this model are 

given in Equations (1) to (3). 
Also, to compare the programmed genetic algorithm 

results with the Simulate Annealing algorithm (SA) 

which Ruiz et al. [26] used to optimize the sound 

absorber structure, the specification of the micro-

perforated panel (the diameter of holes, the thickness of 

the panel, the porosity, and the air gap spacing) is limited 

by the Ruiz method [26], which is shown in relation (5). 

1mm, [0.25,0.75]mm, [3.4,8.5]%,

[1,5]cm

i i i

i

t d p

D

=  


 (5) 

In this regard, ti is the thickness of the panel, di is the 

diameter of the holes, pi is the porosity, Di is the air gap 

thickness, and the subscript i represents the number of 

each layer. The optimization results by using the genetic 

algorithm and Simulate Annealing algorithm (SA) for 

double-layer MPP are given in Table 1 and for three-layer 

MPP are given in Table 2. According to Tables 1 and 2, 

the obtained results for the average sound absorption in 

comparison with Ruiz’s results clearly show the validity 

of the programmed genetic algorithm. 

After ensuring the accuracy of the proposed 

programmed genetic algorithm with more precise 

theoretical models (i.e. simplified Allard's model [14], 

and Atalla et al. model [30]) to achieve the characteristics 

of each layer, new structures will be proposed that have 

a much better sound absorption coefficient in the desired 

frequency range than the previous structures. 

 

3. 3. MPP Sound Absorber Optimization        In the 

structural design of the N-layer micro-perforated panel, 

the sound absorption coefficient depends on the 4N 

quantities. The specifications of the panels are limited 

according to Equation (6). 

[0.5,5]mm, [0.1,1]mm, [1,15]%,

10cm

i i i

i

t d p

D

  


 (6) 

 
 

 

TABLE 1. Comparison between the optimization results of the present genetic algorithm and the results of simulated annealing of [26] 

for double-layer micro-perforated panel absorber with the same thickness 
1 2 1mmt t= =  

Optimization method 

1st. layer parameters 2nd. layer parameters 
The average sound absorption 

coefficient in 800-6400 Hz 
1(mm)d  

1(%)p  
1(cm)D  

2 (mm)d  
2 (%)p  

2 (cm)D  

Simulated annealing [26] 0.25 8.4 1 0.25 3.5 1 0.65 

Genetic algorithm (present work) 0.25 8.5 1 0.25 3.4 1 0.66 



 

TABLE 2. Comparison between the optimization results of the present genetic algorithm and the results of simulated annealing of [26] 

for three-layer micro-perforated panel absorber with the same thickness 
1 2 3 1mmt t t= = = . 

Optimization method 

1st. layer parameters 2nd. layer parameters 3rd. layer parameters The average sound 

absorption coefficient in 

800 -  6400 Hz 1(mm)d  
1(%)p  

1(cm)D  
2 (mm)d  

2 (%)p  
2 (cm)D  

3(mm)d  
3(%)p  

3(cm)D  

Simulated annealing [26] 0.25 8.5 1 0.25 4.55 1 0.25 3.4 1.3 0.74 

Genetic algorithm 

(present work) 
0.25 7.8 1 0.25 4.71 1 0.25 3.5 1.7 0.73 

 

 

In practical applications of noise control, the 

limitation of occupied space by the sound absorber is a 

very important problem. The total thickness of the sound 

absorber is considered to be about 10 cm, most of which 

is air gap or porous material and is therefore very light or 

low cost. 

In Equation (6), the maximum thickness for the total 

air gap is 10 cm. Tables 3 and 4 show the optimal 

specifications and the average sound absorption 

coefficient of the structure consisting of a single layer 

MPP (see Figure 3(a)) and double-layer MPP (see Figure 

3(b)) for the desired frequency ranges, respectively.  

Figures 4 and 5 show the absorption coefficient of the 

optimal structures in Tables 3 and 4, respectively, in 

terms of frequency.  

According to the results of optimizing the structure of 

a single layer MPP, as shown in Figure 4, the genetic 

algorithm in each frequency range adjusts the structure 

characteristics so that the first resonance frequency of the 

structure occurs in the same range.  

The optimal structure No. 1 has the highest sound 

absorption coefficient of 0.99 at a resonant frequency of 

288 Hz. As can be seen, this structure has six resonances 

in the frequency range of 1 Hz to 10000 Hz, in which the 

value of the absorption coefficient decreases at higher 

resonant frequencies. 

The optimal structure No. 2 has the highest sound 

absorption coefficient of 0.98 at the resonant frequency 

of 1005 Hz. The optimal structure thickness of No. 1 is 

more than 3 times of No. 2 and has an average sound 

absorption coefficient of 21% less than the structure No. 

2 in the frequency range of 500 Hz to 2000 Hz. 

Therefore, increasing the thickness of the structure in 

the second frequency range is not necessary and if there 

is not considerable noise in the frequency lower than 500 

Hz, structure No. 1 can not be used. 

The optimal structure No. 3 has the highest sound 

absorption coefficient of 0.86 at a resonant frequency of 

4008 Hz. As can be seen, due to the increase in the 

frequency range of sound absorption, the absorption 

coefficient of structure No. 3 in the resonance frequency 

has decreased by 13%. Also, the average sound 

absorption coefficient in this frequency range has 

decreased by 12.7% compared to the first frequency 

range and 36.4% compared to the second frequency 

range. Therefore, a structure consisting of a single layer 

of MPP is weaker in absorbing high-frequency audible 

sound compared to low- and mid-frequencies. 

 

 

TABLE 3. Optimization of the sound absorption coefficient for single layer micro-perforated panel absorber. 

Structure 

number 

Frequency bandwidth 

(Hz) 

Optimal design parameters The average sound 

absorption coefficient t (mm) d (mm) p (%) D (cm) 

1 20 – 500 1.5 0.1 1.9 10 0.62 

2 500 – 2000 1.5 0.1 5.3 3 0.75 

3 2000 - 10000 0.7 0.1 8.5 1 0.55 

 

 
TABLE 4. Optimization of the sound absorption coefficient for a double-layer micro-perforated panel absorber. 

Structure 

number 

Frequency 

bandwidth 

(Hz) 

Optimal design parameters The average 

sound absorption 

coefficient 1(mm)t  
1(mm)d  

1(%)p  
1(cm)D  

2 (mm)t  
2 (mm)d  

2 (%)p  
2 (cm)D  

1 20 - 500 4.5 1 1.9 5 3.9 0.1 1.2 5 0.64 

2 500 - 2000 2.1 0.1 14.9 3.4 4.2 0.1 7.5 2.1 0.94 

3 2000 - 10000 0.5 0.1 12 1 0.8 0.1 8 1 0.78 

 

1000                 M. Broghany and S. Basirjafari / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   996-1005 



M. Broghany and S. Basirjafari / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   996-1005                           1001 

 

 

 
Figure 3. (a) single layer, (b) double-layer micro-perforated 

panel (MPP) 

 

 

 
Figure 4. The sound absorption coefficient of optimum 

structures 1, 2, and 3 that are described in Table 3, for 

double-layer micro-perforated panel versus frequency 

 

 

 
Figure 5. The sound absorption coefficient of optimum 

structures 1, 2, and 3 that are described in Table 4, for single-

layer micro-perforated panel versus frequency 

 
 

The average absorption coefficient of the proposed 

double-layer structure by Ruiz et al. [26] by assuming  the 

fixed thickness of each layer, whose specifications are 

listed in Table 1, was 0.65 in the frequency range of 800 

to 6400 Hz, with a total thickness of 22 mm. Whereas we 

considered the thickness of the MPP as a variable 

quantity in the genetic algorithm and according to Table 

3, by differentiating the aforementioned frequency 

interval, we achieved two different single-layer  

structures No. 2 and 3. Structure No. 2 with a thickness 

of 31.5 mm, provides an average absorption coefficient 

of 0.82 in the frequency range of 800 to 2000 Hz, and 

structure No. 3 with a thickness of 10.7 mm, provides an 

average absorption coefficient of 0.64 in the frequency 

range of 2000 to 6400 Hz. 

Comparing Ruiz’s proposed double-layer structure 

with our proposed single layer structures shows that 

according to the frequency spectrum of noise in a room, 

with a suitable arrangement of the structures Nos. 2 and 

3 on the surfaces of the room can be achieved the average 

absorption coefficient of 0.73 in the frequency range of 

800 to 6400 Hz, which is 12.3% better than the average 

absorption coefficient of the Ruiz’s proposed structure. 

Considering that our proposed structures are single  

layer, it has less manufacturing cost  than Ruiz’s  proposed 

double-layer restructure, and also due to less average 

total thickness of 21.1 mm which is less than his 

structure, the average space it occupies is 4.1% lower. 

The average absorption coefficient of the proposed 

triple-layer structure by Ruiz et al. [26] by assuming the 

fixed thickness of each layer, whose specifications are 

listed in Table 2, was 0.74 in the frequency range of 800 

to 6400 Hz, with a total thickness of 36 mm. 

Comparing his proposed triple-layer structure with our 

proposed single layer structures in Table 3, we find that 

with a suitable layout of these two structures Nos. 2 and 

3 on the surfaces of the room, with a maximum thickness 

of 31.5 mm, i.e. 12.5% less than the total thickness of the 

Ruiz’s proposed structure, can be achieved the average 

absorption coefficient of 0.73 in the frequency range of 

800 to 6400 Hz, which with good accuracy is almost 

equal to the average absorption coefficient of the Ruiz’s 

proposed structure.  

Considering that our proposed structure is single-

layer, it has advantages over the proposed Ruiz’s triple-

layer structure, including: 

1. It has less manufacturing cost than the proposed 

Ruiz’s structure. 

2. Due to the lower average thickness than the proposed 

Ruiz’s structure, the average space it occupies is 4.1% 

lower. 

3. The diameter of MPP holes in our proposed structure 

is 60% reduced compared to the proposed Ruiz’s 

structure, which is  more resistant to dust passage , and 

as a result, over time, the space behind the perforated 

panel becomes less filled and polluted with dust. 

4. Considering that the average thickness of the MPP in 

our two proposed single-layer structures is 1.1 mm. 

Whereas in the proposed Ruiz’s triple-layer structure 

is used three MPP layers with an overall thickness of 
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3 mm. His proposed structure compared to our 

proposed structure, after installation on the surfaces 

of the room, increases the final weight of the building 

by 63.3% more, which is clearly, the lighter structure 

is more desirable and safer in earthquakes.  

According to the given results for optimizing the 

structure of the double-layer MPP, as shown in Figure 5, 

using two layers of the micro-perforated panel creates the 

first and second resonant frequencies. 

In optimized structures, the genetic algorithm in each 

frequency range arranges the structure specifications in 

such a way that the first and second resonant frequencies 

of the structure occur within that range. From the 

comparison of the optimal structure of the number 1 in 

Table 3 with the optimal structure of number 1 in Table 

4, it can be seen that by adding single layer MPP to the 

single-layer structure of MPP without increasing the total 

thickness of 10 cm, only 3.2% has been added to the 

average coefficient of sound absorption in the frequency 

range of 20 Hz to 500 Hz. Therefore, for this frequency 

range, the single-layer MPP structure is more economical 

than the double-layer MPP. Comparison of the optimal 

structure No. 2 in Table 3 with the optimal structure No. 

2 in Table 4 shows that by adding a perforated layer to a 

single-layered structure, 3 cm is added to the total 

thickness of structure No. 2 and the total thickness is 

increased to 6.13 cm, and the average sound absorption 

coefficient is improved by 25.3% in the frequency range 

of 500 Hz to 2000 Hz. Therefore, for this frequency 

range, the double-layer MPP structure is more 

appropriate than a single-layer one. According to Figure 

5 for structure No. 3, it can be seen that in the optimal 

double-layer structure, despite the increase in the 

absorption frequency bandwidth, the amount of 

absorption at the resonance frequencies has not 

decreased. Besides, the use of double-layer MPP created 

two resonances in the frequency range of 2000 Hz to 

10000 Hz, which has resulted in a 41.8% improvement in 

the average sound absorption coefficient of the double-

layer MPP structure compared to the single-layer 

structure in the frequency range of 2000 Hz to 10000 Hz. 

According to the results for optimal structures 

including single-layer and double-layer MPPs, it can be 

said that to improve the amount of absorption coefficient 

in the frequency range of 20 Hz to 500 Hz, it is necessary 

to increase the overall thickness of the structure. 

Also, the arrangement of the three proposed 

structures in Table 4, with an average total thickness of 

33% more than the three structures in Table 3, improves 

the average sound absorption coefficient in the room at 

all frequencies by about 23% and reaches about 80%. 

 
3. 4. Optimization of a Composite Sound Absorber        
To compare the results of this section with the 

optimization results of the previous section, the 

specifications of the MPP are according to Equation (6), 

except for the maximum allowable depth of air gap which 

is considered in this section is 5 cm. The porous materials 

whose specifications are given in Table 1 of our previous 

paper [15] are used, and the maximum allowable 

thickness of the porous material is 5 cm. Therefore, the 

maximum allowable thickness for the entire air gap and 

porous material is 10 cm. 

To accurately model the MPP and porous material, 

Atalla’s model [30] and Allard’s model [14] have been 

used, respectively. The optimal structural characteristics 

and the average sound absorption coefficient of the 

composite sound absorber in the three frequency range of 

low-, mid-, and high-frequencies are listed in Table 5. 

Also, the sound absorption coefficient of the optimal 

structures presented in Table 5 is shown in Figure 6 in 

terms of frequency. 

According to the results of the optimization of the 

composite sound absorber in Table 5 and its comparison 

with Tables 3 and 4, it can be seen that for low-frequency 

range, the composite sound absorber in comparison with 

the single and double-layer MPP structure with the same 

overall thickness, has better sound absorption. Also, the 

use of porous material behind the MPP, due to good 

absorption in the high-frequency range, improves the 

absorption bandwidth in the composite sound absorber. 

Comparison of sound absorption efficiency in 

optimal single-layer MPP structure which is obtained in 

Table 3 and composite sound absorber according to Table 

5 shows that using the 5 cm of porous material behind the 

MPP, without a considerable increasing the thickness of 

the whole structures, improves the average sound 

absorption coefficient by 8% in the first frequency range, 

28% in the second frequency range and 74.6% in the third 

frequency range. 

Figure 6 in comparison with Figures 4 and 5 shows 

that, as expected, porous material has a greater effect on 

improving the sound absorption coefficient at high 

frequencies. 

Comparison of sound absorption efficiency of the 

optimal structure of double-layer MPP which is obtained 

in Table 4 and composite absorber according to Table 5, 

considering the high cost of making micro-perforated 

panels, shows that the use of 5 cm porous material behind 

the MPP, in addition, to reduce the manufacturing cost, 

improves the average sound absorption coefficient of the 

structure up to 4.7% in the first frequency range, up to 

2% in the second frequency range and up to 23% in the 

third frequency range. 

Therefore, it can be concluded that the use of a 

composite sound absorber is very suitable for sound 

absorption in a wider frequency range. According to the 

results  of  composite  sound  absorber  optimization,  the  
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TABLE 5. Optimization of the sound absorption coefficient for the composite absorber. 

Structure 

number 

Frequency 

bandwidth (Hz) 

Optimal design parameters 
The average sound 

absorption coefficient t (mm) d (mm) p (%) D (cm) 2
Pa.s( )

m


 
L (cm) 

1 20 - 500 5 0.1 9 5 6229 5 0.67 

2 500 - 2000 1.5 0.9 14 3.6 10100 5 0.96 

3 2000 - 10000 0.5 0.2 15 2.8 21600 5 0.96 

 

 

 
Figure 6. The sound absorption coefficient of optimum 

structures 1, 2, and 3 that are described in Table 5, for 

composite absorber versus frequency 

 
 
genetic algorithm in all three mentioned frequency 

ranges determines the maximum allowable thickness of 

the optimal structures with a thickness of 5 cm of porous 

material. Therefore, it can be said that increasing the 

thickness of the porous material in the composite sound 

absorber improves the average sound absorption 

coefficient in all three mentioned frequency ranges. 

For future work, more accurate models such as the 

Johnson-Champoux-Allard (JCA) model [31] can be 

used to determine the acoustic characteristics of porous 

materials. 
 
 
4. CONCLUSIONS 
 
In this paper, the optimal design of the multi-layered 

sound absorber composed of porous materials and the 

micro-perforated panel with an overall maximum 

thickness of up to 10 cm is presented by using the genetic 

algorithm for three frequency ranges. The desired 

frequency range includes the first range (20 Hz-500 Hz), 

the second range (500 Hz-2000 Hz), and the third range 

(2000 Hz-10000 Hz). Briefly, the results can be 

summarized as follows: 

• The optimal design of the single-layered micro-

perforated panel is only appropriate in the frequency 

range of 20 Hz to 500 Hz.  

• By using the precise theoretical models, we obtained 

single layer structures with 4.1% lower space 

occupation and less manufacturing cost in 

comparison with Ruiz’s proposed double-layer 

structure enhance the average absorption coefficient 

up to 12.3% in the frequency range of 800 to 6400 Hz. 

• By using the precise theoretical models, we obtained 

single layer structures with 41.4% lower space 

occupation, less manufacturing cost, 60% cleaner, 

and 63.3% lighter and safer in comparison with 

Ruiz’s proposed triple-layer structure provide the 

same amount of the average absorption coefficient in 

the frequency range of 800 to 6400 Hz. 

• By adding a layer to a single-layer structure MPP, the 

average sound absorption coefficient improves up to 

25.3% in the frequency range of 500 Hz to 2000 Hz. 

• The use of 5 cm porous material behind the MPP in 

the composite absorber, in addition, to reducing the 

manufacturing cost in comparison with double-layer 

MPP, improves the average sound absorption 

coefficient of the structure up to 23% in the frequency 

range of 2000 Hz to 10000 Hz.  
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Persian Abstract 

 چکیده 
 ی هاپانل  یبرا  نهیبه  یبه طراح  یابیدست  ،مقاله  نیبوده است. هدف از ا  زیدر کنترل نو  یمسئله مهم  شهیهم  ،با ضخامت مطلوب و حداکثر جذب صدا  صوت ذب  اج  ینهیبه  یطراح

 های فرکانس یمحدودهمتر در ی سانت 10تا حدود  یکل ضخامتحداکثر جذب صدا با حداکثر  آوردنِدستبه یبرا ییآن با مواد متخلخل و فاصله هوا بی و ترک دارسوراخکرویم

شده   شنهادیپ  یسازنهیبه  یحل مسئله  یثر برامؤ  روش  کیبه عنوان    کیژنت  تمیمنظور، الگور  نیا  ی. برااست  هرتز(  10000تا    2000هرتز( و )  2000تا    500هرتز(، )  500تا    20)

 ،ییمتخلخل و فاصله هوا  هماد  ،دارسوراخکرو یپانل مشامل    هیهر لا  یِکیمشخصات آکوست  یمحاسبه  یبرا  آتالا  مدل  و  آلارد  مدل  همچون  قیدق  یِنظر  یهامدل   از  استفاده  بااست.  

  تم ی عملکرد الگور دییتأ یها استفاده شده است. براختارسا یجذب صدا یبررس یانتقال برا سیاز روش ماتر .است داده ارائه یقتریدق یشدهنهیبه یساختارها کیژنت تمیالگور

  نان یاز اطم پس دهد.ی روش را نشان م نی ا ییکه دقت و کارا شده است سه یمقا تحقیقات  ر یدار با ساسوراخکرویجاذب م یِسازنهیآمده از بهبدست  جِیشده، نتای زیربرنامه  کِ یژنت

 بیکه ضر اندآمده بدست یدیجد یساختارها ه،یلا هر یِکیآکوست مشخصات  یمحاسبه یبرا قتریدق یِنظر یهامدلبا  شدهیسینوبرنامه کِیژنت تمیالگور عملکرد یِدرستاز 

در  وت جذب ص ب یضر، یطراح یپارامترها ینهیدهد که با انتخاب بهی نشان م  جینتا موردنظر دارند. یِفرکانس یمحدودهدر  یقبل ینسبت به ساختارها یبهتر یِجذب صوت

 .رسدیم 96/0و  96/0،  67/0به  بی اول، دوم و سوم به ترت یِفرکانس یمحدوده
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A B S T R A C T

 

Outsourcing as a useful strategy in the industry can be integrated into scheduling problems. Moreover, 

batch outsourcing is a practical assumption owing to the logistics issues for transferring the parts between 

the manufacturer and the subcontractors. However, this assumption is rarely addressed in the scheduling 
literature. In this paper, a novel single machine scheduling problem with the option of batch outsourcing 

is studied. The objective is to minimize the sum of the total completion time of the jobs and the total 

outsourcing cost. To solve the problem, first, two mixed-integer linear programming (MILP) models, 
named MP1 and MP2, are developed, which respectively use a straightforward and an innovative 

approach to model the outsourcing batches. Next, an optimal property for the outsourcing batches is 

proven. This property is used to establish a valid inequality for model MP2, which is added to it to obtain 
a third MILP model, MP3. Extensive computational experiments showed that MP2 outperforms MP1 

significantly. Moreover, including the derived valid inequality in MP3 enhances its performance 
considerably in comparing to MP2. Furthermore, it is observed that MP3 is capable of solving many 

practical-size problem instances optimally or with a low maximum optimality gap. 
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1. INTRODUCTION1 
 

Nowadays, companies utilize various strategies to 

improve their performance and sustain in the competitive 

market. One of those strategies is to outsource a part of 

the in-house tasks to relevant partners and 

subcontractors. This strategy can be used for various 

reasons in a company such as reducing production costs, 

compensating capacity constraints, eliminating job 

overloads, focusing on the main activities of a company, 

and improving the flexiblity and robustness of the 

production system [1-3]. Indeed, the outsourcing strategy 

provides access to a widespread pool of resources out of 

the company that using them efficiently can significantly 

increase the competitiveness of the company in the 

market [4-6]. 

Outsourcing can be addressed in various fields of 

operations management such as supply chain 

management, production planning, logistics, facility 

layouts, health systems, and etc. Here, some of the related 

studies in these scopes are reviewed. Accordingly,  

Aksen et al. [7] studied a facility interdiction problem 
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with demand outsourcing. They modeled the problem as 

a static Stackelberg game between an attacker and a 

defender and developed two heuristic algorithms to solve 

the problem. Alizadeh et al. [8] investigated a capacitated 

multi-facility location-allocation problem with stochastic 

demands in which demands of the facilities can also be 

outsourced to some capacitated sub-sources. The authors 

proposed a stochastic non-linear mathematical model for 

the problem to find the optimal location of the facilities 

and optimal allocation of the demand points to the 

facilities. Mehdizadeh and Fatehi Kivi [9] addressed a 

single-item capacitated lot-sizing problem with various 

assumptions such as setup times, safety stock, 

backlogging, and inventory capacity. Moreover, in this 

problem, a part of production at each period can be 

outsourced to the subcontractors. The authors proposed 

three metaheuristic algorithms to solve the problem. 

Parvasi et al. [10] studied a school bus routing problem 

and bus stops selection in which the decisions are made 

in two levels, i.e. strategical and operational levels. At the 

strategical level, the location of the stops and routing of 

the buses are determined, while at the operational level, 

 

 

mailto:fkianfar@sharif.edu


H. Safarzadeh and F. Kianfar / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   1006-1016                            1007 

 

the student demands for using the transportation system 

are assigned to the buses. Moreover, a part of the student 

demands can be outsourced as well. In this study, two 

hybrid metaheuristic algorithms are proposed to solve the 

defined problem. Giri and Sarker [11] analyzed a supply 

chain management problem in which the logistics 

activities are outsourced to a third-party logistics (TPL) 

service provider. In this problem, there exist a 

manufacturer with the risk of disruption and multiple 

independent retailers. The design of the parameters that 

increases the profitability of the overall supply chain is 

discussed in this paper. Kim et al. [12] studied a problem 

related to a global supply chain embracing two divisions: 

one for production and anotherone for retailing. The 

production division can be offshored to a low-tax country 

while for the retail division, outsourcing from an outside 

supplier is possible. The authors analyzed the optimal 

choices for the supply chain structure. Heydari et al. [13] 

studied a supply chain consisting of a manufacturer and 

a retailer with stochastic demands. A part of production 

can be outsourced by the manufacturer, and moreover, 

the order quantity can be updated by the retailer as well. 

Mathematical models were developed for the studied 

problem to analyze the effect of outsourcing and the order 

flexibility possibilities in the problem via numerical 

experiments. Fathollahi-Fard et al. [14] investigated a 

home health care supply chain in which the patients’ 

demand can be also outsourced to hospitals directly. A 

bi-level mathematical programming model representing 

a static Stackelberg game between nurses and patients is 

developed for the problem, and efficient metaheuristic 

algorithms are implemented to solve it. 

Scheduling in the factories is a branch of the 

production management subject that can be integrated 

into the outsourcing subject as well. Scheduling generally 

addresses the allocation of resources to tasks over a time 

horizon [15]. Scheduling problems normally involve 

various problem constraints and one or more problem 

objectives to be optimized. In the presence of the 

outsourcing option in a scheduling problem, the 

subcontractors are considered as additional resources to 

perform the jobs over the time. Clearly, involving these 

extra resources in the problem can enhance the problem 

objectives and facilitate the problem constraints [16]. 

Several types of machine environments are addressed by 

the researchers in the scheduling literature, among which 

the major types are single machine, parallel machine, 

flow shop, and job shop [15]. The single machine 

environment is the simplest scheduling model in which 

there exists a single machine or server to process a 

number of jobs. This model occurs in many cases in the 

real world. Moreover, this model can be considered as a 

block of more sophisticated systems, particularly being 

used to analyze the bottlenecks of those systems [17]. 

Several research works have been conducted in the 

literature in recent years considering the possibility of 

outsourcing in a scheduling problem. These research 

works can be primarily classified with regard to the 

machine environment type. For comprehensive reviews 

of this subject based on this classification, we refer the 

readers to Safarzadeh and Kianfar [16] and Liu [18]. 

However, the studies related to the context of this paper, 

i.e. the single machine environment or batch outsourcing, 

are reviewed in the next section in detail. 

In the production systems, outsourcing the parts in 

batches may be a more practical assumption than 

outsourcing them one by one as the location of 

subcontractors is normally distant from the in-house 

plant [19]. Indeed, a considerable amount of time and/or 

cost is usually consumed for transporting the items 

between the manufacturer’s and the subcontractors’ 

shops, and outsourcing the items in batches helps reduce 

these logistics times and costs. Furthermore, batch 

outsourcing may also result in receiving order discounts 

from the subcontractors and prorate the preparation and 

setup times and costs required to start the order by them. 

However, a disadvantage of batch outsourcing is the 

issue that some parts may be ready for outsourcing while 

they are required to wait for other parts to be outsourced 

in batch. Incorporating batch outsourcing in a scheduling 

problem makes the problem much more complicated as 

most of the researchers have ignored this practical 

assumption. In fact, to the best of our knowledge, only 

four papers in the literature have addressed this 

assumption, i.e. Qi [19, 20, 21], and Ahmadizar and 

Amiri [22]. It should be noted that the former publication 

addresses a single machine environment; while, the three 

others consider a two-stage flow shop scheduling 

problem. These research works are also reviewed in the 

next section in detail.  

In this paper, a novel single machine scheduling 

problem is investigated with the option of batch 

outsourcing. In the considered problem, outsourcing each 

job involves a certain time and cost for processing it and 

a logistics time and cost for non-processing issues like 

packing/unpacking, loading/unloading, and 

transportation. Meanwhile, all the jobs outsourced in a 

batch have a common logistics time and cost. The 

problem objective is to minimize the sum of the total 

completion time of the jobs and the total outsourcing 

cost. In order to solve the problem, first, a mixed-integer 

linear programming (MILP) model, named MP1, is 

presented using a straightforward modeling approach for 

the outsourcing batches. Next, a more innovative 

approach for modeling the outsourcing batches is 

proposed to develop another MILP model, named MP2. 

Moreover, an optimal property is proven for the 

outsourcing batches in the problem, using which a valid 

inequality for model MP2 is developed. This valid 

inequality is added to model MP2 to obtain a third MILP 

model, named MP3. Furthermore, extensive 

computational experiments are conducted at the end of 
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the paper to evaluate and compare the efficiency of the 

developed mathematical models.  

The remainder of the paper is organized as follows: 

In section 2, the related literature is reviewed and 

discussed. In section 3, the considered problem is defined 

formally, and some real-world connections and 

applications of it are discussed. In section 4, the proposed 

solution approaches are presented, and in section 5, 

numerical experiments are conducted to evaluate the 

performance of the solution approaches. Finally, the 

conclusion of the paper is presented in section 6 and 

possible future studies are discussed. 

 
 
2. LITERATURE REVIEW 
 

Several research works in the literature have addressed a 

single machine scheduling problem with the option of 

outsourcing. Accordingly, Lee and Sung [23] studied a 

single machine scheduling problem in which each job is 

either processed in-house or subcontracted. They 

considered two types of problem objectives for the 

problem. The first one is to minimize a weighted sum of 

the total outsourcing cost and the maximum lateness of 

the jobs, while the second one is to minimize a weighted 

sum of the total outsourcing cost and the total tardiness 

of the jobs. In this study, several optimal properties are 

proven for the problem, based on which a branch and 

bound and some heuristic algorithms are proposed to 

solve the problem. Furthermore, the authors have also 

investigated another similar problem discussed by Lee 

and Sung [24] with a different problem objective, i.e. 

minimization of a weighted sum of the total outsourcing 

cost and the total completion time of the jobs. The other 

assumptions in this study are like the ones of the previous 

study, and similar solution approaches are also utilized. 

Qi [19] analyzed a single machine scheduling problem in 

which the jobs can be outsourced in batch to a single 

subcontractor. Various problem objectives are discussed 

in this paper such as makespan, total completion time, 

number of tardy jobs, and maximum lateness. The 

objective function of the problem is the sum of one of 

those problem objectives with the total outsourcing cost.  

To solve the problem, a dynamic programming approach 

is applied, and some characteristics of the optimal 

solutions are proven. Zhong and Huo [25] investigated a 

single machine scheduling problem in which the 

completion time of an outsourced job is assumed to be a 

step function of the job’s outsourcing time. The problem 

is analyzed by two distinct minimization objective 

functions, i.e. the sum of the total cost and the makespan, 

and the sum of the total cost and the number of delayed 

jobs. The authors have developed pseudo-polynomial 

algorithms to solve the problem with the former objective 

function and a special case of the problem with the latter 

objective function. Hong and Lee [26] analyzed a single 

machine scheduling problem in which the jobs can be 

outsourced to a limited set of subcontractors. The 

problem objective is to minimize the total outsourcing 

cost while the jobs’ assigned due dates are required to be 

satisfied. In this paper, several optimal properties are 

derived for the problem solution, and a pseudo-

polynomial algorithm is developed to obtain it. Ren et al. 

[27] studied a scheduling problem in which there exist a 

manufacturer with a single machine and a subcontractor 

with many identical parallel machines. Two problem 

objectives are considered for the problem, i.e. 

minimization of a weighted sum of the total cost and the 

total completion time of the jobs and minimization of a 

weighted sum of the total cost and the makespan. To 

solve the problem with the former objective, a 

polynomial-time algorithm is developed; while, for the 

problem with the latter objective, the problem complexity 

is analyzed and an approximation algorithm is proposed.  

For the possibility of batch outsourcing in a 

scheduling problem, in addition to Qi [19], which was 

reviewed before, to our best knowledge, only the three 

papers being reviewed in the following have addressed 

this subject. In this regard, Qi [20] studied a flow shop 

scheduling problem with two serial machines in which 

the operations corresponding to the first machine can be 

assigned to a single subcontractor as well. Moreover, all 

the outsourced items in the scheduling horizon are 

returned back to the shop in a common batch with a given 

transportation time. The problem objective is to minimize 

the makespan and the total outsourcing cost at the same 

time. The author proposed an algorithm to extract the 

Pareto optimal solutions and a heuristic approach to 

estimate them. Furthermore, a two-machine flow shop 

scheduling problem with batch outsourcing is also 

studied by Qi [21], in which the operations corresponding 

to both machines are subject to outsourcing. 

Accordingly, three outsourcing styles are considered in 

this paper, i.e. two operations of a job are outsourced to 

a single subcontractor, two operations of a job are 

outsourced but each one to a different subcontractor, and 

all the operations for the first machine are outsourced to 

a certain subcontractor. Meanwhile, the considered 

problem objective is to minimize the sum of the 

makespan and the total outsourcing cost. Dynamic 

programming and other analytical approaches are utilized 

in this study to analyze the optimal solutions and develop 

optimal algorithms for the problems. Moreover, 

Ahmadizar and Amiri [22] considered a two-machine 

flow shop scheduling problem in which the jobs have 

different release times. Meanwhile, two certain 

subcontractors are considered in the problem, each of 

which corresponds to the operations of one of the in-

house machines. As the transportation times and costs are 

taken into account, the jobs can be transported in batches 

between the manufacturer and the two subcontractors. 

The problem objective is to minimize the sum of the 
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makespan and the outsourcing costs. The authors have 

formulated some mathematical programming models for 

the problem and also developed an ant colony 

optimization algorithm (ACO) to solve it. 

The papers reviewed above are the major research 

works we have observed in the literature for the subject 

of single machine scheduling with outsourcing as well as 

the subject of scheduling with batch outsourcing. 

Regarding the correspondence of the reviewed papers to 

our study, Lee and Sung [23, 24], and Zhong and Huo 

[25], like our study, have assumed that many 

subcontractors exist in the problem. However, in their 

considered problems, each job is outsourced solely, while 

in our problem, the practical assumption of batch 

outsourcing is addressed. Furthermore, among the 

reviewed research works considering batch outsourcing, 

only Qi [19] addressed the single machine environment. 

Nonetheless, he has considered a single subcontractor in 

the problem, and furthermore, assumed that the 

processing time and cost of an outsourced job are 

proportional to the in-house processing time of the job 

via fixed multipliers. However, in the problem defined in 

our study, the number of subcontractors are not limited 

like many other research works of scheduling with 

outsourcing e.g. Chen and Li, [28]; Guo and Lei, [29]; 

Izadi et al., [30], and the outsourcing time and cost of the 

jobs are arbitrary values, which are independent of the in-

house processing times. 

 
 
3. PROBLEM DESCRIPTION 
 

In the considered problem, 𝑛 jobs are available in the 

manufacturer’s shop, which can be processed by a single 

in-house machine. Moreover, each job can be also 

outsourced to the existing subcontractors instead of being 

processed in the shop. It is supposed that enough number 

of subcontractors exist in the problem such that the jobs 

can be outsourced in parallel with no restriction.  If job 𝑖 
is fulfilled in the in-house shop, then it has a processing 

time of 𝑝𝑖 , and if it is outsourced, it has a processing time 

of 𝑞𝑖 and a processing cost of 𝑐𝑖. Furthermore, it is 

assumed that outsourcing a job encompasses a logistics 

time, 𝛼1, and a logistics cost, 𝛼2, which are for the 

activities like packing/unpacking, loading/unloading, 

and transportation. Moreover, the logistics time and cost 

can also involve the preparation time and cost required 

by the subcontractor to accept and start the order. In 

addition, it is possible to outsource a set of jobs to a 

subcontractor in batch with the aim of reducing the 

logistics outsourcing times and costs. In this case, a 

common logistics time and cost are considered for the 

jobs included in an outsourcing batch. Moreover, it is 

supposed that the jobs in a batch are returned back to the 

shop together, i.e. they have identical completion times. 

This assumption is useful for the cases that the orders are 

delivered to the customers from the in-house shop or the 

parts require additional production processes in the in-

house shop.  To have a more precise expression, suppose 

that jobs 𝑖1.  𝑖2. ⋯ . 𝑖𝑘 are outsourced in a batch to a 

subcontractor. Then, the completion time of each job in 

the batch is equal to 𝛼1 + ∑ 𝑞𝑖𝑗

𝑘
𝑗=1 . Moreover, the total 

outsourcing cost of the jobs in the batch is equal to 𝛼2 +
∑ 𝑐𝑖𝑗

𝑘
𝑗=1 . The considered objective for the problem is to 

minimize the sum of the total completion time of the jobs 

and the total outsourcing cost. Note that the time and cost 

parameters are normalized before, to make aggregating 

the mentioned terms in the objective function rational. 

A real application for the above-defined problem is 

the case in which a manufacturer can outsource 

machining of some of its raw materials to external CNC 

shops. This strategy is used for the times that the internal 

jobs are overloaded or some in-house resources are 

disrupted. CNC shops in some industrial areas are 

frequently located. For example, in the west region of 

Tehran, there exist many shops that do machining 

processes such as turning, milling, etc. They also 

normally have similar processing times and fees. 

Moreover, it is supposed that the manufacturer is distant 

from the location of the CNC shops, for example, it is 

located in the Shamsabad industrial city in the south of 

Tehran province which normally encompasses medium 

and large factories. So, transferring the parts between the 

manufacturer’s shop and the CNC shops requires a 

considerable amount of logistics times and costs, which 

makes using the batch outsourcing strategy 

indispensable. 

Finally, the utilized notations for the problem 

parameters are summarized as follows: 

𝑛 :   number of jobs. 

𝑝𝑖  :  in-house processing time of job 𝑖. 
𝑞𝑖 :  outsourcing processing time of job 𝑖. 
𝑐𝑖 :  outsourcing processing cost of job 𝑖. 
𝛼1 : logistics time for an outsourcing batch. 

𝛼2 : logistics cost for an outsourcing batch. 

 
 
4. SOLUTION APPROACHES 
 

Mathematical programming is used extensively to 

formulate combinatorial optimization problems, and 

especially, scheduling problems [31]. Although most of 

the scheduling problems are NP-hard, many of them, at 

least for a considerable segment of practical sizes, can be 

solved optimally or with a low optimality gap by 

appropriately developed MILP models. Furthermore, the 

efficiency of the mathematical programming approach 

for solving optimization problems is increasing 

nowadays due to the enhancement of solution techniques 

and development of computer technologies. This fact has 

made the mathematical programming solution approach 
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more attractive for researchers and practitioners in recent 

years [32,33].  

In this section, three MILP models are proposed to 

solve the studied problem. The first MILP model is 

developed using a straightforward modeling approach, 

while a more advanced modeling approach is utilized to 

establish the second MILP model. Moreover, the third 

MILP model is an enhancement of the second MILP 

model based on an optimal property of the problem being 

proven while expressing the model. In the following, 

first, a simple property for the optimal solution of the 

problem is proven in Lemma 1, which is used in 

developing all the aforementioned MILP models. 

Lemma 1. In the optimal solution of the problem, the 

jobs in the in-house shop are processed by the shortest 

processing time rule. 

Proof. Suppose that 𝐽1 and 𝐽2 are two in-house processed 

jobs in the optimal solution of the problem having 

respectively processing times of 𝑝 and 𝑞. Moreover, 

suppose that 𝑛1 jobs are processed after 𝐽1, and 𝑛2 jobs 

are processed after 𝐽2 in the in-house shop so that 𝑛1 >
𝑛2, i.e. 𝐽1 is processed before 𝐽2. If these two jobs are 

replaced with each other in the in-house sequence of jobs, 

then the amount added to the value of the objective 

function is equal to (𝑛1 + 1)𝑞 + (𝑛2 + 1)𝑝 − (𝑛1 +
1)𝑝 − (𝑛2 + 1)𝑞, which is simplified as (𝑛1 − 𝑛2)(𝑞 −
𝑝). However, according to the optimality of the solution, 

it holds that 𝑞 ≥ 𝑝, which concludes the proof.  

In order to use the result of Lemma 1 in the MILP 

models, let suppose that 𝑙1, 𝑙2, … , 𝑙𝑛 is a sequence of job 

numbers in which 𝑝𝑙𝑖
≥ 𝑝𝑙𝑗

 for 𝑖 < 𝑗. This sequence gives 

the order of jobs with regard to the processing time, 

which will be used later in establishing some constraints 

of the proposed MILP models.  

 

4. 1. Model MP1     The major difference between the 

first and the second developed MILP models is in the way 

of modeling the outsourcing batches. As was mentioned 

before, the first MILP model, MP1, uses a 

straightforward approach to model the outsourcing 

batches. In this respect, a distinct index is considered to 

determine the outsourcing batches in the model. As the 

number of outsourcing batches in a problem solution is at 

most 𝑛, the considered domain for the aforementioned 

index is 1 to 𝑛. However, many of the 𝑛 corresponding 

batches modeled in this way may be empty in the solution 

of the problem. The details of the model MP1 are 

presented as follows: 
 

Decision variables: 

𝑏𝑗: binary variable, equals to 1 if outsourcing batch 𝑗 is 

non-empty; 0 otherwise. 

𝑧𝑖𝑗: binary variable, equals to 1 if job 𝑖 is included in 

outsourcing batch 𝑗; 0 otherwise. 

𝑇𝑖: real variable, represents the completion time of job 𝑖. 

Model: 

Min  ∑ 𝑇𝑖
𝑛
𝑖=1 + 𝛼2 ∑ 𝑏𝑗

𝑛
𝑗=1 + ∑ (𝑐𝑖 ∑ 𝑧𝑖𝑗

𝑛
𝑗=1 )𝑛

𝑖=1      (1) 

Subject to:  

∑ 𝑧𝑖𝑗
𝑛
𝑗=1 ≤ 1         1 ≤ 𝑖 ≤ 𝑛  (2) 

∑ 𝑧𝑖𝑗
𝑛
𝑖=1

𝑛
≤ 𝑏𝑗      1 ≤ 𝑗 ≤ 𝑛  (3) 

𝑇𝑖 ≥ −𝑀1(1 − 𝑧𝑖𝑗) + 𝛼1 + ∑ 𝑞𝑘𝑧𝑘𝑗𝑘=1     1 ≤

𝑖 .  𝑗 ≤ 𝑛  
(4) 

𝑇𝑙𝑖
≥ −𝑀2(∑ 𝑧𝑙𝑖 𝑗

𝑛
𝑗=1 ) + 𝑝𝑙𝑖

+ ∑ 𝑝𝑙𝑘
(1 −𝑛

𝑘=𝑖+1

∑ 𝑧𝑙𝑘𝑗
𝑛
𝑗=1 )                  1 ≤ 𝑖 ≤ 𝑛  

(5) 

In the above model, Expression 1 describes the objective 

function of the problem. Constraint 2 guarantees that 

each job is included at most in one outsourcing batch. 

Constraint 3 indicates that if outsourcing batch 𝑗 is not 

empty, then its corresponding decision variable, 𝑏𝑗, is 

equal to 1. Constraint 4 determines the completion times 

of the outsourced jobs, while constraint 5 specifies the 

completion times of the in-house processed jobs. Note 

that in these two constraints, 𝑀1 and 𝑀2 are big enough 

numbers that make the constraints inactive in the 

intended cases. In this respect, constraint 4 is trivial if job 

𝑖 is not included in batch 𝑗, while constraint 5 has no 

effect in the model if job 𝑖 is outsourced. It should be 

noted that the minimum appropriate values for 𝑀1 and 

𝑀2 are 𝛼1 + ∑ 𝑞𝑘
𝑛
𝑘=1  and ∑ 𝑝𝑘

𝑛
𝑘=1 , respectively. 

Moreover, note that the result given in Lemma 1 is 

utilized in formulating constraint 5 using notations given 

after Lemma 1. 
 
4. 2. Model MP2             In the second proposed MILP 

model, MP2, a more innovative approach is utilized to 

model the outsourcing batches with the hope of 

establishing a more efficient model. It is worth noting 

that in model MP1, the maximum possible number of the 

batches were taken into account, while many of them 

may be empty in the obtained solution. This fact may 

cause increasing the dimensions of the model and 

wasting the computational time consumed for searching 

the solution space. However, in model MP2, unlike 

model MP1, the outsourcing batches are not directly 

distinguished from each other by an index. Accordingly, 

a binary decision variable like 𝑏𝑗, called the batch 

indicator variable, is utilized instead in the model to 

enumerate the number of outsourcing batches. This 

variable is equal to 1 if job 𝑗 is outsourced and has the 

minimum job number in its outsourcing batch. In this 

way, for each existing outsourcing batch, one and only 

one of the batch indicators variables will be equal to 1. 

So, the number of outsourcing batches can be obtained in 
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the model via this variable. Moreover, another binary 

decision variable like 𝑣𝑖𝑗 , called the batching variable, is 

also defined, which is equal to 1 if jobs 𝑖 and 𝑗 are 

outsourced in a common batch, and 0 otherwise. The 

details of the model MP2 are given in the following: 
 

Decision variables: 

𝑏𝑖 : binary variable, equals to 1 if job 𝑖 is outsourced and 

has the minimum job number in its outsourcing batch; 0 

otherwise. 

𝑣𝑖𝑗  : binary variable (𝑖 < 𝑗), equals to 1 if jobs 𝑖 and j are 

outsourced in a common batch; 0 otherwise. 

𝑓𝑖 : binary variable, equals to 1 if job 𝑖 is outsourced; 0 

otherwise. 

𝑇𝑖  : real variable, represents the completion time of job 𝑖. 
 

Model: 

Min  ∑ 𝑇𝑖
𝑛
𝑖=1 + 𝛼2 ∑ 𝑏𝑖

𝑛
𝑖=1 + ∑ 𝑐𝑖𝑓𝑖

𝑛
𝑖=1      (6) 

Subject to:  

2 𝑣𝑖𝑗 ≤ 𝑓𝑖 + 𝑓𝑗        1 ≤ 𝑖 < 𝑗 ≤ 𝑛  (7) 

𝑣𝑖𝑗 + 𝑣𝑗𝑘 − 𝑣𝑖𝑘 ≤ 1      1 ≤ 𝑖 < 𝑗 < 𝑘 ≤ 𝑛  (8) 

𝑓𝑖 ≤ 𝑏𝑖 + ∑ 𝑣𝑘𝑖
𝑖−1
𝑘=1        1 ≤ 𝑖 ≤ 𝑛  (9) 

𝑇𝑖 ≥ −𝑀1(1 − 𝑓𝑖) + 𝛼1 + 𝑞𝑖 + ∑ 𝑞𝑘𝑣𝑘𝑖
𝑖−1
𝑘=1 +

∑ 𝑞𝑘𝑣𝑖𝑘
𝑛
𝑘=𝑖+1          1 ≤ 𝑖 ≤ 𝑛  

(10) 

𝑇𝑙𝑖
≥ −𝑀2𝑓𝑙𝑖

+ ∑ 𝑝𝑙𝑘
(1 − 𝑓𝑙𝑘

)𝑛
𝑘=𝑖+1      1 ≤ 𝑖 ≤ 𝑛  (11) 

The objective function of the problem is presented in 

Expression 6. Moreover, constraint 7 ensures that if two 

jobs are included in the same outsourcing batch, their 

relevant outsourcing indicator variables are equal to 1. 

Constraint 8 states a transitive relationship between the 

decision variables 𝑣𝑖𝑗 , i.e. if jobs 𝑖 and 𝑗 present in the 

same outsourcing batch as well as jobs 𝑗 and 𝑘, then jobs 

𝑖 and 𝑘 are also in a common outsourcing batch. 

Constraint 9 states that if job 𝑖 is outsourced, and no job 

exists in its outsourcing batch with a lower job number 

than 𝑖, then 𝑏𝑖 is equal to 1, i.e. the batch is identified by 

job 𝑖 in the model. Finally, Constraints 10 and 11 

determine the completion times of the outsourced jobs 

and the in-house processed jobs, respectively. 

Meanwhile, the minimum appropriate values for 𝑀1 and 

𝑀2 in this model are 𝛼1 + ∑ 𝑞𝑘
𝑛
𝑘=1  and ∑ 𝑝𝑘

𝑛
𝑘=1 , 

respectively. 

 
4. 3. Model MP3           Although the computational 

results in the next section indicate that model MP2 

significantly outperforms model MP1 in solving 

numerical problem instances, here, we modify MP2 to 

generate another model, named MP3, with the hope of 

having even a more efficient model. In this regard, first, 

a notable optimal property for the outsourcing batches in 

the problem is proven in Lemma 2. Then, this property is 

used to develop a valid inequality for model MP2, which 

is added to the model as a new constraint to obtain the 

model MP3. In fact, this constraint helps to reduce the 

solution space of the MILP model, which may enhance 

its efficiency in searching for the optimal solution. 

Lemma 2.  In the optimal solution of the problem, the 

outsourcing batches can be represented by a sequence 

like 𝐵1, 𝐵2, … , 𝐵𝑘  such that if 𝑖 < 𝑗, then each job in 𝐵𝑖  

has an equal or bigger outsourcing time than each job in 

𝐵𝑗 . 

Proof. Suppose that in the optimal solution of the 

problem, 𝐵𝑖1
 and 𝐵𝑖2

 are two arbitrary outsourcing 

batches containing respectively 𝑛1 and 𝑛2 jobs, such that 

𝑛1 ≤ 𝑛2. Moreover, job 𝐽1 with an outsourcing time of 𝑝 

and job 𝐽2 with an outsourcing time of 𝑞 are included in 

batches 𝐵𝑖1
 and 𝐵𝑖2

, respectively. Now, suppose that 𝐽1 

and 𝐽2 are replaced with each other. Then, it can be easily 

checked that the amount of 𝑛1(𝑞 − 𝑝) + 𝑛2(𝑝 − 𝑞), 

which is simplified as (𝑛1 − 𝑛2)(𝑞 − 𝑝), is added to the 

value of the objective function. However, this term must 

be non-negative according to the optimality of the 

solution. So, it is concluded that 𝑝 ≥ 𝑞 if 𝑛1 < 𝑛2. 

Moreover, if 𝑛1 = 𝑛2, replacing 𝐽1 and 𝐽2 with each other 

has no effect on the value of the objective function, so 

without loss of generality, we assume 𝑝 ≥ 𝑞 for this case. 

Accordingly, if we sort the outsourcing batches in the 

optimal solution of the problem in the form of a sequence 

like 𝐵1, 𝐵2, … , 𝐵𝑘  such that for 𝑖 < 𝑗, the number of jobs 

in 𝐵𝑖  is smaller than or equal to the number of jobs in 𝐵𝑗 , 

the proof is concluded. □  

Now, we establish a valid inequality for model MP2 

using the result obtained via Lemma 2. First, let suppose 

without loss of generality that the jobs are numbered in 

descending order with regard to the outsourcing 

processing time parameter, i.e. 𝑞𝑖 ≥ 𝑞𝑗 , if 𝑖 < 𝑗. 

According to this assumption, the batch indicator jobs in 

model MP2, for which the variable 𝑏𝑖 is equal to 1, are 

the ones that have the maximum outsourcing time in their 

containing outsourcing batch since they have minimum 

job numbers in their batch. Regarding Lemma 2, we 

know that if a batch indicator variable like 𝑏𝑖 in model 

MP2 is equal to 1, then any job 𝑘 before job 𝑖 (𝑘 < 𝑖) and 

any job 𝑙 after job 𝑖 or job 𝑖 itself (𝑙 ≥ 𝑖) cannot be 

included in an identical outsourcing batch. In fact, if jobs 

𝑘 and 𝑙 are in a common outsourcing batch, and job 𝑖 is 

also an outsourced job, then, according to Lemma 2, jobs 

𝑘, 𝑖, and 𝑙 are definitely in the same outsourcing batch, 

which is a contradiction with the assumption 𝑏𝑖 = 1. 

Regarding this result, we establish the following valid 

inequality for model MP2: 

∑ ∑ 𝑣𝑘𝑙
𝑛
𝑙=𝑖

𝑖−1
𝑘=1 ≤ (𝑖 − 1)(𝑛 − 𝑖 + 1)(1 − 𝑏𝑖)  1 ≤

𝑖 ≤ 𝑛  
(12) 
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In constraint 12, if the batch indicator variable 𝑏𝑖 is equal 

to zero, the constraint will be trivial as the left-hand side 

of it is at most (𝑖 − 1)(𝑛 − 𝑖 + 1) in any case. However, 

if 𝑏𝑖 is equal to one, the abovementioned  result for 

jobs 𝑘, 𝑖, and 𝑙 will be expressed by constraint 12. Hence, 

constraint 12 is always true for model MP2. As was 

discussed before, the MILP model MP3 is simply 

obtained by adding constraint 12 to model MP2. In the 

next section, the usefulness of this modification is 

demonstrated via numerical results. 

 
 
5. COMPUTATIONAL EXPERIMENTS 

 

In this section, the performance of the proposed MILP 

models in the previous section are examined through 

numerical experiments. In this respect, some appropriate 

numerical instances of the problem are prepared first as 

the test problems. Next, the problem instances are solved 

by the MILP models MP1, MP2, and MP3 via CPLEX 

software. Finally, the experimental results are presented 

and discussed, and the performance of the models are 

evaluated and compared. The models are solved by 

CPLEX 12.6.0 and implemented in Visual Studio 2017 

via the Concert Technology of CPLEX software. The 

computer systems used to run the models have 

characteristics of CPU 2.4 GHz, 4 GB RAM, and OS of 

Windows 8. 
 

5. 1. Test Problems        In order to conduct the 

computational experiments, first, it is required to provide 

some adequate test problems. In this respect, the problem 

dimensions 𝑛 =10, 15, 20, 25, 30, 40, and 50 are chosen 

to generate the test problems. Moreover, it is required to 

generate the values of the parameters 𝑝𝑖𝑗 , 𝑞𝑖𝑗 , 𝑐𝑖𝑗 , 𝛼1 and 

𝛼2 for the considered problem dimensions. Accordingly, 

for each problem dimension, these numerical values are 

generated from three different sets of discrete uniform 

probability distributions, named 𝑆1, 𝑆2, and 𝑆3, which are 

presented in Table 1. In this table, Uni[𝑎  𝑏] represents a 

discrete uniform probability distribution with a lower 

bound 𝑎 and an upper bound 𝑏. Note that the considered 

uniform probability sets are chosen using preliminary 

tests such that various levels of outsourcing are obtained 

in the test problems. According to the considered 

distributions, the problem instances related to set 𝑆2 have 

the lowest, and the problem instances related to set 𝑆3 

have the highest levels of outsourcing. 

It should be noted that for each problem dimension 

with a set of probability distributions, 10 problem 

instances are generated randomly, which are named a 

problem class as a whole. Consequently, 210 problem 

instances organized in 21 problem classes are prepared to  

be used in the experiments. 

 

5. 2. Experiments and Results        To conduct the 

numerical experiments, the developed MILP models 

MP1, MP2, and MP3 are solved by CPLEX software for 

each of the 210 problem instances generated in section 

5.1. It should be noted that the values of the parameters 

𝑀1 and 𝑀2 in the MILP models are set to the minimum 

values mentioned while expressing the models in section 

4. Moreover, a time limit of one hour is considered for 

running each of the models for a problem instance. Note 

that if a problem instance is not solved optimally within 

the assigned time limit, an optimality gap will be reported 

by CPLEX, which is equal to 
𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒 – 𝑙𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑

𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒
×

100 in which the objective value is the best obtained 

value for the objective function, and the lower bound is 

the best obtained lower bound by the software. The 

optimality gap indicates the maximum relative deviation 

of the attained solution from the optimal solution of the 

problem. Accordingly, if this value is low, we can be sure 

that the model has attained a near-optimal or even an 

optimal solution. 

The experimental results obtained by running the 

MILP models are given in Table 2. In this table, each row 

corresponds to the results of the problem instances of a 

problem class. Accordingly, the indicator 𝑆𝑇 represents 

the average solution time for the corresponding problem 

instances. Meanwhile, all the time indicators are reported 

in seconds in Table 2. Note that if a MILP model is not 

solved within the one-hour time limit, its solution time 

will be equal to 3600 seconds. Furthermore, the indicator 

𝑂𝐹 represents the average value of the objective function 

obtained by the MILP model among the problem 

instances.  Moreover, the indicator 𝐺% gives the average 

value of the optimality gap reported by CPLEX for the 

problem instances. Obviously, if a problem instance is 

solved optimally within the assigned time limit, the 

optimality gap will be zero. Furthermore, the number of 

problem instances for the corresponding problem class 

that are solved optimally by the MILP model is reported 

by the indicator 𝑜𝑝𝑡#, which is out of 10. Finally, the 

average percentage of the outsourced jobs in the obtained 

problem solutions is presented by the indicator 𝑜𝑢𝑡%.  
 

 

TABLE 1. The sets of probability distributions used to generate the test problems 

 𝒑𝒊𝒋 𝒒𝒊𝒋 𝒄𝒊𝒋 𝜶𝟏 𝜶𝟐 

𝑺𝟏  Uni[10  100] Uni[10  100] Uni[10  100] Uni[50  250] Uni[50  250] 

𝑺𝟐  𝑈𝑛𝑖[10    50]  Uni[10  100] 𝑈𝑛𝑖[10  200] 𝑈𝑛𝑖[50  150] Uni[50  300] 

𝑺𝟑  𝑈𝑛𝑖[10  200]  𝑈𝑛𝑖[10    50]  Uni[10  100] Uni[50  250] Uni[50  150] 
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TABLE 2. The detailed results of the numerical experiments 

Problem Class Model MP1 Model MP2 Model MP3  

𝒏  type 𝑶𝑭  𝑺𝑻  𝑮%  𝒐𝒑𝒕#  𝑶𝑭  𝑺𝑻  𝑮%  𝒐𝒑𝒕#  𝑶𝑭  𝑺𝑻  𝑮%  𝒐𝒑𝒕#  𝒐𝒖𝒕%  

10 𝑆1  2346 0.53 0 10 2346 0.19 0 10 2346 0.2 0 10 27 

10 𝑆2   1521 0.06 0 10 1521 0.04 0 10 1521 0.05 0 10 11 

10 𝑆3   2664 1.92 0 10 2664 0.27 0 10 2664 0.23 0 10 53 

15 𝑆1  3297 92 0 10 3297 4.41 0 10 3297 3.18 0 10 43 

15 𝑆2   2654 1.81 0 10 2654 0.68 0 10 2654 0.61 0 10 22 

15 𝑆3   3363 1295 8.2 5 3363 37 0 10 3363 2.81 0 10 65 

20 𝑆1  5413 3600 24.28 0 5407 2656 3.75 4 5407 735 0.53 8 50 

20 𝑆2   4408 907 2.58 8 4408 335 0 10 4408 97 0 10 29 

20 𝑆3   5069 3600 32 0 5069 3283 5.35 1 5069 250 0 10 70 

25 𝑆1  6815 3600 40.53 0 6809 3600 6.7 0 6805 3020 3.15 4 58 

25 𝑆2   5875 3600 30.95 0 5873 3600 5.93 0 5872 2731 3.1 6 39 

25 𝑆3   6331 3600 67.78 0 6314 3600 6.9 0 6314 3122 4.75 3 73 

30 𝑆1  7496 3600 49.6 0 7489 3442 6.85 1 7488 3343 4.21 2 59 

30 𝑆2   6828 3600 36.47 0 6827 3600 8.37 0 6824 3270 4.34 2 44 

30 𝑆3   7344 3600 70.25 0 7341 3600 8.03 0 7341 3517 5.78 1 74 

40 𝑆1  11772 3600 64.21 0 11720 3600 19.2 0 11697 3600 16.11 0 65 

40 𝑆2   10465 3600 55.88 0 10447 3600 19.83 0 10428 3600 17.08 0 54 

40 𝑆3   11137 3600 67.62 0 11107 3600 14.3 0 11093 3600 11.26 0 74 

50 𝑆1  15437 3600 66.62 0 15315 3600 23.87 0 15302 3600 21.63 0 67 

50 𝑆2   14487 3600 57.8 0 14436 3600 27.54 0 14413 3600 23.22 0 56 

50 𝑆3   14105 3600 69.18 0 14007 3600 20.75 0 13995 3600 18.72 0 77 

 

 

This quantity shows the average level of job outsourcing 

in each problem class. Note that the values presented in 

Table 2 are rounded in some cases to have a better 

representation of the indicators in the table. 

In addition to the results reported in Table 2, the average 

values of the indicators 𝑆𝑇, 𝑂𝐹, and 𝐺% for each 

problem dimension are also given in Table 3. Therefore, 

each quantity in Table 3 is the average of the three related 

quantities in Table 2 for the corresponding problem 

dimension. Using the results of Table 3, the performance 

of the MILP models can be compared quickly. Moreover, 

to have an intuitive comparison of the efficiency of the 

MILP models, the values of the average solution time, 

𝑆𝑇, and the average optimality gap, 𝐺%, reported in 

Table 3 are also illustrated in Figures 1 and 2, 

respectively. 

The experimental results indicate that model MP2 

outperforms model MP1, and model MP3 outperforms 

model MP2 in solving the numerical problem instances. 

Particularly, the performance of models MP2 and MP3 in 

proving solution optimality or estimating the maximum 

optimality gap is significantly better than the 

performance of model MP1. Moreover, by considering 

the results for the problem dimensions that the problem 

instances are generally solved optimally for, it is 

observed that the solution times of models MP2 and MP3 

has been significantly lower than the solution times of 

model MP1. The aforementioned results are evident  

 

 
TABLE 3. The average values of the experiment indicators for 

the problem dimensions 
 Model MP1 Model MP2 Model MP3  

𝒏  𝑶𝑭  𝑺𝑻  𝑮% 𝑶𝑭  𝑺𝑻  𝑮% 𝑶𝑭  𝑺𝑻  𝑮% 

10 2177 0.84 0 2177 0.17 0 2177 0.16 0 

15 3105 462 2.73 3105 14 0 3105 2.2 0 

20 4963 2702 19.62 4961 2091 3.03 4961 360 0.18 

25 6340 3600 46.42 6332 3600 6.51 6330 2957 3.67 

30 7223 3600 52.11 7219 3547 7.75 7218 3376 4.78 

40 11125 3600 62.57 11091 3600 17.78 11073 3600 14.82 

50 14676 3600 64.53 14586 3600 24.05 14570 3600 21.19 
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Figure 1. The average solution times for the problem 

dimensions 

 

 

 
Figure 2. The average optimality gaps for the problem 

dimensions 

 

 

in Table 3, Figures 1 and 2. So, we can conclude that the 

innovative modeling approach for the outsourcing 

batches utilized in MP2 and MP3 has been an effective 

approach. Moreover, regarding the results in Table 3, 

Figures 1, and 2, it is observed that the average optimality 

gaps obtained by MP3 have been lower than the ones of 

MP2, and the average solution times of MP3 have been 

also lower than the average solution times of MP2. So, 

the valid inequality obtained by the optimal property 

proven in Lemma 2, which is included in model MP3 has 

been also successful in improving the performance of the 

model. 

Furthermore, regarding the results of Table 2, it is 

observed that using model MP3 as the most efficient 

model, almost all the problem instances with up to 20 

jobs are solved optimally within the assigned time limit. 

Moreover, the problem instances with 25 and 30 jobs are 

also solved with a maximum optimality gap below 5% on 

average. Furthermore, this quantity is almost below 20% 

on average for the instances with 40 and 50 jobs. It is 

worth noting that the mentioned values are the maximum 

possible optimality gaps, and the real optimality gaps for 

the obtained solutions may be much lower. According to 

the abovementioned results, we can generally conclude 

that model MP3 is an efficient model to solve practical-

size problem instances of the studied problem.  

Moreover, another notable result regarding the last 

column of Table 2 is that a considerable segment of the 

jobs, around 40 to 50 percent of them on average, are 

outsourced in the obtained solutions. This result indicates 

the great role that the outsourcing strategy can have in the 

addressed problem. However, the amount of outsourcing 

in the problem is evidently related to the values of the 

outsourcing time and cost parameters. In this regard, it is 

observed that when the outsourcing parameters are 

generated from probability distribution sets 𝑆2, the rate of 

outsourcing is minimum, and when they are generated 

from probability distribution sets 𝑆3, the rate of 

outsourcing is maximum. So, the results also indicate that 

the impact of the outsourcing strategy is significantly 

related to the combination of values of the outsourcing 

time and cost parameters. 

 

 

6. CONCLUSION 
 

In this paper, a novel single machine scheduling problem 

with the option of batch outsourcing was studied. The 

considered problem objective was to minimize the sum 

of the total completion time of the jobs and the total 

outsourcing cost. To solve the problem, three MILP 

models were developed. The first one, called MP1, 

exploited a straightforward modeling approach for the 

outsourcing batches, while, a more advanced approach 

for modeling outsourcing batches was utilized in the next 

MILP model, MP2. Furthermore, to enhance the 

efficiency of MP2 more, an optimal property for 

outsourcing batches was proved, which was used to 

develop a valid inequality for MP2. By adding this 

inequality to MP2 as a new constraint, another MILP 

model, named MP3, was also obtained.  

At the end of the paper, extensive numerical 

experiments were conducted to evaluate and compare the 

efficiency of the MILP models. The results indicated that 

MP2 outperforms MP1, and MP3 outperforms MP2 in 

solving the numerical problem instances. Particularly, the 

results obtained by MP2 and MP3 were significantly 

better than the ones of MP1 with regard to the solution 

time and optimality reporting. Moreover, the numerical 

results indicated that the valid inequality included in MP3 

has been effective in improving the performance of the 

MILP model. Furthermore, it was concluded that model 

MP3 can generally solve medium-size problem instances 

optimally or with a low optimality gap in a reasonable 

time. In addition, as a managerial insight, it was observed 

that the outsourcing strategy can have a great impact in 

the defined problem since a considerable segment of the 

jobs were outsourced in the solutions of the numerical 

problem instances. However, the rate of outsourcing is 
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dependent on the values of the outsourcing time and cost 

parameters. 

For future studies, we propose enhancing the solution 

approaches given in this paper for the studied problem or 

utilizing other solution techniques such as heuristic and 

meta-heuristic algorithms. Moreover, other problem 

objectives, especially due-date related ones, can be also 

considered for the studied problem. Furthermore, the 

practical assumption of batch outsourcing, which is 

rarely addressed in the literature, can also be investigated 

for scheduling problems in other machine environments 

such as parallel machine, flow shop, and job shop. 
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Persian Abstract 

 چکیده 
ون سپاری دسته ای کارها به برون سپاری یک راهبرد متداول در صنعت است که می تواند به عنوان یک فرض در مسائل زمان بندی نیز در نظر گرفته شود. علاوه بر این، بر

زمان بندی به ندرت بررسی شده است. در این تحقیق،   دلیل وجود مسائل لجستیکی انتقال قطعات بین تولید کننده و پیمانکاران یک موضوع کاربردی است که در ادبیات مسائل

ی برون سپاری بررسی می شود.  یک مساله جدید زمان بندی تک ماشین با امکان برون سپاری دسته ای کارها و با تابع هدف کمینه سازی مجموع زمان تکمیل کارها و هزینه ها

د که به ترتیب از یک رویکرد سر راست و یک رویکرد ابتکاری  ارائه می شو MP2و  MP1ته با نام های برای حل مساله ابتدا دو مدل برنامه ریزی خطی عدد صحیح آمیخ

برای دسته های برون سپاری به صورت دقیق به اثبات می رسد که با استفاده از آن یک نامساوی   بهینه   جهت مدل سازی دسته های برون سپاری بهره می گیرند. سپس یک ویژگی

نیز   MP3، یک مدل سوم برنامه ریزی عدد صحیح آمیخته با نام MP2توسعه داده می شود. با افزودن این نامساوی به عنوان یک محدودیت به مدل  MP2 معتبر برای مدل

نده برتری قابل توجه کارایی  می شود که نتایج بدست آمده نشان ده انجامبدست می آید. در انتهای مقاله آزمایش های محاسباتی جهت ارزیابی عملکرد مدل های پیشنهادی 

، تعداد زیادی از مسائل با ابعاد کاربردی به MP3است. همچنین مشاهده می شود که با استفاده از مدل  MP2نسبت به مدل  MP3و مدل  MP1نسبت به مدل  MP2مدل 

 صورت بهینه و یا با درصد خطای بهینگی کم قابل حل است. 
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A B S T R A C T  

 

It has become necessary to use damaged tires from various vehicles to produce rubberized concrete 

structures as a good solution to treat environmental pollution and reduce the total cost of construction. 
In general, concrete structures, for many reasons, may need to be strengthened. Recently, fiber-

reinforced polymer (FRP) sheets have been used to reinforce existing concrete structural elements that 

were deficient. FRP is an effective solution and is moderately common for strengthening and improving 
the properties of the structural element. Firstly, concrete mixes were poured with replaced sand, with the 

percentages varying from 0, 10, 20, and 30%. Thus, some mechanical properties in terms of the 

workability of concrete, compressive strength, tensile strength, and density of recycled concrete were 
studied using rubber from tires as an alternative to fine aggregate. Secondly, concrete prisms were poured 

with different proportions of rubber instead of sand. Twelve rubberized concrete prisms measure 100 

mm x 100 mm x 600 mm. Then, the effect of fiber reinforced polymer with different forms on concrete 
prisms was investigated. The results revealed a decrease in the workability, density, and compressive 

strength of the rubber concrete samples with an increase in the proportions of replaced sand with rubber 

content. It is also observed that FRP improves the strength, stiffness, and ductility of all concrete prism 
beams with a different ratio of recycled rubber. In addition, the test results clearly show that the 

strengthening by width sheets of FPR behaved more favorably than the thin sheets having the same cross-

section. 

doi: 10.5829/ije.2022.35.05b.17 
 

 
1. INTRODUCTION1 
 
The consumption of rubber tires for a lot of cars has 

significantly increased in recent times. As a result of the 

increase in the amount of rubber waste generated from 

used tires across various means of transportation, there is 

an environmental problem [1]. Accumulations of tires 

lead to pollution as well as diseases due to the burning 

and the gathering of mosquitoes [2]. Therefore, a solution 

must be found to get rid of tires for a sustainable 

environment by adding recycled rubber to produce 

sustainable concrete [3].  

There are many studies on the use of tire rubber as a 

substitute for aggregate in concrete mixes [4, 5]. The use 

of rubber recycling to produce concrete mechanical and 

ductile properties for improving sustainability was 

 

*Corresponding Author: dr.thaerj.t.c@mtu.edu.iq (T. J. Mohammed) 

investigated, but it was discovered that the dynamic 

properties of rubberized concrete elements had been 

reduced [6]. Also, the ultimate strength of specimens as 

beam and column was lower with an increase in the 

percentage of rubber used, as well as compressive 

strength [7]. Therefore, it is necessary to strengthen the 

rubberized concrete structure using fiber-reinforced 

polymer. 

Recently, fibre reinforced polymer (FRP) sheets were 

used to strengthen the defective existing concrete 

structural elements [8]. The FPR material has extensive 

properties like high tensile strength and lightweight to 

enhance the service life of concrete elements [9]. 

Accordingly, the structural elements were strengthened 

to increase strength and durability by rehabilitating 

deteriorated concrete using FRP sheet [10, 11]. Many 

RESEARCH 

NOTE 
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advantages have been reported by strengthening concrete 

using FRP compared to other traditional materials such 

as steel [12]. The effectiveness of the bending and shear 

strengthening depends on the bond between FRP and 

concrete, so that increase resistance by restricting 

external confinement [13]. The efficiency of FRP use 

dramatically affects the mechanical properties of 

rehabilitation concrete construction [14]. Various cases 

of strength have been depended on strip length, number 

and spacing or other standard methods for improving the 

behaviour of concrete elements [15-19]. 

In this paper, as in previous researches, waste tire 

rubber was first used as a substitute for fine aggregates to 

study the mechanical properties of rubber concrete. 

Secondly, the strengthening of rubber concrete prisms 

with carbon fibre was studied to improve the properties 

of these beams under the influence of two loading points. 

Thus, this research focuses on enhancing the strength of 

concrete containing different proportions of rubber using 

carbon fiber reinforced sheets. 

 

 

2. SIGNIFICANCE OF STUDY 

 

Concrete mixes in this paper are 1:1.5:3 (cement: sand: 

gravel) by weight, with a water-to-cement ratio of 0.5. 

Part of the sand was replaced with 10-30% rubber tire in 

the concrete mixes for comparison with a reference mix 

without rubber. Firstly, the effect of different proportions 

of rubber instead of sand in producing sustainable 

concrete must be studied. Therefore, the slump test, 

compressive strength at age 7, 28 days, tensile strength, 

and flexure strength at 28 days were examined to 

understand the effect of substitution on rubber concrete 

properties. Secondly, the use of rubber concrete in 

buildings subjected to increased loading needs to be 

strengthened properly. Therefore, twelve rubberized 

concrete prisms were cast. Then, some common types of 

external reinforcement (FRP sheets) were used to 

strengthen the rubber concrete prism to verify the 

importance of strengthening; thus, improving the shear-

bending behavior. 
 

 

3. EXPERIMENTAL WORK 

 

In this study, rubber crumbs from car tires were used to 

evaluate their performance as a substitute for sand for 

producing concrete mixes. Rubber crumbs with 

dimensions less than 1 mm were obtained from 

mechanical shredding of car tires without any treatments. 

The mixes included cement, sand, gravel and water. 

Ordinary Portland cement (Type I) Al-Mass has been 

used to conform to the Iraqi standard specifications 

(I.Q.S 5:1984). Meanwhile, crushed coarse gravel was 

used from the Al-Nibaee area where the sieve analysis 

was identical with (I.Q.S 45:1984) data as shown in 

Figure 1. Also, the natural sand was from the al-Akheder 

area conforming to (I.Q.S45:1984) data as shown in 

Figure 2. Drinking water was used for concrete mixes 

that were designed following ACI 211.1 and for curing 

concrete samples. In order to prepare, the concrete mix is 

satisfied in the works of residential buildings. The trial 

and error method was also used to produce concrete grade 

M25. 

Waste rubber tires were used as an additive to 

concrete at a rate of (10, 20, and 30%). As a substitute for 

a portion of fine aggregate (sand), use (water/cement 

ratio of 0.5 for all concrete mixes (1 cement: 1.5 sand: 3 

gravel). Some mechanical properties in terms of the 

slump of concrete, compressive strength, tensile strength, 

and density of rubberized concrete were investigated. 

The main components of the reference concrete mixes (1 

cement: 1.5 sand: 3 gravel) used in this research, as well 

as replacing the minced tires in different proportions (10, 

20, and 30%), are shown in Figure 3 as a substitute for 

the fine aggregate, which which was encoded below: 

M0: A reference concrete mix that does not contain 

minced used tires. 

M10: A concrete mix containing 10% of the minced used 

tires 

M20: A concrete mix containing 20% minced used tires. 

M30: A concrete mix containing 30% minced used tires. 

 

3. 1. FRP Strengthening             Rubberized concrete 

prisms have normal compressive strength fluctuate from 

29-32 MPa that all prisms were cured in water at 28 days. 
 

 

 
Figure 1. Sieve analysis of coarse aggregate 

 

 

 
Figure 2. Sieve analysis of natural sand 
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Figure 3. Preparation of specimens 

 

 

For strengthening prism by fiber-reinforced polymer that 

the type of FRP has been used Sikadur-300 Product as 

present in Table 1. Concrete prism is grinded to make a 

rough surface for perfect bonding between fiber-

reinforced polymer with concrete prism [20] (see 

Figure 4). 
 
3. 2. Prism Beam Details         The prisms were 

strengthened on their tension side with a glued-on fiber-

reinforced polymer sheet, which was put in the middle of 

the prism beam. Cases of reinforcement of beams using 

FRP carbon fiber reinforced sheets have been identified, 

namely : 
Prism beam without strengthening, as a control prism 

beam, P-R0-ST0, P-R10-ST0, P-R20-ST0, and P-R30-

ST0. 

The prism beam is only strengthened by FRP strip 

closed between the loading point and support in the 

shear-flexure zone with lower surface 50 mm, P-R0-

ST50, P-R10-ST50, P-R20-ST50, P-R30-ST50. 

The prism beam is strengthened by both FRP strip 

closed with a lower surface of 100 mm, P-R0-ST100, P-

R10-ST100, P-R20-ST100, and P-R30-ST100 . 

The details of concrete prisms are described in 

Figure 5. 

 
3. 3. Setup Test           An experimental test was set up 

where the rubberized concrete prism was put on supports 

at both ends. A two-point load test was performed on a 

strengthened rubberized concrete prism beam to 

determine its maximum failure strength, as revealed in 

Figure 6. 
 

 

 
Figure 4. A rough surface for perfect bonding 

 

 

TABLE 1. Mechanical properties of fiber-reinforced polymer 

Laminate Nominal 

Thickness (mm) 
Tensile Resistance 

(N/mm) 
Modulus of 

elasticity (GPa) 

0.167 585 220 

*Sikadur®-300 Product Data Sheet 

 
Figure 5. Concrete prisms 

 
 
4. RESULTS AND DISCUSSION  
 
4. 1. Slump and Workability           The slump test was 

performed on all mixes containing different percentages 

of rubber: 0, 10, 20 and 30%, using a standard slump cone 

to determine the workability. It was found in Figure 7 that 

adding rubber to the concrete mixes reduces the slump, 

i.e. it notices a decrease in the workability. The addition 

of replaced rubber at 0, 10, 20 and 30% led to a decrease 

in slump at 4 cm, 3.2 cm, 2.8 cm, and 2.6 cm,  

 

 

 
Figure 6. Testing procedures 

 

 

 
Figure 7. Concrete prisms 
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respectively. The decline in the slump ratio was 20, 30 

and 35% due to the rubber replacement ratio of 10, 20 

and 30%, respectively, to the concrete mix without 

rubber due to the moisture-absorbing property of rubber 

as shown in Table 2. Accordingly, the slump of the 

concrete mix containing rubber was reduced when 

compared with the control concrete mix 1:1.5:3. The 

slump is inversely proportional to the amount of rubber 

added, which agrees well with another research [21]. 

 
4. 2. Compressive Strength        The compressive 

strength of concrete mixes containing rubber in different 

proportions instead of sand has been studied. It was found 

from the results that increasing the amount of rubber 

replaced decreases the compressive strength of cubes 

with dimensions of 10 x 10 x 10 cm. The percentages of 

compressive strength at 7-day decreased by about 1.8, 

3.7, and 6.2% for the proportions of rubber at 10, 20 and 

30%, respectively, when compared with the reference 

concrete mix without rubber. While the percentages of 

compressive strength at 28 days were less than 1.3, 6.7 

and 9.8% for proportions of rubber at 10, 20, and 30%, 

respectively, when compared with the reference concrete 

mix without rubber as indicated in Table 3. The 

compressive strength result showed no significant change 

in 10% rubber at 28 days. Meanwhile, it was observed 

that the lowest decrease in compressive strength was 

9.8% when the rubber replacement ratio was set at 30%. 

Accordingly, the compressive strength decreases with an 

increase in the proportion of rubber replaced (see Figure 

8). 
 

4. 3. Split Tensile Strength            It is necessary to 

conduct a cracking resistance test for cylinders with a 

diameter of 10 cm and a height of 20 cm. The results are 

2.51, 2.48, 2.47, and 2.33 MPa for tensile strength for  

 

 
TABLE 2. Concrete prisms 

 Mix code Slump (cm) Decrease ratio (%) 

 M0 4.0 0.0 

 M10 3.2 20% 

 M20 2.8 30% 

 M30 2.6 35% 

 

 
TABLE 3. Compressive strength test results 

 Mix code 
Compressive strength at 7 

day (MPa)  

Compressive strength at 28 

day (MPa) 

 M0 23.21 31.80 

 M10 22.79 31.39 

 M20 22.35 29.67 

 M30 21.77 28.68 

 
Figure 8. Compressive strength test results 

 

 

rubber ratios of 0, 10, 20 and 30% at 7 days, respectively. 

Hence, at 28 days, tensile strength is 3.04, 2.94, 2.78, and 

2.75 MPa for rubber ratios of 0, 10, 20, and 30%, 

respectively, as in Table 4. In other words, the higher the 

percentage of rubber replaced, the lower the tensile 

strength (see Figure 9). 
 

4. 4. Flexural Strength          The flexure strength of a 

rubberized-concrete prism with dimensions of 10 cm x 

10 cm x 60 cm for 0, 10, 20 and 30% rubber substituted 

sand is given at 3.96, 3.80, 3.59, and 3.49 MPa at 28 days, 

respectively. That is, the higher the percentage of the 

rubber replaced, the lower the flexural resistance by 4.2, 

9.53 and 12.03% with comparison without rubber 

 

 
TABLE 4. Tensile strength test results 

 
Mix 

code 

Tensile 

strength at 7 

day (MPa) 

Decrease 

(%) 7 days 

Tensile 

strength at 28 

day (MPa) 

Decrease 

(%) 28 days  

 M0 2.51 0% 3.04 0% 

 M10 2.48 -1.20% 2.94 -3.29% 

 M20 2.47 -1.59% 2.78 -8.55% 

 M30 2.33 -7.17% 2.75 -9.54% 

 

 

 
Figure 9. Tensile strength test results 
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is present in Table 5. The type of failure of the rubber-

concrete prism is shown in Figure 10 after the testing. 

 

4. 5. External Fiber-reinforced Polymer Effect on 
Rubberized Concrete Prism Concrete           The types 

of failure of rubberized concrete prisms with fiber-

reinforced polymer external are shown in Figure 10. It is 

observed that the FRP improves the strength and ductility 

of the prism beam compared to the control beam. 

Rubberized concrete prisms without strengthening, as 

control prism beams have the lowest strength. 

Meanwhile, the control rubber-concrete prism was 

observed in flexure failure, so a crack began in the middle 

of the concrete. Hence, strengthened rubber-concrete 

prisms in the shear-flexure zone with a lower surface of 

50 mm of fiber-reinforced polymer, it was found that the 

type of failure in the flexural zone. Meanwhile, the 

behaviour of strengthened prism beams with both fiber-

reinforced polymer strip and lower surface of 100 mm is 

the highest compared to other prism beams, which is 

consistent with the results reported by previous 

researchers [22, 23]. In other words, the failure rate in the 

shear zone was higher when the FRP external 

reinforcement was installed on the lower surface. The 

crack occurred in the protective layer for the strengthened 

rubber concrete prism beam. The percentage of increase 

in loading resulted in strengthened rubber concrete 

prisms as compared with control concrete prisms as well 

as types of failures are described in Table 6. It is also 

found that the strength of the rubberized concrete prism 

strengthened by both FRP strip with a lower surface of 

100 mm is the highest and favorably the strongest. 
 

 
TABLE 5. Flexure strength test results 

 Designation 
Flexure strength at 28 

day (MPa) 

Decrease ratio at 28 

day (%) 

 P-R0-ST0 3.96 0% 

 P-R10-ST0 3.80 4.20% 

 P-R20-ST0 3.59 9.53% 

 P-R30-ST0 3.49 12.03% 

 

 

TABLE 6. Flexure strength test for strengthening rubberized 

concrete prisms 

 Designation 
Flexure strength at 

28 day (MPa) 

Increase ratio 

(%) 

Type of 

failure 

 P-R0-ST0 3.96 0.0 Flexure 

 P-R10-ST50 7.73 95 Flexure 

 P-R10-ST100 11.42 188 Shear 

 P-R10-ST0 3.80 0.0 Flexure 

 P-R10-ST50 7.52 98 Flexure 

 P-R10-ST100 11.04 191 Shear 

 P-R20-ST0 3.59 0.0 Flexure 

 P-R20-ST50 7.06 97 Flexure 

 P-R20-ST100 10.58 195 Shear 

 P-R30-ST0 3.49 0.0 Flexure 

 P-R30-ST50 6.52 87 Shear 

 P-R30-ST100 10.77 209 Shear 

 

 

 

 
Figure 10. Failure observation of strengthening rubberized 

concrete prisms 

 

 
5. CONCLUSIONS 
 
The tire rubber used in different proportions instead of 

sand effects on the properties of concrete as follows: 

• The workability of concrete decreases with 

increasing proportions of rubber replaced. 

• The compressive strength, tensile strength, and 

flexural strength of hardened concrete increase as 

the proportions of rubber substitute decrease. 

• The FRP improves the strength, stiffness, and 

ductility of all rubberized concrete prism beams. 

• The types of failure of rubberized concrete prisms 

were flexure failure or shear failure, which depend 

on the type of external strengthening. 
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• It was also observed that the strengthening of FRP 

width sheets is favourably higher than that of FRP 

thin sheets. 
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Persian Abstract 

 چکیده 
و کاهش کل   یطیمح یستز یها یدرمان آلودگ ی برا یبه عنوان راه حل مناسب  یکیلاست  یبتن یسازه ها یدتول یمختلف برا یهنقل یلوسا یدهد یبآس ی ها یکاستفاده از لاست

  یاف شده با ال یتتقو یمری پل ی از ورق ها یرا  . اخدداشته باشن یبه مقاوم ساز یاز ممکن است ن  یادی ز یلبه دلا یبتن  ی سازه ها ی شده است. ه طور کل ی ساخت ضرور یها ینههز

(FRPبرا )موجود استفاده شده است.  یبتن یعناصر ساختار یتتقو یFRP مقاله  یناست. در ا یو بهبود خواص عنصر ساختار یتتقو یبرا یجراه حل موثر و نسبتا را یک

 ی،بتن، مقاومت فشار ییر کارااز نظ  یکیاز خواص مکان یبرخ ین،است. بنابرا یردرصد متغ  30و  20، 10، 0شد که درصد آن از  یختهر یگزینبتن با ماسه جا یابتدا مخلوط ها

  ی با نسبت ها  یبتن یمنشورها یه،مورد مطالعه قرار گرفت. ثانو یزر یسنگدانه ها یبرا یگزینی به عنوان جا یکلاست یکبا استفاده از لاست یافتیبتن باز یو چگال یمقاومت کشش

با  شدهیتتقو یمرهایپل یرمتر هستند. سپس تأث یلیم 600متر در  یلیم 100متر در  یلیم 100در ابعاد  یکیلاست یشدند. دوازده منشور بتن یختهماسه ر یبه جا ستیکمختلف لا

ماسه با   یگزینی نسبت جا یشرا با افزا یکیبتن لاست یهانمونه یو مقاومت فشار یچگال یی،کاهش کارا یج. نتاشودی م یبتن بررس یمنشورها یبا اشکال مختلف بر رو یافال

بخشد.   یبهبود م  یافتی باز  یکمختلف لاست  یرا با نسبت ها  ی بتن  یمنشور  یرهایت  یریو شکل پذ  یاستحکام، سخت  FRPشود که    یمشاهده م  یننشان داد. همچن  یکلاست  یمحتوا

 داشت. یتررفتار مطلوب  یکسانسطح مقطع  ینازک دارا یهانسبت به ورق   FPRپهن  هایقکه استحکام با ور دهدیبه وضوح نشان م  یشآزما یجنتا ین،علاوه بر ا
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A B S T R A C T  
 

 

This paper presents a novel curve generated by a point attached to an ellipse as it rolls without slipping 
along a datum line of rack cutter. A mathematical model of the non-circular gear profile has been 

developed based on the theory of gearing. The effect of an axial ratio  (the ratio of the lengths of the 

major and minor axes of the ellipse) and the position of the point KR, at which the novel curve starts to 
generate on the tooth shape and the undercut of the non-circular gear pair is also taken into consideration. 

A numerical program developed from the mathematical model has been proposed for the calculation and 

design of the non-circular gears (NCGs). Case studies are presented to show the steps of tooth shape 
design and to examine the geometrical profile of the NCGs in relation to design parameters of the rack 

cutter etc. From that, the axial ration  and position of the point KR on the generating ellipse ƩE can be 

selected for each specific case in order to design the appropriate profiles of the NCGs. On that basis, an 
experiment to determine the gear ratio of the NCGs pair based on the meshing between gears has 

manufactured. 

doi: 10.5829/ije.2022.35.05.18 
 

 
1. INTRODUCTION1 

 

Non-circular gears (NCGs) is designed to generate 

continuously variable transmission with high accuracy. 

Due to complexity in design and fabrication difficulties, 

the application of NCGs in practice still has many 

limitations [1]. In spite of the fact that NCGs are not 

commonly used as circular gear, the NCGs have been 

applied in various machines and equipment such as 

agricultural machinery [2-4]; medical equipment [5]; 

coal seam gas drainage machine [6]; hydraulic motors 

[7]; steering robotic mechanisms (with elliptical gears) 

[8] etc. Therefore, the NCGs have drawn a lot of interest 

from scientists with the following trends: (1) Generation 

of centrodes based on a transfer function of mechanisms 

[4, 5, 9]; (2) Design of the NCGs tooth profile by a 

number of methods such as: (a) Using shaper cutter [10, 

11]; (b) Using rack cutter with an isosceles trapezoidal 

profile or circular arc profile [12-14]; (3) Design non-

circular gearing systems for various applications [15-17]. 

Recently, Hao et al. [18] proposed methods to design an 
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NCGs pair based on an arbitrary centrode. However, 

those NCGs pairs could only be used for low-load 

application because the effect of undercutting and 

interference was not taken into the design process; (4) 

Methods for manufacturing the NCGs spur and the NCGs 

helical were the research object of other researchers [19-

21]. Among those four trends, NCGs tooth profile design 

has drawn the most interest. The majority of the research 

focused on using circle involute [10, 12, 22]; or circular 

arc [13, 23] to generate the NCGs tooth profile. A setback 

in these works is the difference in shape and dimension 

of the teeth located around NCGs since these are gears 

with asymmetrical tooth profiles. The NCGs is different 

from standard cylindrical gears with the constant gear 

ratio [24-26]. The tooth thickness changes along with 

centrodes in the generation by a standard rack-cutter, and 

at places where the radius of the centrodes is small, the 

tooth are often undercutting. Thus, it is necessary to 

reduce the pressure angle of the cutter, but it causes 

undercutting or interference. In addition, when using 

traditional tooth profiles such as circle involute and a 
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circular arc to design the tooth profile of the NCG to 

satisfy the condition of undercutting, the number of teeth 

distributed on gear must be significant. That results in 

often small tooth sizes reducing the gear drive load 

capacity. 

In this study, to overcome the above problems, we 

proposed a novel curve in the tooth profile design of the 

NCGs. This primarily ensures that the teeth in different 

positions on the gear are more evenly distributed and the 

tooth size is larger to increase the load capacity of the 

gear drive. Compared to the other research, this paper 

focuses on building a mathematical model for the new 

curve and determining the conditions for applying it to 

the design of the tooth profile of the NCGs. 

This paper is organized as follows: The mathematical 

model of the novel curve is presented in section 2. 

Section 3 presents the novel curve's application to the 

rack cutter's design. The method of applying the novel 

profile to the tooth design of the NCGs is presented in 

section 4. Conditions to avoid undercutting are presented 

in section 5. Meanwhile, illustrative examples verifying 

the applicability of the novel profile in the NCGs designs 

are presented in section 6. Section 7 presents the 

manufacturing of an NCG drive and experimental 

measurements to verify the applicability of the novel 

profile in practice. Finally, the results of the study are 

presented in section 8. 

 

 

2. ESTABLISHMENT OF MATHEMATICAL MODEL 

OF THE NOVEL CURVE 

 

The novel curve R is generated by an arbitrary point KR 

attached to an ellipse ƩE, with ƩE  rolls without sliding 

above or below a line  as described in Figure 1a. 

 

 

 
Figure 1. Movement of the generating ellipse with a) The 

novel curve and b) Principle of elliptical path traced 

To establish the mathematical model of the novel 

curve R , from Figure 1b, we have: }{ cccc yxO is the 

fixed coordinate systems rigidly attached on the line ; 

}{ 1111 yxO is a coordinate system attached to the center 

O1 of the generating ellipse ƩE; the point IR is a mating 

point between the ellipse ƩE and the line  when ƩE  rolls 

without sliding on . There are two movements of the 

generating ellipse ƩE: (1) The center O1 of ƩE translates 

in the direction xc by the distance s2() and translates in 

the direction yc by the distance s3(), where  is the 

rotation angle of the coordinate system }{ 1111 yxO  in 

relation with the coordinate system }{ cccc yxO ; (2) ƩE  

rotates around O1 an angle  . In the coordinate system 

}{ cccc yxO attached to  as described in Figure 1a, 

beginning moment ƩE contacts  at the point Oc ≡ IR ≡ 

KR. After an interval of time, when the point IR have 

translated a distance RcIO  from Oc to IR in , the ellipse 

ƩE  will move by an arch e
)

 from IR to KR  on ƩE and make 

a rotation angle . Therefore, we have: 

The relative position of the mating point IR with respect 

to Oc is determined by: 








d
d

dr
res E
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wherein: rE(ϕ) is the polar radius of ƩE. From literature 

[23], rE(ϕ) is given by:  
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a
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  and a, b are the 

major axis and minor axis of ƩE, respectively; 

),( 11 RR IOKO  is the angle of the arch e
)

 on  ƩE. 

(i)  The relative position of  O1 with respect to Oc when 

ƩE rolls without sliding on  is given by: 

In direction of xc: 

)sin()()()( 12  
RIrss  (2) 

In direction of yc: 

)cos()()(3  
RIrs  (3) 

(ii)  The generating ellipse ƩE rotates around O1 an angle 
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where: 
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By transformation coordinates of KR from }{ 1111 yxO  

system to }{ cccc yxO , equation of the novel curve is 

obtained by: 
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After transforming, Equation (5) is rewritten as: 
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In Equation (6): 0g when R is about  and 1g when 

R is below . 

 

 

3. PROFILE GENERATION OF THE RACK CUTTER 

BY THE NOVEL CURVE 

 

3. 1. Determination of Design Parameters of the 

Rack Cutter by the Novel Curve            From the novel 

curve mathematical model set up in section 1, the 

formation of the rack cutter profile is shown in Figure 2. 

In this figure (Figure 2, above) the datum line of the 

rack cutter  is the dedendum profile and below  is the 

addendum profile. The design parameters are determined 

as follows: 

The pitch pc 

According to the method for the novel curve 

generation, both of the tooth thickness t and the space 

width w on the pitch line of the rack cutter will be equal 

to the perimeter of the generating ellipse ƩE:  

RE
Cwt   (7) 

wherein: 






d
d

dr
rC E
EE  










2

0

2

2 )(
)(   

Therefore, the pitch on the centrode of the rack cutter can 

be calculated as follows: 

RE
Cwtpc  2  (8) 

 

 

 
Figure 2. New rack cutter 

The tooth height h 

The addendum height ha and dedendum height hf when 

the point KR is located at the major and minor axis of ƩE 

are represented in the following equations: 









)(4

)(2

qbpahhh

qbpahh

ba

fa  (9) 

wherein: p = 1, q = 0 when the point KR is attached to the 

major axis of ƩE and p = 0, q = 1 when the point KR is 

attached to the minor axis of ƩE.  

 

3. 2. Influence of the Elliptical Parameters and the 

Starting Point Position on the Tooth Profile of the 

Rack Cutter          From sections 1.1 and 1.2, it is 

noticeable that the profile of the rack cutter is dependent 

on: (1) the position of the point KR attached to ƩE ; (2) the 

ratio ba / of the generating ellipse ƩE. Let further 

consider the following two cases: 

Case 1: Influence of the position of KR on the tooth 

profile of the rack cutter 

We have ),( 0111 IOyO  is the angle defining the 

position of the point KR attached to ƩE (see Figure 3). 

Because of symmetry about the semi axes, only the 

position of KR in the fourth quarter of ƩE is taken into 

consideration. Influence of the position of KR fixed on ƩE 

on the tooth profile of the rack cutter is investigated with 

 2/0   , increments 8/  , and the pitch of 

centrode of the rack cutter pc = 19.6 mm. The design 

parameters of the rack cutter are given in Table 1 and 

Figure 3 shows the corresponding profile of the rack 

cutter. 

From Figure 3 and Table 1 we have: (i) When the 

point KR fixed on ƩE is located on the major axis or minor 

axis ( = 0o
 and  = 90o), the profile of the rack cutter 

will be symmetrical and the tooth heights will be as 

follows oh
0

> oh
90

; (ii) When oo 900   , the 

tooth height will increase in the range ahb 44  , and 

the tooth profile will be asymmetrical and deviated to the 

left. 

Case 2: Influence of the ratio ba /  of the 

generating ellipse on the tooth profile of the rack cutter 
 

 

TABLE 1. Design parameter of the rack cutter by the position 

of KR attached to E  

 (o) a (mm) b (mm) pc (mm) h (mm) 

0.0 1.75 1.36 19.6 7.0 

22.5 1.75 1.36 19.6 6.8 

45.0 1.75 1.36 19.6 6.4 

90.0 1.75 1.36 19.6 5.4 
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Figure 3. Profile of the rack cutter corresponding to different 

starting points KR 

 

 

In this case, the ratio  is obtained from Equation (7). 

With pc is kept to be equal to 19.6 mm, the ration  will 

have the values of 1.29, 1.00, 0.78, 0.52, respectively. 

When the point KR is on the semi-major axis vertex, the 

design parameters of the rack cutter corresponding to  

will be shown in Table 2. The profile or the rack cutter is 

presented in Figure 4. 

From Figure 4 and Table 2 we have: 

(i) The tooth height h decreases with smaller values of ; 

(ii) When  decreases, the tooth addendum turns into a 

concave form. It can be explained as while  decreases, 

the major semi axis becomes semi-minor axis, at the 

position KR
* of ƩE after rolling on , distance 

 

 

 
Figure 4. The tooth profiles corresponding to different 

values of  

 

 

TABLE 2. Design parameters of the rack cutter corresponding 

to  of E  

 a (mm) b (mm) pc (mm) h (mm) 

1.29 1.75 1.36 19.6 7.0 

1.00 1.56 1.56 19.6 6.2 

0.78 1.36 1.75 19.6 5.4 

0.52 1.05 2.00 19.6 4.7 

bKHd RR 2**   will cause concavity on the addendum 

(inside the area covered by the dashed line in Figure 4). 

This phenomenon will be resolved in the following 

section 2.3; (iii) When  = 1, the ellipse ƩE becomes 

circle, and the profile R of the rack cutter changes into 

cycloidal curve.    

 

3. 3. Condition for Convexity of the Rack Cutter 

Profile              From Figure 4 (area bordered by the 

dashed line) with 52.0 (point KR lies on the semi-

minor axis vertex of  ƩE ), the profile will be concave. To 

achieve the convexity of the curve  R, it is necessary to 

determine the relationship between parameters a and b of 

ƩE. Therefore, if we consider the ellipse is fixed, the 

tangency  only rolls on the ellipse, and IR is the contact 

point between them (Figure 5); the problem will be 

transformed into finding distances from the point KR on 

the minor semi-axis vertex to tangents  of the ellipse.  

The tangent  to the ellipse at the point IR can be expressed 

by the following equation: 

1
)()(

22


a

yy

b

xx
RR II 

 (10) 

where:  sin)(,cos)( aybx
RR II         

Equation (10) can be rewritten thus:  

0sincos  abbyax   (11) 

Distance from the point KR (b, 0) to the tangent   of ƩE at 

IR is described as follows: 

22 )sin()cos(

cos
),()(






ba

abab
Kdf




 

 
(12) 

By solving equation 0
)(





d

df
; finding the extremes of 

)(f  at 0sin  and 
22

2

cos
ba

a




 ; and substituting 

into Equation (12), the maximum value of d is given by: 

 

 

 
Figure 5. Distances from the point K  to tangents  
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From Figure 4, the profile becomes concave when d 

<2b. Together with Equation (13), the condition of 

convexity of R can be inequality as below: 
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4. MATHEMATICAL MODEL OF THE ELLIPSE NON-

CIRCULAR GEAR SURFACES 

 

4. 1. Equation of the Centrode of the NCGs Pair       

There are two usual approaches for designing the 

centrodes: (1) To establish the conjugated centrodes Ʃi (i 

=1, 2) when the gear ratio function i12(1) is given in 

advance; (2) To determine the conjugated centrodes Ʃi 

when one centrode and the center distance of the gear pair 

are given. In this work, the second approach was utilized. 

The center distance A12 and one centrode, which is an 

eccentric circle  Ʃ1(O1, R), are given. From Figure 6 if 

r1(1) is a polar radius of the centrode Ʃ1(O1,R) 

corresponding to an angular polar 1;  r2(2) is a polar 

radius of the centrode Ʃ2(O2,r2(2)) corresponding to an 

angular polar 2(1); and the point I is the instantaneous 

center. According to Mundo [15], the equations of the 

centrodes of the NCGs is described as follows: 
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  is the gear ratio function of 

the NCGs pair; stated in the literature [27] 

11
222

11 cos)sin()(  eeRr   with R is a radius of 

a circle Ʃ1(O1,R) and e  is an eccentricity of the rotation 

center 1O  from the center of the circle Ʃ1(O1,R) as shown 

in Figure 6. 

The relationship between the revolutions of the 

driving gear and the driven gear is given by the following 

equation [24]: 
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where n2 is the number of revolutions that centrode 1 

performs for one revolution of centrode 2. 

 

 

 
Figure 6. Illustration of mating centrodes 2 versus 1 

 

 

4. 2. A Mathematical Model of the Profile of the 

NCGs Pair Generated by the Novel Rack Cutter        

In general, the relative motion between the novel rack 

cutter and the NCGs in the fixed coordinate system 

}{ ffff yxO is described in Figure 7. Where 

}{ cccc yxO  is a coordinate system connected to the 

datum line  of the rack R ; }{ iiii yxO  is a coordinate 

system connected to the gear; the point I is the 

instantaneous center and also is the mating point between 

 and the centrode curve Ʃi of the gear (i = 1, 2 when 

generating a profile of the driving and driven gear, 

respectively); 
2


  iii  is an angular position of 

the coordinate system }{ iiii yxO  in reference to the 

coordinate system }{ ffff yxO during generating 

 

 

 
Figure 7. Relative motion between the rack cutter and the 

NCGs 
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)()(  is a 

displacement of the rack cutter along direction xf, 

)cos()()(3 iiii rs    is a displacement of the NCGs 

center Oi along direction yf  when the point I of Ʃi moves 

to the position I’. 

Based on the equation of the NCGs centrode in 

section 3.1, the profile of the NCGs will be generated by 

the rack cutter ƩR. According to literature [1, 13, 14] and 

from Figure 7, the relative motion between the NCGs and 

the rack cutter ƩR contains the following movements: 

(1)  The rack cutter translates a distance 

)sin()()()( 12 iiiii rss   along the direction 

of xf ; 

(2) The gear sequentially moves as follows:    (a) The 

geared center Oi translates a distance 

)()( 33 ifii sss    along the direction of yf; (b) 

The gear rotates around Oi  an angle i.     

Therefore, if KR is the shaping point on R of ƩR, and by 

transforming the coordinates of KR from }{ cccc yxO to 

}{ iiii yxO of the gear, the profile equation of the shaped gear 

is expressed by: 

Ri Kc
f
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K r MMMr   (17) 

wherein: 
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RKr is determined from 

Equation (6). The relationship between the kinematic 

parameter i  and the geometrical parameter   is 

expressed by the meshing equation [27]: 

0tr
c
Vn  (18) 

where: nc is the common normal vector of the conjugated 

profiles (i, R) at the mating point K. tr
c V  is the relative 

sliding velocity between KR  R and Ki  i  at K, when 

i are rolling as well as slipping with R. The vector n  is 

given by: 

k
r

n 







)(
RK  (19) 

With  T100k , and tr
c

V  is expressed as below: 

IK
c

ctr
c rV 

 
(20) 

where: ccc k  is the angular velocity of the shaped 

gear in relation with the coordinate system  }{ cccc yxO  

of the rack cutter, and cKcKIK RR
yxs jir  ))(( 1

c   

By transforming tr
c V , one gets: 
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Substituting Equations (19) and (21) into Equation (18), 

it is possible to write: 

0))()()((')()('),( 1  
RRRR KiKKKi xsxyyf  (22)  

By solving Equation (22), the relationship between i  

and   of the gear i with the rack cutter. 

 

4. 2. 1. The Profile Equation of the Driving Gear       

Because the driving gear is the eccentric circle gear, the 

parameters of the shaping movements are given by:  
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wherein: eRs f 1 , and by substituting equations from 

Equation (23) to Equation (26) into Equation (17), the 

profile equation of the driving eccentric circular gear is 

expressed as follows: 
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4. 2. 2. The Profile Equation of the Driven Gear         

The non-circular driven gear has a polar radius 

)())(( 1112122  rAr  determined by Equation (15). 

The parameters of the shaping movements of this driven 

gear are given by the following equations:  
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))(sin())(())(())(( 122122121122   rss  (29) 

))(cos())(())(( 122122123   rs  (30) 

))(())(( 1232123  sss f   (31) 

where eRAs f  121 , and by substituting equations 

from Equation (28) to Equation (31) into Equation (17), 

the equation of the NCGs profile is obtained as follows: 
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5. TOOTH UNDERCUTTING AND THE LINE OF 

MESHING  

 
5. 1. Tooth Undercutting         From literature [28, 29], 

to avoid undercutting during the profile shaping process, 

the equation of the tooth profile needs to satisfy:  
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With trx
cV , try

c
V  are the components of the sliding 

velocity of the shaping point KR on the profile of the rack 

cutter R.  By further developing of 1 , 2 one obtains: 

 (34) 
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5. 1. 1. For the Driving Gear          Because Ʃ1(O1, R) is 

the eccentric circle, the curvature radius at each point on 

Ʃ1 is constant and equal to R :  

R)( 11   (35) 

 

5. 1. 2. For the Driven Gear             From literature [1, 

23], the curvature radius )( 22   of Ʃ2 is determined as 

follows:  

2
2

22
2

22

2

2

222
22

3
2

2

222
22

22

)(
)(

)(
2)(

))(
)(

)(


















d

rd
r

d

dr
r

d

dr
r




































 (36) 

wherein: )( 22 r is obtained from Equation (15). 

 

5. 2. The Line of Meshing          The curve K is a locus 

of the contact point K  of  the conjugated profiles (1, 2), 

with 1 belongs to the driving gear, and 2 is the driven 

one, as shown in Figure 8. This curve K can also be 

called the line of meshing, with the point K is the mating 

point. At the mating moment K    K1    K2, with K1   

1 ,  K2   2. On the same time when K1   1 there is a 

corresponding point I1   Ʃ1 , and similarly, with K2   

2  there is I2   Ʃ2 (I1  I2  I). Therefore, when the 

driving gear rotates around O1 an angle 

),( 111 IOIO 1  to place I1 on Ʃ1 to the position of the 

pitch point I on O1O2 ,the driven gear correspondingly 

rotates around O2 an angle  112112 )()(  i  

),( 22 IOIO 2  to move I2 on Ʃ2 to the pitch point I 

following gear ratio function )( 112 i .  

The equation of the line of meshing K can be expressed 

as follows: 

11M K
f

K
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wherein: 
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And 1 is the rotation angle of the driving gear around O1. 
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6. CASE STUDIES 

 

In the previous sections, the mathematical model of the 

novel curve has been built in order to generate the NCGs 

tooth profile. Where: (i) Equation (6) is established for 

the profile of the rack cutter based on the novel curve; (ii) 

Equation (14) is the condition of curve convexity for the 

tooth profile; (iii) Equations (17), (27) and (32) expressed 

the mathematical model of the NCGs profiles; (iv) 

Equations (34), (35) and (36) provided condition for 

avoiding undercutting when applying the novel curve in 

the generation of the NCGs tooth profile; (v) Equation 

(37) expressed the mathematical model of the line of 

meshing of the NCGs pair. Based on those results, a 

software program has been developed to calculate, 

examine and design the NCGs pair. The following case 

studies will illustrate steps in the NCGs design process 

using the novel curve. The input data for the design 

process are provided in Tables 1 and 2. 

Example 1 Design the external NCGs pair with profile 

generated from the rack cutter, of which the design 

parameters are taken from Tables 1 and 2: β = 0o;  = 

1.29; a = 1.75 mm; b = 1.36 mm; the pitch of the rack pc 

= 19.6 mm; the tooth height h = 7 mm with addendum ha 

= 3.5 mm and dedendum hf = 3.5 mm. 

The gear ratio function in Figure 9 is established by the 

set of kinematic parameters of the NCGs pair (given in 

Table 3). Wherein: 2/1 cpzR  , the number of teeth of 

the driving gear z1 = 8. 

 

 

 
Figure 8. The line of meshing of the external NCGs pair 

 

 

TABLE 3. The set of kinematic parameters of the NCGs 

Parameter Notation Value 

Center distance (mm) A12 98.86 

Pitch radius 1(mm) R 25.00 

Eccentric driving gear (mm) e 5.00 

Cycle coefficient n 3.00 

 
Figure 9. The NCGs pair with (a) conjugated centrodes and 

(b) gear ratio function 

 

 

From the design parameters of the rack cutter and 

from the kinematic parameters of the NCGs pair, it is 

noticeable that for correct meshing, both of the gears 

need to be fabricated by the same rack cutter and t1 = w1 

= t = w  can be determined by Equation (7).  

It is also necessary to verify Equations (34), (35) and 

(36) to check condition for avoiding undercutting 

phenomenon (Figure 10). The design parameters of the 

NCG pair are calculated and presented in Table 4. Figure 

11 shows the NCGs pair as well as the line of meshing. 

Figure 10 shows that the novel profile avoids 

undercutting since there is no singularity. 

From Figure 11, one obtains: (1) All of the teeth of 

the NCGs are identical in shape. Even in position (II) (see 

Figure 11a), where the curvature radius of the centrode 

ρII = 48.03 mm has a smaller value than the curvature 

radius in position (I) with ρI = 155.52 mm, the teeth in 

both positions have identical shape and equal parameters. 

Same as standard cylindrical gears with the constant gear 

ratio, so this is an advantage of the novel profile; (2) The 

line of meshing of the NCGs pair is a smooth closed 

curve (see Figure 11b), which is entirely different from 

the straight line when the tooth profile of the NCGs pair 

is involute of a circle or arcs [7, 10, 12, 22]. 

Example 2 This case aims to examine the influence 

of position of the point KR, which lays on ƩE, on the tooth 
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height. Chosen from Tables 1 and 2 are those values  = 

0.78,    = 90o , h = 5.4 mm, the other parameters of the 

rack cutter and kinematic parameters of the NCGs, as 

well as the design steps, are selected similarly as in 

Example 1 

 

 

 
Figure 10. Condition for non-undercutting with (a) eccentric 

gear 1 and (b) NCGs 2 

 

 
TABLE 4. Machining parameters of the NCGs pair 

Parameter Notation 
Value 

Gear1 Gear2 

Center distance (mm) A12 98.9 

Number of teeth z 8.0 24.0 

Eccentric of gear1 (mm) e 5.0 5.0 

 Pitch of Ʃi (mm) pc 19.6 19.6 

Tooth thickness (mm) t 9.8 9.8 

Width of space (mm) w 9.8 9.8 

Tooth addendum (mm) ha 3.5 3.5 

Tooth dedendum (mm) hf 3.5 3.5 

After ensuring that the condition of non-undercutting 

Equations (34), (35) and (36) satisfied, the design 

parameters of the NCGs pair is given by Table 5. Also, 

Figure 12 shows the design of the gear pair. 

From Figure 12 and Table 4 one obtains: (1) If the point 

KR lies on the minor semi-axis of ƩE, the generated tooth 

will have a shorter height, the tooth tip will be sharpened, 

the tooth dedendum grow larger (see Figure 12b), while 

the number of teeth, the pitch cp , the tooth thickness t , 

and space width w remain unchanged. It also means that 

all the teeth still have identical shape; (2) Therefore, 

locating KR on the minor semi-axis of ƩE will increase the 

load capacity of the gear pair.  

Example 3 This case aims to examine the influence 

of the position of the point KR on the tit angle of teeth. 

From Table 1,  and  can be selected as  = 1.29,   = 

22.5o and   = 45o. The other parameters of the rack cutter 

and kinematic parameters of the NCGs are selected 

similarly as in the previous examples. The condition of 

non-undercutting Equations (34), (35) and (36) also 

needs to be verified. Table 5 shows the design parameters 

of the driven NCGs, and Figure 13 shows the final 

product of numerical calculation process. 

 

 

 
Figure 11. The external NCGs pair with  = 1.29 (a) the tooth 

profile and (b) the line of meshing 
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From Table 5 and Figure 13 one obtains: (1) The 

inclination angle of the tooth decreases when  increases 

from 0o and the tooth height decreases. Meanwhile, the 

matching parameter as the pitch pc, tooth thickness t, 

space width w stay unchanged; (2) Figure 13 clearly 

shows the tooth with steeper addendum than dedendum 

can help to increase the force transmission capacity from 

the driving to driven gear. However, this case can only be 

applied in the gear pair with rotation direction determined 

in advance and stay unchanged during working time.  

 

 

 
Figure 12. Examination of the generating process of NCGs 

profile in relationship with : (a) the NCGs pair and (b) 

comparison of profiles 

 

 
TABLE 5. Design parameters of the NCGs 

Parameter Notation 
Value 

β=22.5o β=45o 

Number of teeth zi 24.00 24.00 

 Pitch of Ʃi (mm) pci 19.60 19.60 

Tooth thickness (mm) t 9.80 9.80 

Width of space (mm) w 9.80 9.80 

Tooth addendum (mm) ha 3.4 3.2 

Tooth dedendum (mm) hf 3.4 3.2 

 
Figure 13. Profiles of the NCGs corresponding to the values 

of β 

 

 

7. EXPERIMENTAL MANUFACTURE AND 

MEASUREMENT 

 

7. 1. Experimental Manufacture of the NCGs Pair        

From the above theoretical research results, a design plan 

with: Generating ellipse E  has a semi-major axis a = 1.8 

mm, a semi-minor axis b = 1.4 mm; Eccentric gear has 

parameters: eccentricity e = 5 mm, the centrode 1 has a 

radius R = 25 mm, module m = 6.2 mm, Number of teeth 

z1 = 8, Pitch of the centrode pc = 19.6 mm, Tooth 

addendum  ha = 3.5 mm, Tooth dedendum hf = 3.5 mm; 

Non-circular gears have the following parameters: Cycle 

coefficient n = 3, Number of teeth z2 = 24, Pitch of the 

centrode pc = 19.6 mm, Tooth addendum  ha= 3.5 mm, 

Tooth dedendum hf = 3.5 mm; Center distance of gears 

pair A12 = 99 mm. Figure 14 shown below is a picture of 

a gears pair after manufacturing with the above design 

parameters. 

The processing machine is the wire electric discharge 

machine ST3240VM (Taiwan, China) with 

manufacturing parameters: Wire diameter is 0.18 mm, 

maximum cutting speed is 200 mm/min; The electrical 

pulse frequency is 15.625 Hz. The dielectric is Buhm 

woo- BW EDM -100. The work piece gears are steel 

40X. 

 
7. 2. Experimental Measurement of Gear Ratio for 

the NCGs Pair 
 

7. 2. 1. The Hardware Structure of the 

Experimental System       The experimental system 

consists of an NCG pair and hardware devices, is shown 

in Figure 15. The rotation speed of the gear shafts 1 and 

2 are determined independently by encoders with a 

resolution of 600 pulses. The counter of the PLC collects 

measurement data from the two encoders.  Data from 
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PLC is sent to the industrial computer for processing 

through software. The speed from the motor shaft is 

transmitted to the gear shaft 1 by a belt drive with a 1:1 

speed ratio to avoid overload. The computer controls 

motor speed through PLC to Delta inverter.  

 

7. 2. 2. Experimental Measurement of Gear Ratio        

Setting parameters: the sampling interval T = 0.1 s, 

motor speed 45 rpm, lubricated for NCG pair by shell 

grease Gadus s2 v2020-2. 

After processing the data and set the standard point 

"0"  of the graph, we have a comparison graph between 

theory and experimental measurement from the meshing 

process of the NCG pair as described in Figure 16. 

From the measurement results, the measured values 

of the gear ratio for the gear pair are basically in 

agreement with the theoretical values. Some deviations 

were due to machining accuracy, assembly accuracy, 

 

 

 
Figure 14. The prototypes of the NCGs pair after 

manufacture 

 

 

 
Figure 15. Experimental setup 

 
Figure 16. Gear ratio measured experimentally from the 

meshing of NCG pair 

 

 

measurement accuracy, and other factors. The deviations 

were all within the range of 0.1to 3.57% are reasonable. 

Thereby verified the feasibility and rationality of the new 

profile proposed by this study in the geometric design of 

NCG pairs. 

The above results show the difference between this study 

versus previous studies. Therefore, this study provides a 

novel profile reference in the NCG design for the theory 

of gearing. Also, with high load capacity, can apply the 

novel profile proposed by this study to design non-

circular gear drives for high torque equipment such as 

trailing edge flap system of wind turbine rotor blade or 

helicopter blade [30], bowling machines [31] or steering 

controller of tracked vehicles [32]. 

 
 

8. CONCLUSIONS 

 

This paper proposes a novel profile and provides 

conditions to avoid the tooth addendum concave when 

applied to design tooth profiles of the NGCs. Examples 

to illustrate the design method of the NCGs with novel 

profiles have been presented. Also, a gear drive was 

designed, manufactured and experimentally measured to 

verify the applicability of the novel profiles in the tooth 

design of the NCGs. From there, conduct evaluation and 

discussion to come up with some main results as follows:  

i) Proposed the novel curve applied in the design of 

NCGs with the following advantages: (a) All the teeth 

at different positions of the gear are of a similar shape. 

Thus, this is the advantage of the proposed novel 

profile. It is verified via illustrative examples and 

experimental measurement on the manufactured NCG 

pair prototype and (b) Tooth thickness and width of 

space on the centrode of all teeth are equal. 

(ii) Determined the condition of the parameters a, b of the 

generating ellipse E for avoiding concave addendum 

and dedendum of the gear. Therefore, it is possible to 
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apply these conditions to write a program module that 

automates the design of NCGs on a computer. 

(iii) With tooth profile of NCGs is the novel profile 

proposed by this study. The meshing line is a smooth 

closed curve. Unlike other profiles such as the 

involute of a circle or circular-arc commonly used in 

NCG design research, the meshing line is a straight 

line. 

However, the limitation of this study has not 

mentioned the contact ratio, power transmission and gear 

performance. Thus, it will be considered part of our 

future research goals. 
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A B S T R A C T  
 

 

 

A new three stage production-assembly problem is considered in this paper. To the best of our 

knowledge, considering parallel machines in the third stage, identical parallel factories including the 
three stage production-assembly system and identical parallel factories with parallel machines in the 

third stage of the production-assembly system, has been specifically investigated in this paper. To 

minimize the maximum completion time (Makespan) of all jobs in the all factories, jobs assignment to 
factories and their processing sequence should be done properly. A Mixed Integer Linear Programming 

(MILP) model is presented to solve small size problem by using cplex solver. According to the problem 
computational complexity, large size of problem is not possible to solve using the cplex, so to solve it 

and to control the computational complexity, a new improved genetic algorithm (GA) is proposed by 

combining GA and Longest Proseccing Time (LPT) method that is called Hybrid Genetic Algorithm 
Longest Proseccing Time (HGALPT). The problem parameters values are determined using one-way 

analysis of variance (ANOVA). Finally, in order to evaluate the efficiency and effectiveness of the 

proposed algorithm, and to specify each parameter impact on the objective function, sensitivity analysis 
is performed on the problem parameters. 

doi: 10.5829/ije.2022.35.05.19 
 

 
1. INTRODUCTION1 

 

Study the relationship between mental ideas and reality 

is one of the most important issues that management 

should pay attention to it. Implementing any plan 

requires strong managerial insight. Before starting any 

activity, searching and gathering information about the 

market situation, examining the past trend of the business 

under study and predicting the trend of short-term and 

long-term changes in the future, is a necessary condition 

for the starting a successful business. The result of this 

study determines whether there is a demand for a service 

or a product in the market or not.  

To create a plan, all of the effective parameters must 

be specified. Reviewing and deciding to implement the 

plan, requires information about the current market 

situation, estimating the future situation and considering 

related budget issues. It is clear that, if the establishment 
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of a factory is justified to produce a product and the 

feasibility study is acceptable taking into account all 

economic, social and environmental factors; 

management makes the final decision to implement it. 

The production planning and scheduling phase occurs in 

the operation stage of a project, and it is at this stage that 

all the actions taken so far are effective with a proper 

planning. 

A distributed production-assembly scheduling with 

hybrid flowshop in assembly stage is considered in this 

paper. In the production-assembly system, production 

and assembly operations are performed in two separate 

but consecutive stages. This system is known as the 

production-assembly flow shop scheduling. In this case, 

each job is produced in two separate stages: in the first 

stage, different parts of the final job are produced and in 

the second stage, these parts are assembled together. 

Often in the production stage, different operations are 
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performed independently and in parallel to produce 

different components, which eventually become the final 

product in the assembly stage. In the field of production 

and preventive maintenance to increase the equipment 

life, production scheduling and preventive maintenance 

is used [1]. 

The main motivation for presenting this paper is to 

solve some of the problems in production and service 

environments through planning and scheduling of jobs 

and services. Delivery time of customer requests, using 

of equipment and tools optimalty, increase producer and 

consumer satisfaction, provide products in accordance 

with the delivery time, variety and customers requested 

volume, retain their customers, reduce production costs 

and ultimately earn more revenue, are the result of 

production planning and scheduling. 

Achieving to the specified goals is not easily in the 

mentioned systems and requires appropriate treatment 

against of existing challenges. There are challenges in the 

production-assembly scheduling field, some of them are: 

 Increasing the products variety by increasing the 

production companies of a product with a specific 

function. 

 Trying to increase market share by customizing 

customer requests and produce a product according 

to customer requests. 

 Increasing demand diversity instead of mass 

production. 

 Forced changes in production systems of 

manufacturers due to the product short life cycle. 

 Dynamic and uncertain global market that has 

caused the creation of new technologies in the 

production and services sectors and the 

manufacturer needs to update its equipment and 

tools daily. 

In response to the mentioned challenges, by 

combinations of produced components in the production 

stage, a high variety of the final product is created in the 

assembly stage, therefore, production-assembly 

problems are used in different production systems to 

increase the product flexibility and variety [2]. The 

production-assembly scheduling problem applies to 

Make-To-Order environments in which production 

operations begin after receiving a customer order. Each 

order includes a combination of product types that must 

be delivered to the customer in a single shipment and the 

manufacturer schedule unscheduled and cumulative 

orders, periodically [3]. 

The three of most important reasons for presenting 

this paper are as follows: 

 The first is the three-stage production-assembly 

problem. 

 The second is the same parallel machines in the third 

stage. 

 The third is to consider identical parallel factories. 

According to the first reason, the identical parallel 

machines in the third stage in single factory and three 

stage production-assembly scheduling problem in multi-

factory not reviewed, as it will be mentioned in the 

literature review section, researchers in most papers have 

presented two-stage production-assembly problem; 

while, it is more realistic that the number of stages would 

be more than two. According to the second reason, in 

order to prevent customer dissatisfaction of product 

delivery delay, to reduce completion time of product and 

accelerate the production of the final product, 

considering the identical parallel machines in the third 

stage makes the system more efficient. 

According to the third reason, it is assumed that the 

jobs are created in a single factory in classical 

production-assembly flow shop problems, while in order 

to reduce production costs (transportation costs) and 

production period, many manufacturers changed a single 

factory production system to a distributed production 

system (identical parallel factories). The distributed 

scheduling problem involves two main decisions: 

assigning jobs to factories and sequencing jobs in each 

factory.  

By considering the three importance reasons and to 

the best of our knowledge it seems necessary to study, 

presented problem in this paper; thus, the distributed 

production-assembly scheduling with hybrid flowshop in 

assembly stage is considered. In order to adjust the jobs 

completion times or final products and maximize the 

machines capacity in all three stages, we have considered 

minimizing the maximum completion time as a suitable 

criterion for evaluation. 

To the best of our knowledge, two cases of problem 

contributions are: the mathematical model and the 

solution method. Two solution methods have been used, 

an exact method which is the problem model and an 

approximate method which is the Hybrid Genetic 

Algorithm Longest Proseccing Time (HGALPT), in 

order to solve the problem. To solve the proposed 

problem, we proposed a new Mixed Integer Linear 

Programming (MILP) model. This model is position 

based and it has been used to check the results accuracy 

in small sizes. This model does not have the ability to 

solve large size problems. 

The scheduling problem for single-machine, stage 

and factory modes have been extensively investigated in 

literature. The proposed models for each mode have 

computational complexity and the problems in this mode 

have been proven to be Non-deterministic Polynomial-

time hard (NP-Hard) Lee et al. [4] have been proven that 

for the single-factory mode, the production-assembly 

problem of three machines (two machine in first stage 

and single machine in second stage) with the makespan 

objective function is strongly NP-hard, while our 

proposed problem is more complex than doiscussed case.  
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Garey et al. [5] examined the complexity of flowshop 

and jobshop scheduling problems and showed that for 

flowshop scheduling problems for more than two 

machines and the makespan objective function, the 

problem is NP-complete. 

Therefore, in order to manage the computational 

complexity, a new meta-heuristic algorithm by 

combining the genetic algorithm (GA) and the longest 

processing time method is proposed. Here we have also 

used the GA, with this difference that in order to improve 

the results. We have combined it with an longest 

proseccing time (LPT) heuristic method and presented a 

modified GA. The experiments results showed the proper 

performance of the HGALPT algorithm. The GA has 

been used in many papers to solve various problems. 

Deng et al. [6] proposed the GA algorithm with variable 

neighborhood search (VNS) to minimize the total 

completion time and maximum completion time 

simultaneously. 

At the end of the paper, experiments and numerical 

calculations have been performed, in order to evaluate the 

effectiveness and efficiency of the HGALPT. To 

investigate and evaluate the proposed mathematical 

model performance, the model results in the optimal 

solution are checked and after ensuring of the model 

results accuracy, the results have been compared with 

meta-heuristic in small size. To evaluate the meta-

heuristic algorithm, the results accuracy and the problem 

solving speed of the meta-heuristic algorithm is 

investigated compared to the proposed exact model. Due 

to the fact that the mathematical model is not able to solve 

the large size of the problem, we tried to solve the 

problem using the classical GA and improved GA. 

After performing numerical experiments, 

eventually, it was found that the presented algorithm has 

a high ability to achieve the optimal solution in less time 

than MILP in small sizes and provides the optimal or 

near-optimal solution in large sizes. Also, in order to 

investigate the effect of each parameter on the objective 

function, sensitivity analysis was performed at the end. 

According to the mentioned cases, the innovations of 

the problem are: 

1. Three stage production-assembly problem with the 

identical parallel machines in the third stage. 

2. Idenical parallel machines in the third stage of the 

distributed production-assembly problem. 

3. Parallel factories including three stage production-

assembly problem. 

4. New position based mathematical model for the 

production-assembly problem. 

5. Hybrid metaheuristic algorithm with a combination of 

GA and sorting algorithm based on the longest 

processing time. 

The main framework of the paper is formed as 

follows: section 2 describes literature review related to 

distributed production-assembly scheduling with hybrid 

flowshop in assembly stage. The mathematical model of 

the problem is presented in section 3 completely, which 

this section aim is to minimize the maximum completion 

time the all jobs. Section 4 presents the used solution 

method for the problem and a complete description of the 

algorithm with detailes. Section 5 shows the comparisons 

of solution methods in small and large sizes, the 

computational results of each algorithm and parameters 

sensitivity analysis. An overview of the actions taken and 

suggestions for future works is provided in section 6. 

 

 

2. LITERATURE REVIEW 

 

In this section, the presented papers in the production-

assembly systems were reviewed. As mentioned, the 

problem is n job scheduling (customer order), which are 

a combination of product types. Various papers have 

considered different production modes for this problem 

and have presented the applications of the real world, 

which are referred to these papers in the following. 

Hatami et al. [7] studied the distributed unrelated 

parallel machines, establishing a set of parallel factories 

with parallel machines in production stage.The  job must 

be assigned to factories and machines and there is a single 

machine assembly stage. The objective function is to 

minimize makespan in the assembly stage. 

Framinan and Perez-Gonzalez [8] considered the 

order scheduling problem to minimize total tardiness so 

that each machine is capable of producing one (and only 

one) specific type of product (in fact, machines are 

dedicated). Xiong et al. [9] assumed the distributed two 

stage assembly flow shop scheduling problem. The aim 

is to assign job to multiple factories and schedule job in 

each factory so that the total completion time is 

minimized. N jobs are available so that they can be 

processed by the same factory f, and each factory has the 

same number of m dedicated machines in the first stage 

and one assembly machine in the second stage.  

The minimization of the makespan in the 3-machine 

assembly-type flowshop scheduling problem with two 

machines in first and a machine in second satge was 

considered [4]. Lee et al. [4] presented a branch and 

bound algorithm and three heuristic algorithms to solve 

the problem. Allahverdi and Al-Anzi [10] considered the 

two-stage assembly scheduling problem to minimize 

makespan with setup times. In the first stage, there are m 

production machine and in the second stage, an assembly 

machine. The three-stage production-assembly flowshop 

with parallel machines in the last two stages was 

considered by Zhang et al. [11]. The objective function is 

to minimize the maximum completion time of all orders.  

Xiong et al. [12] considered a flexible assembly-

differentiation flow shop scheduling problem to 

minimize total completion time with three stages of 

component production, assembly, and separation. All the 
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components of a job are processed by different machines 

in the first stage, then in the second stage these 

components are assembled together by one machine. In 

the third stage, each job of a specific type is processed by 

a dedicated machine. They propose a mixed integer 

programming (MIP) model, two heuristic algorithms and 

three meta-heuristic algorithms to solve the problem.  

Liu et al. [13] proposed the distributed assembly 

permutation flowshop scheduling problem. The objective 

function is to minimize the maximum completion time. 

The problem is formed by two stages, the processing 

stage and the assembly stage. Sung and Kim [14] 

considered minimizing the total completion times at the 

multi-machine production-assembly scheduling 

problem. The first stage consists of two independent 

machines and the second stage consists of two identical 

machines that are located in parallel. 

Maboudian and  Shafaei [15] proposed the two stage 

assembly flow shop scheduling problem with sequence-

dependent setup times and minimizing the maximum 

completion time and maximum tardiness objective 

functions. In this problem, n products must be produced, 

each product having m inequal parts, which in the first 

stage are processed simultaneously by m machines, and 

each part has a dedicated machine. In the second stage, 

the final product is created by assembling m parts using 

a machine. Fattahi et al. [16] presented a hybrid flow 

shop scheduling problem with setup and assembly 

operations. The parts are produced in a two-stage flexible 

flow shop (including one machine in the first stage and m 

machine in the second stage) and then convert to the final 

product in the assembly stage. 

Xiong et al. [17] considered a distributed production-

assembly flow shop scheduling problem to minimize the 

total weight of the maximum completion time and the 

average completion time. The factories are located in 

parallel and in each factory the jobs are first processed by 

m dedicated parallel machine and then sent to the 

assembly stage, which performs on an assembly 

machine. Mahdavi et al. [18] also considered hybrid 

flowshop scheduling with assembly operations. The parts 

are processed in the flexible flow shop stage and then sent 

to the assembly stage to produce the final product. The 

aim is to find a schedule that minimizes the completion 

time of the last product. They presented an integer 

programming model and two heuristic algorithms and 

simulated annealing algorithm to solve the problem.  

Pan et al. [19] demonstrated a distributed assembly 

permutation flowshop scheduling problem. There are 

some of identical factories that a flowshop for part-

processing and assembly line for product-processing 

there is in each factory is presented. The objective 

function is makespan that to be minimize. Huang and Gu 

[20] presented a biogeography-based optimization 

(NBBO) algorithm to solve the distributed assembly 

permutation flow-shop scheduling problem with 

sequence-dependent set-up times. The objective function 

of this problem is minimizing the makespan. Each 

factory consists of M machines {1, 2, … , M}. The 

second stage is the assembly stage, which has only one 

assembly machine MA in the factory.  

Lei et al. [21] distributed unrelated parallel machine 

scheduling with minimizing makespan and total tardiness 

simultaneously so that n jobs distributed among F 

factories located in different sites is considered. Each 

factory f is composed of m� unrelated parallel machines. 

Fathollahi-Fard et al. [22] presented the new concept of 

production scheduling at sustainable Distributed 

Permutation Flow Shop Scheduling Problem (DPFSP). 

The aim is minimize the total energy consumption related 

to production and maximize, the social factors linked to 

job opportunities and lost working days. To solve the 

problem, they proposed novel multi-objective learning-

based heuristic is established, as an extension of the 

Social Engineering Optimizer (SEO). 

Wang and Fathollahi-Fard [23] proposed a multi-

objective low-carbon hybrid flow shop scheduling 

problem (MLHFSP) with the consideration of machines 

with varied energy usage ratios. The objective function is 

minimizing total carbon emission (TCE) and makespan 

(����). An improved multi-objective teaching-learning-

based optimization (ITLBO) algorithm proposed to solve 

their problem and to avoid local optimum, sequential 

neighbourhood search (SNS) method also adopted.  

Hosseini [24] presented a distributed assembly 

permutation flow-shop scheduling problem. The first 

stage of the considered production system is composed 

of several non-identical factories with different 

technology levels and so the factories' performance is 

different in terms of processing time and cost. The second 

stage is an assembly stage where in there are some 

parallel jon stations to assemble the ready parts into the 

products. The objective function is to minimize the 

makespan. 

Jabbari et al. [25] proposed the scheduling problem 

for a customized production system consisting of a flow 

shop production line with a parallel assembly stage that 

produces various products in two stages. In the first stage 

of the production line, parts are produced using a flow 

shop production line, and in the second stage, products 

are assembled on one of the parallel assembly lines. The 

objective is to minimize makespan. 

In the literature, the most complex studied mood in 

the single-factory production-assembly system is the 

three stage production-assembly flow shop presented by 

Xiong et al. [12], which is related to the case where the 

dedicated parallel machines in the production stage and a 

two-stage flexible flow shop (one machine for assembly 

operations and dedicated parallel machines for post-

assembly operations) are established in the assembly 

stage. Each job in the third stage can only be processed 

by one dedicated machine. For the multi-factory mode. 
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Xiong and Xing [17] investigated two stage production-

assembly flow shop scheduling problem, that the first 

stage is dedicated parallel machines and the second stage 

is single machine. 

The summary of the mentioned papers in 

production-assembly problem is presented in Table 1, 

that are separated to one factory and multi factory. In 

order to compare the here presented problem with the 

papers in the literature, four criteria: objective function, 

 

 
TABLE 1. Summary of the literature review for production-

assembly problem 

Author 
Solution algorithm/ 

Objective 

Machines 

Position 

Factory 

Number 

[8] 

Constructive Heuristic 

and Matheuristic/total 

tardiness 

first stage: 

dedicated parallel 

machines 

Single 

factory 

[25] 

GA Particle Swarm 
Optimization (PSO) 

hybrid algorithm(GA & 

PSO)/Makespan 

first stage: 
Flowshop  

second stage: 

parallel machine 

[18] 
simulated annealing 

(SA)/Makespan 

first stage: 

Hybrid Flowshop  

second stage: 

parallel machines 

[4] 

branch and bound and 
three 

heuristics/Makespan 

first stage: two 

unrelated parallel 
machines  

second stage: 

single machine 

[10] 

Particle Swarm 

Optimization and Tabu 

search/Makespan 

first stage: 

unrelated parallel 

machines  
second stage: 

single machine 

[15] 

mathematical 

model/Makespan and 

maximum tardiness 

first stage: 
unrelated parallel 

machines  

second stage: 

single machine 

[9] 

heuristics and three 

hybrid meta-
heuristics(HVNS, 

HGA- 

RVNS, andHDDE-
RVNS)/total 

completion time 

first stage: 
unrelated parallel 

machines  

second stage: 

single machine 

[14] 
branch and bound/sum 

of completion times 

first stage: two 
unrelated 

parallel machines  

second stage: 
two parallel 

machines 

[11] 

hybrid 

geneticalgorithm(HGA)

/Makespan 

first stage: 
unrelated parallel 

machines  

second stage: 

parallel machines 

[16] 

GA, simulated 
annealing (SA), NEH 

and Johnson’s 

algorithm 

/Makespan 

first stage: 
single machine  

second stage: 

unrelated parallel 
machines 

third stage: 

single machine 

[12] 

SPT-based heuristic, 

NEH-based heuristic, 
HGA-VNS, HDDE-

VNS and HEDA-
VNS/total flow time 

(TFT). 

first stage: 

unrelated parallel 

machines 
second stage: 

single machine  
third stage: 

Differentiation 

parallel machines 

[7] 

heuristic methods 

(Heuristics PJ1 and 

PJ2)/Makespan 

first stage: 

Distributed 

unrelated parallel 
machines  

second stage: 

single machine 

Distributed 
factories in 

first stage 

[26] 

Variable 

Neighborhood based 
Memetic 

Algorithm/Makespan 

first stage: 

Distributed 

unrelated parallel 
machines  

second stage: 

single machine 

[20] 

Biogeography-based 

optimization 

(BBO)/Makespan 

first stage: 

Distributed 

Flowshop  
second stage: 

single machine 

[24] 

Two-level self-
adaptive variable 

neighborhood search 

(TLSAVNS) 

algorithm/Makespan 

first stage: 
Distributed 

Flowshop  

second stage: 

parallel machine 

[22] 

Social Engineering 

Optimizer 
(SEO)/Makespan,total 

energy, social factors 

linked to job 
opportunities and lost 

working days 

first stage: flow-

shop 

Distributed 

factories 

[21] 

artificial bee 
colony/makespan and 

total tardiness 

first stage: 

unrelated parallel 

machines 

[19] 

heuristics, variable 
neighborhood search 

algorithms, and meta-

heuristics/Makespan 

first stage: 
Flowshop  

second stage: 

single machines 

[17] 

GA-RVNS and 

VNS/makespan and 

mean completion time 

first stage: 

unrelated parallel 

machines  
second stage: 

single machine 

current 

paper 

Hybrid Genetic 
Algorithm Longest 

Proseccing 

Time/Makespan 

first stage: 
unrelated parallel 

machines 

second stage: 
single machine  

third stage: 

parallel machines 

Distributed 

factories 
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solution algorithm, position of machines and number of 

factories have been used which is shown in Table 1. 

The papers are divided into three categories: single-

factory, first stage distributed factories and distributed 

factories. In the one-factory mode, papers are divided in 

to three modes: one-stage (one paper), two-stage (eight 

papers) and three-stage (two papers). In the three-stage 

mode, the first paper considers a prerequisite stage before 

the production stage and the second paper considers an 

additional stage after the assembly stage with different 

parallel machines. 

In the first stage distributed factories, the papers are 

reviewed in three modes: parallel machines in the first 

stage and one machine in the second stage (two papers), 

flowshop in the first stage and one machine in the second 

stage (one paper) and flowshop in the first stage and 

parallel machines in the second stage (one paper). For 

distributed factories mode, papers are reviewed in two 

mode: one-stage (two papers) and two-stage (two 

papers). 

According to the papers classification in Table 1 as 

well as real world problems, the following research gaps 

can be mentioned:  

 Only one paper in the single-factory mode addresses 

the three-stage production-assembly problem where 

there are no identical parallel machines in stage 

three. 

 In the distributed factories mode, no paper considers 

three stage while this happens in the real world. 

 In the distributed factories mode, no three-stage 

study with parallel machines in the third stage is 

presented. 

 None of the papers have used a hybrid GA with LPT. 

To the best of our knowledge, according to the 

presented cases and in order to cover the four mentioned 

gaps, three stages production-assembly flow shop 

scheduling problem with parallel machines in the 

assembly stage and parallel factories is presented. 

Regarding the first gap: the three stages production-

assembly problem with parallel machines in the third 

stage is presented in parallel factories, which includes 

single factory too. For the second gap: the three stage 

production-assembly problem in several factories is 

considered. For the third gap: for parallel machines in the 

third stage of production-assembly is considered. For the 

fourth gap: we present a new improved GA in this paper. 

Regarding the objective function, the objective function 

has been used in other papers but has not been used with 

other criteria of this paper. 

 

 

3. MATHEMATICAL MODEL 

 

In this section the mathematical model of the problem is 

presented. In flowshop scheduling problem a set of � 

products are produced on a set of � machines [27]. As 

mentioned earlier, the distributed production-assembly 

scheduling problem with the hybrid flow shop in the 

assembly stages can be defined as following: There is the 

set of n jobs that are performed in three stages. Each job 

is processed on m + 2 machines: on m	 dedicated parallel 

machine in the first stage, one machine in the second 

stage and one machine in the third stage. In the third 

stage, there are the number of m
 same parallel machines, 

where each job is processed on one machine without 

interruption. In the second and third stages there is a 

hybrid flow shop. hybrid flow shop environment is 

similar to flow shop, but at least in one stage the number 

of machines is more than one. 

The aim is assignment of jobs to factories and 

determining the processing sequence of jobs in each 

factory so that the maximum completion time of jobs is 

minimized. The assumptions of the problem are: 

 Machines are available constantly. 

 Each machine processes only one job at a time. 

 The first stage machines are dedicated and the 

processing times for each part on the machine can be 

different. 

 All jobs components are available in zero time and 

their processing times are specified. 

 jobs pre-emption it is not permissible. 

 Each job can be processed by one machine at a time. 

 The assembly of a job begins when all its 

components have been completed in the first stage. 

The mathematical model of the problem is defined 

as following. 

 
Parameters and Indices 

n The number of jobs 

F The number of factories 

m	 The number of machines in the first stage 

m
 The number of machines in the third stage 

k The machines indice in the first stage {1,2, … ,   m	} 

i, j, r The jobs indices {1,2, ... , n} 

l, s The machines indice in the third stage {1,2, … ,   m
} 

f, q The factories indice {1,2, … , F} 

p,� the processing time of job j on machine k at the first stage 

tt the processing time of job j at the second stage 

pt the processing time of job j at the third stage 

M A large positive number 

 
Decision varibales 

X�,�,� 
1 If job i is processed in position w in the production 

stage and the first assembly stage in factory f, 0 

otherwise 

Y�,�,�,� 
1 If job i is processed in position w on machine l in the 

second assembly stage at factory f, 0 otherwise 

C�,�,� 
Completion time of job in position w on machine k at 

production stage in factory f 

CA�,� 
Completion time of the job in position w in the first 

assembly stage in factory f 

CT�,�,� 
Completion time of the job in position w on the 

machine l in the second assembly stage in te factory f 



M. Torkashvand et al. / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)   1037-1055                                1043 

 

Model   

Minimise  ����  )1 ( 

∑ ∑ ��,�,��
��	

 
��	 = 1  ∀ % = 1,2, … , ( )2 ( 

∑ ��,�,�
�
��	 ≤ 1  

∀ * = 1, … , +; 
- = 1, … , ( 

)3 ( 

∑ ��,�.	,�
�
��	 ≥ ∑ �0,�,�

�
0�	   

∀ * = 1, … , +; 
- = 2, … , ( 

)4 ( 

∑ ∑ ∑ 1�,�,2,�
�3
2�	

�
��	

 
��	 = 1  ∀ % = 1,2, … , ( )5 ( 

∑ 1�,�,2,�
�
��	 ≤ 1  

∀ * = 1, … , +;  
- = 1, … , (;  
4 = 1,2, … , �
 

)6 ( 

∑ 1�,�.	,2,�
�
��	 ≥ ∑ 10,�,2,�

�
0�	   

∀ - = 2, … , (; 
4 = 1,2, … , �
; 
* = 1, … , + 

)7 ( 

∑ ∑ 1�,5,2,�
�3
2�	

�
5�	 =

∑ ��,�,��
��	   

∀ % = 1,2, … , (; 
* = 1, … , + 

)8 ( 

��,6,� ≥ ��.	,6,� +
∑ 8�,6 ∗ ��,�,�

�
��	   

∀ - = 2, … , (, ; 
: = 1, 2, … , �	; 
* = 1, … , + 

)9 ( 

�	,6,� ≥ ∑ 8�,6 ∗ ��,	,�
�
��	   

∀ : = 1, 2, … , �	;
* = 1, … , + 

)10 ( 

�;	,� ≥ ∑ <� ∗ ��,	,�
�
��	   ∀ * = 1, … , + )11 ( 

�;�,� ≥ �;�.	,� + ∑ <� ∗�
��	

��,�,�  

∀ - =  2, … , (; 
* = 1, … , + 

)12 ( 

�;�,� ≥ ��,6,� + ∑ <� ∗�
��	

��,�,�  

∀ - = 1, … , (; 
: = 1, 2, … , �	; 
* = 1, 2, … , + 

)13 ( 

�=�,2,� ≥ �=�.	,2,� +
∑ 8<� ∗ 1�,�,2,�

�
��	 − ? ∗ @1 −

∑ 1�,�,2,�
�
��	 A  

∀ 4 = 1,2, … , �
 ; 
- = 2, … , (; 
* = 1, … , + 

)14 ( 

�=�,2,� ≥ �;5,� + 8<� ∗
1�,�,2,� − ? ∗ @2 − 1�,�,2,� −
��,5,�A  

∀ % = 1, 2, … , (; 
-, B = 1, 2, … , (; 
4 = 1,2, … , �
 ; 

)15 ( 

* = 1, … , + 

���� ≥ �=�,2,�  

∀ - = 1, 2, … , (; 
4 = 1,2, … , �
 ; 
* = 1, … , + 

)16 ( 

��,�,�Є {0,1} , 1�,�,2,�Є {0,1} 

∀ % = 1 . … . ( ; 
- = 1, . … . ( ; 
4 = 1, … , �
; 
* = 1, … , + 

)17 ( 

��,6,� , �;�,� , �=�,2,� ≥ 0  

∀ - = 1, . … . ( ; 
: = 1, 2, … , �	 ; 
* = 1, … , + 

)18 ( 

Constraint (1) represents the objective function of the 

problem, ie the maximum completion time. 

Set of the production stage and first assembly 

stage constraints: Constraint (2) means that each job 

must be assigned to one position. Constraint (3) indicates 

that one job is assigned to each position in each factory 

extremely. Constraint (4) indicates that a position is filled 

if the previous position be filled. 

Set of second assembly stage constraints: 

Constraint (5) specifies that each job is assigned to only 

one position of a machine. Constraint (6) specifies that 

one job is assigned to each position of each machine, 

extremely. Constraint (7) indicates that a position of a 

machine is filled if the previous position be filled. 

Common constraints: Constraint (8) forces that if a 

job is assigned to a factory for the first stages of 

production and assembly, it must be assigned to the same 

factory for the third stage. Constraint (9) specifies that 

completion time a job in one position at the production 

stage cannot be less than completion time another job in 

the previous position. Constraint (10) indicates that if a 

job is placed in the first position in the production stage, 

its completion time will not be less than its processing 

time. Constraint (11) indicates that if a job is placed in 

the first position in the first assembly stage, its 

completion time will not be less than its processing time. 

Constraint (12) specifies that the completion time of any 

job in a certain position in the first assembly stage can 

not be less than the its completion time in the previous 

position of same stage.  

Constraint (13) specifies that the completion time of 

each job in a certain position in the first assembly stage 

can not be less than completion time of the same job in 

the production stage. Constraint (14) shows that 

completion time of each job in a specific position in the 

second assembly stage can not be less than the 

completion time of job in the previous position in the 

same stage. Constraint (15) specifies that the completion 

time of each job in a specific position in the second 
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assembly stage can not be less than the completion time 

of the same job in the first assembly stage. Constraint 

(16) specifies that the maximum completion time of jobs 

is greater than the completion time each job. Constraints 

(17) and (18) show the range of decision variables values. 

 

 

4. SOLUTION METHOD 

 

As previously proven in the introduction section, the 

distributed production-assembly scheduling problem 

with hybrid flowshop in assembly stage is NP-Hard and 

solving  large sizes is not possible using the model. 

Abtahi and Sahraeian [28] presented two-machine flow 

shop scheduling problem that is NP-Hard, too. Different 

methods are proposed to solve the distributed scheduling 

problem. 

To solve the distributed permutation flow-shop 

scheduling problem, Fathollahi-Fard et al. [22] presented 

a meta-heuristic algorithm called Social Engineering 

Optimizer (SEO). Fathollahi-Fard et al. [29] gave a full 

explanation of how this algorithm works. A simple, 

intelligent and new single-solution algorithm that has just 

four main steps and three simple parameters to tune. 

Social Engineering Optimizer starts with two initial 

solutions divided into attacker and defender. The attacker 

obtains the rules of Social Engineering techniques to 

reach its desired goals [29]. 

Garey et al. [5] investigated the behavior of Scottish 

red deer in order to develop a new nature-inspired 

algorithm. The main inspiration of this meta-heuristic 

algorithm is to originate from an unusual mating behavior 

of Scottish red deer in a breading season. the red deer 

algorithm (RDA) is a population-based meta-heuristics, 

that starts with an initial population called red deers 

(RDs). Individuals in this population are separated into 

two types: hinds and male RDs. Besides, a harem is a 

group of female RDs. The general steps of this 

evolutionary algorithm are considered by the competition 

of male RDs to get the harem with more hinds via roaring 

and fighting behaviors. 

In order to solve the mentioned scheduling problem, 

a GA is presented in this section. The GA is one of the 

most well-known evolutionary algorithms. Many papers 

have used this algorithm to solve the problem. 

Gholizadeh et al. [30] proposed a novel scenario-based 

GA for flexible flowshop scheduling. Li et al. [31] 

developed a GA for the flow shop scheduling problem. 

Noroozi and Mokhtari [32], Jia et al. [33, 34], Chang et 

al. [35], Tavakoli and Mahdizadeh [36] have used GA to 

solve scheduling problems. Maghzi et al. [37] used GA 

for multi objective scheduling problem. The GA 

algorithm has many applications in other fields. Abbasi 

and Rafiee [38] presented a parallel GA on the traveling 

salesman problem with Multi-core and Many-core 

Systems. 

Eiben and Smith [39] summarized the main 

framework of the GA in 5 sections: 

1. Representation 

2. Recombination 

3. Mutation 

4. Parent selection 

5. Survival selection 

In this paper, we combine a classical GA with a local 

search algorithm to present a hybrid algorithm that is 

called a HGALPT. An heuristic algorithm that is called 

the Longest Processing Time (LPT) is used in order to 

improve the results in each iteration of the algorithm. The 

main steps of the improved GA in this paper are: 

providing the structure of the solution representation and 

creating the initial population, improving the solution 

using local search, parent selection, cross over, mutation, 

generation selection. 

 

4. 1. Chromosome Representation and Initial 

Population       Each problem solution is called a 

chromosome in the GA. Each chromosome contains 

components that are as the problem inputs. An solution 

consists of two parts. The first part is related to jobs 

processing order in the first and second stages of each 

factory, which is shown in Figure 1, and the second part 

is related to determining the jobs processing sequence on 

third stage machines of each factory that is done by the 

decoding process. In Figure 1, the processing sequence 

of 7 jobs in 3 factories on the first and second stage 

machines are shown. The number zero is known as the 

factory separator. The number of zeros in the solution 

representation is equal to f-1 because the first factory 

does not need a separator, jobs 1 and 2 are processed in 

the same sequence on the first and second stage machines 

of the first factory, jobs 5, 4 and 6 in the second factory, 

and jobs 3 and 7 in the third factory. 

After assigning the jobs to the factories and 

sequencing them in the first and second stages, according 

to Figure 2, the jobs are assigned to the third stage 

machines using decoding. Each job is assigned to a  
 

 
 

1 2 0 5 4 6 0 3 7 
 

Figure 1. Chromosome representation 
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Figure 2. Decoding process 
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machine that has the least completion time. Figure 2 

assumes that there are 2 machines in the third stage. In 

factory 2, job 5 is assigned to the first machine, job 4 to 

the second machine, and job 6 after job 4 to the second 

machine, which is supposed to have the shortest 

completion time. In order to produce the initial 

population, as a population size, jobs sequence with f-1 

zeros is generated randomly. 
 

4. 2. Local Search Based on the Longest Processing 

Time           In order to improve the solutions, we have 

used of a heuristic method based on longest processing 

time. In this method, a local search is performed on some 

of the best solutions with H2IJ  rate of the entire 

population. In the LPT method, jobs are arranged in 

descending order of processing times. For our problem, 

there are three stages of operations, different modes are 

considered for processing time. Each job is processed 

simultaneously on �	 machine in the first stage, so in 

order to use the LPT algorithm, we considered the 

maximum processing time of each job as its processing 

time in the first stage. In the second and third stages, there 

is only one processing time for each job in each step. 

There are 6 modes for selection and arranging processing 

times as following: 

1) JS	 = max
O

{p,�}  

2) JSP = tt 

3) JS
 = pt 

4) JSQ = max
O

{p,�} + tt 

5) JSR = tt + pt 

6) JSS = max
O

{p,�} + tt + pt 

After determining the solutions at the end of each 

iteration of the algorithm, to perform the LPT, the 

assigned jobs to each factory are processed in descending 

of mode 1 (JS	). This operations is performed in 6 modes 

JS	 to JSS on a solution separately and the best solution is 

selected as an alternative to the current solution. The LPT 

heuristic algorithm accelerate reaching of better solutions 

in the main algorithm. 
 

4. 3. SELECTION          In the GA, the selection operator 

is the parents selection to perform the crossover, 

mutation, and create next generation. Some of solutions 

are transferred to the next generation with HT rate, 

unchanged. In order to select the parents, the rank-based 

roulette wheel selection has been used [40]. In this 

mechanism, for each population solution, a rank based on 

its fitness value (the objective function value of each 

solution) is assigned, firstly. If PN indicates population 

size, the best solution rank is PN and the worst solution 

is 1. In order to better selection, the new rank of the 

parents is determined based on the linear relation (19): 

�U-VW(: XYBZ =   2 − [H + \2 ∗ X[H − 1Z ∗ X]5.	Z
X^_.	Z`  (19) 

In the above statement, “or” is old rank, “NewRank 

(or)” is the new rank and SP is the selection pressure, the 

SP value is in the range [1.0, 2.0]. The parent selection 

probability is determined by rank or according to 

Equation (20). 

HB XYBZ =   _T�a��6 X]5Z
∑ _T�a��6 X�Zbc 

def
  (20) 

“Pr (or)” is the probability of selecting a individual with 

the rank of “or”. 

 
4. 4. Crossover           There are different types of 

crossovers to use in the algorithm according to the 

problem type. Various methods are presented for 

implementation of crossover in sequence-based 

representation. Xiong et al. [9] have used different 

crossover types. Deng et al. [6] used of sequential 

crossover to combine two parents and create new 

individual in the production-assembly problem, also, we 

have used this crossover type with Hg rate. In this method, 

two points are randomly selected on the parents. The 

contents between the two points in the first parent are 

passed directly to the first child. In order to fill blanks in 

the first child, start from the second point of the second 

parent and select the job that do not exist in the first child, 

respectively, and completing start from the second point 

of the first child. The same steps are done to produce 

second child. An example of an crossover is shown in 

Figure 3. 

 
4. 5. Mutation       After generating offspring by 

performing the crossover operator, a mutation operation 

with the Pi possibility is performed on each child. There 

are different types of mutation operator that one of them 

is swap. In this mutation type, two genes are selected and 

mutated. Figure 4 shows an example of this mutation 

type. 

 

4. 6. Generation Selection           The previous 

population and the new population are combined and the  

 

 
              

Parent 1 0  1 2 0 4 5 6 0 3 7 
              

Parent 2 0  5 0 2 3 0 7 6 1 4 
              

chid 1            5 6 0     
              

chid 2            0 7 6     
              

chid 1 0  2 3 0 7 5 6 0 1 4 

             

chid 2 0  2 0 4 5 0 7 6 3 1 

             
 

Figure 3. Crossover operator 
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Parent  0  2 0 4 5 0 7 6 3 1 
           

Child 0  2 0 3 5 0 7 6 4 1 
 

Figure 4. Mutation operator 

 

 
next generation is selected among of this population 

individuals. To do this, the number of individuals who 

have the best fitness will be passed on to the next 

generation unchanged and with Pj� rate. For the rest of 

the next generation population, the roulette wheel 

mechanism is used. Here, in order to calculate the 

individual selection probability, the fitness function of 

each solution is used [40]. Equation (21) shows how to 

calculate each individual selection probability. 

HB[X%Z =    �J�Tkk X�Z
∑  �J�Tkk X0Zbc 

lef
       ∀ % = 1,2, … , H�  (21) 

where PrS(i) and Fitness (i) indicate the selection 

probability and fitness function value of individual i, 

respectively. 

 

 

5. COMPARISONS AND CALCULATION RESULTS 

 

The calculations results are presented in different cases, 

in this section. Given that there are no similar papers to 

our problem and the presented papers are different in the 

literature, we used of provided values by Xiong et al. [12, 

17] to determine the problem parameter ranges, which are 

simpler but closer to the our problem. Table 2 

summarizes the problem parameters values. The 

parameters p, tt and pt show the processing times of jobs 

in all stages and have a discrete uniform distribution in 

the interval [1.0, 100.0]. 

In order to evaluate the efficiency of the proposed 

algorithm, the results of the algorithm in small size have 

been compared with results of MILP model and the 

results have been extended to large size. The proposed 

GA is coded in Java IntelliJ IDEA 2020.1.2 software and 

IBM ILOG CPLEX solver Concert technology and 

 

 
TABLE 2. Parameter values to create problem instance 

Parameter 

Parameter values ranges 

Small size Large size 

f {2,3,4} {4,6,8} 

n {5,6,7,8,10} {20,30,40,60,80,100} 

m	  {2,3,4} {2,4,6,8} 

m
  {2,3} {3,4,5} 

p U(1,100) U(1,100) 

tt U(1,100) U(1,100) 

pt U(1,100) U(1,100) 

problem model in GAMS 28.2.0 software and CPLEX 

solver. All calculations are performed on the computer 

with Intel (R) Core (Tm) i5-323M CPU @ 2.60 GHz 6.0 

GB specifications. 

Potts et al. [26] showed that two-stage assembly 

scheduling problem is NP-Hard and Single machine 

scheduling problem with considering the sequence 

dependent set-up times are classified in NP-Hard 

problems [41-43], then given that the our problem is 

three-stage and multi-factory mode, so, is more complex 

than [26]. Therefore, according to our problem 

complexity, it proves to be NP-Hard.  

Optimal solution for small sizes can be achieved 

using the Mixed Integer Linear Programming (MILP) 

model, but for large sizes, optimal or near-optimal 

solutions can be achieved by a HGALPT. Due to the 

mentioned cases and high complexity of the problem, 

solving the problem using the Cplex has a memory error 

for large sizes, but this issue does not exist in the 

proposed GA. For small sizes the time limit is 3600 

seconds in Cplex and 0.5*n*f seconds limit in HGALPT. 

For large sizes the 1200 seconds limit is considered as 

algorithm stop criterion. 

In order to evaluate the performance of the algorithm, 

three parts are presented: the first part is related to 

parameters setting for small and large sizes of the 

problem, the second part is related to comparing the 

results of mathematical model and improved GA and 

shows the superiority of the proposed algorithm. After 

proving the superiority of the improved GA over the 

mathematical model, The third part compares the results 

of the GA and the HGALPT that the HGALPT results are 

better. 

 

5. 1. Parameter Setting         In order to determine the 

parameters of the problem, more accurately, Analysis Of 

Variance (ANOVA) of Taguchi method for small and 

large sizes has been used. Seven parameters affect on the 

algorithm results that three levels are defined for each 

parameter. Problem parameters include initial population 

(PS),  next generation elite rate (Pj), local search rate 

(P�mn), crossover rate (Po), mutation rate (Pi), next 

generation transmission rate (Pj�), selection pressure 

(SP). Their levels valeues are shown in Table 3. The 

value of crossover rate parameter is considered equal to 

the complement of the mutation rate parameter, so it is 

not in the parameter setting calculations.  

We have used Minitab software, in order to determine 

each parameter level. an instance of small size with 

values of n = 8, f = 3, m	 = 4, m
 = 2 and an instance 

of large size with values of n = 40, f = 4, m	 = 4, m
 =
3 is examined. For small size, using orthogonal matrix 

LPs = X3SZ, 27 different combinations of parameter 

levels are specified in Table 4. Relative Error (RE) and 

Average Relative Error (ARE) have been used to 

compare the results of the algorithms, that are presented  
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TABLE 3. Parameter levels 

Parameter Level Value Parameter Level Value 

PS 

1 30 

Pi 

1 0.07 

2 50 2 0.09 

3 80 3 0.11 

Pj  

1 0.02 

Pj� 

1 0.01 

2 0.04 2 0.03 

3 0.06 3 0.06 

P�mn  

1 0.02 

SP 

1 1.3 
2 0.05 

3 0.07 
2 1.5 

Po  

1 0.93 

2 0.91 
3 1.7 

3 0.89 

 

 
TABLE 4. ARE value according to the orthogonal array LPs =
X3SZ for small size 

Experiment 

number 

Parameters level 
ARE 

PS tu tvwx ty tuz SP 

1 1 1 1 1 1 1 0.0159 

2 1 1 1 1 2 2 0.0019 

3 1 1 1 1 3 3 0.0070 

4 1 2 2 2 1 1 0.0165 

5 1 2 2 2 2 2 0.0037 

6 1 2 2 2 3 3 0.0014 

7 1 3 3 3 1 1 0.0122 

8 1 3 3 3 2 2 0.0072 

9 1 3 3 3 3 3 0.0000 

10 2 1 2 3 1 2 0.0113 

11 2 1 2 3 2 3 0.0019 

12 2 1 2 3 3 1 0.0043 

13 2 2 3 1 1 2 0.0000 

14 2 2 3 1 2 3 0.0000 

15 2 2 3 1 3 1 0.0041 

16 2 3 1 2 1 2 0.0027 

17 2 3 1 2 2 3 0.0000 

18 2 3 1 2 3 1 0.0014 

19 3 1 3 2 1 3 0.0000 

20 3 1 3 2 2 1 0.0029 

21 3 1 3 2 3 2 0.0019 

22 3 2 1 3 1 3 0.0048 

23 3 2 1 3 2 1 0.0027 

24 3 2 1 3 3 2 0.0023 

25 3 3 2 1 1 3 0.0048 

26 3 3 2 1 2 1 0.0000 

27 3 3 2 1 3 2 0.0033 

by Xiong and Xing [17]. The value of RE is calculated 

using Equation (22). 

V{ = X|.}~��Z
}~�� ∗ 100  (22) 

where BEST is the best value obtained from each of the 

algorithms and Z is the value obtained from the execution 

of an instance of the problem. Each parameters 

combination is executed 20 times independently, the 

obtained ARE is given in Table 4. Table 5 summarizes 

the mean and standard deviation (StDev) results based on 

the 95% confidence level for different parameters levels 

in small size. 

According to Table 5, PS for small size, the mean of 

ARE value decreases with increasing population size. 

The the mean of ARE difference between levels 2 and 3 

is not significant, but due to the fact that the scatter in 

level 3 is less, this level with a value of PS = 80 is selected 

as the best level. For the Pj�, the scattering around the 

mean is significant also according to Table 5 with 

increasing the elite rate value, the response value 

improves to level two but at level three, the results are not 

better than at level two and intensification increases, 

therefore, Pj� = 0.03 is considered. 

According to the results in Table 5 for the SP, the 

results of the algorithm are improved by changing and 

increasing the parameter value. In fact, increasing the 

selection pressure is appropriate for small sizes and 
 

 
TABLE 5. Individual 95% CIs For Mean Based on Pooled 

StDev for small size 

Parameter  Level N Mean StDev 

PS 

1 9 0.0073 0.0063 

2 9 0.0029 0.0036 

3 9 0.0025 0.0017 

tu  

1 9 0.0052 0.0053 

2 9 0.0039 0.0050 

3 9 0.0035 0.0041 

tvwx  

1 9 0.0043 0.0048 

2 9 0.0052 0.0053 

3 9 0.0031 0.0042 

ty  

1 9 0.0041 0.0051 

2 9 0.0034 0.0051 

3 9 0.0052 0.0042 

tuz  

1 9 0.0076 0.0065 

2 9 0.0023 0.0023 

3 9 0.0029 0.0021 

SP 

1 9 0.0067 0.0064 

2 9 0.0038 0.0034 

3 9 0.0022 0.0027 
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improves the algorithm performance. The appropriate 

value of this parameter is SP = 1.7. For Pj, P�mn and Pi, 

the mean of ARE results at Table 5 show no significant 

effect on the algorithm results and the mean of ARE 

value by changing the parameter level does not change 

significantly. According to the mean and standard 

deviation in Table 5, For small sizes, the parameters 

values in response to the best values of the levels are: 

PS=80, Pj=0.06, P�mn=0.07, Pi=0.09, Po=0.91, Pj�= 0.03 

and SP=1.7. 

For large size, An instance of the general problem 

with the values n = 40, f = 4, �	 = 4, �
 = 3 is used to 

set the parameters. Like small size, the different 

combinations of parameters is adjusted according to 

Table 6 in 27 rows by using the orthogonal matrix of the 

Taguchi method. Each row is run 15 times and the 

obtained results ARE is calculated. According to the 

mean of ARE in Table 7, different levels for SP, Pj, Pj� 
and PS parameters have a significant effect on the 

algorithm results. With increasing the PS parameter 

value, the mean of ARE values have improved. Due to 

the increase in the size of the problem, the increase in 

population has led to the investigate more solution areas 

and the results are improved, so the value of the 

parameter PS is considered equal to PS = 80.  

According to Table 7, for the Pj parameter and 

transferring some of the best solutions without crossover 

and mutation to the next generation, the best value of this 

parameter is equal to Pj = 0.02. For the Pj� parameter, 

which indicates the elite rate for unchanged transmission 

to the next generation, as shown in Table 7, the mean of 

ARE of the obtained results has improved with increasing 

rate value. This rate is related to the intensification in the 

problem, directly, which means that by increasing this 

parameter value, the amount of algorithm intensification 

also increases. The appropriate value of this parameter 

according to the Table 7 is equal to Pj�= 0.06. 

The next parameter that its different values affects to 

the problem results is SP, which its low or high value 

indicates an increase in diversification or intensification. 

In this parameter, by increasing of the parameter value, 

the mean of ARE of the obtained results increases 

according to Table 7 and the results become worse. 

Therefore, its appropriate value is equal to SP = 1.3. 

Finally, according to the mean and standard deviation 

ARE Table 7, The parameters values based on the best 

levels value are: PS=80, Pj=0.02, P�mn=0.05, Pi=0.11, 

Po=0.89, Pj�=0.06 and SP=1.3. 
 

5. 2. CPLEX and HGALPT Results Comparison for 

Small Size       In order to evaluate the algorithm 

efficiency, its results are compared with the Cplex exact 

solver in 20 different sizes. The results of the calculations 

are shown in Table 8. where the solution quality is equal 

to the difference percentage from the best obtained 

solution. Cplex calculations are performed with 3600  
 

TABLE 6. Average response value according to the orthogonal 

array LPs = X3SZ for large size 

Experiment 

number 

Parameters level 

ARE 
PS tu tvwx ty tuz SP 

1 1 1 1 1 1 1 0.0631 

2 1 1 1 1 2 2 0.0463 

3 1 1 1 1 3 3 0.0395 

4 1 2 2 2 1 1 0.0561 

5 1 2 2 2 2 2 0.0672 

6 1 2 2 2 3 3 0.0484 

7 1 3 3 3 1 1 0.0753 

8 1 3 3 3 2 2 0.0391 

9 1 3 3 3 3 3 0.0622 

10 2 1 2 3 1 2 0.0405 

11 2 1 2 3 2 3 0.0341 

12 2 1 2 3 3 1 0.0288 

13 2 2 3 1 1 2 0.0519 

14 2 2 3 1 2 3 0.0656 

15 2 2 3 1 3 1 0.0403 

16 2 3 1 2 1 2 0.0631 

17 2 3 1 2 2 3 0.0563 

18 2 3 1 2 3 1 0.0362 

19 3 1 3 2 1 3 0.0647 

20 3 1 3 2 2 1 0.0299 

21 3 1 3 2 3 2 0.0407 

22 3 2 1 3 1 3 0.0350 

23 3 2 1 3 2 1 0.0294 

24 3 2 1 3 3 2 0.0524 

25 3 3 2 1 1 3 0.0451 

26 3 3 2 1 2 1 0.0532 

27 3 3 2 1 3 2 0.0344 

 

 

seconds time limit. If the value in the column “Time” 

(column 7) is 3600, the value in the column “Quality” is 

the deviation percentage of best feasible solution that 

obtain from Cplex, Otherwise, the column “Quality” 

value is the deviation percentage of optimal solution. 

For HGALPT algorithm, each instance is run 20 

times. The column “Min” shows the minimum relative 

error, the column “ARE” shows the average relative 

error, the column “Max” shows the maximum relative 

error for the each instance, the column “STD” shows the 

standard deviation for the relative errors and the column 

“Time” shows the time limit of 0.5*n*f seconds. 

From 20 instances, in 14 instance optimal solution are 

calculated by CPLEX, 3 instances are out of memory  
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TABLE 7. Individual 95% CIs For Mean Based on Pooled 

StDev for large size 

Parameter Level N Mean StDev 

PS 

1 9 0.0553 0.0127 

2 9 0.0463 0.0133 

3 9 0.0428 0.0121 

Pe 

1 9 0.0431 0.0130 

2 9 0.0496 0.0129 

3 9 0.0517 0.0140 

Plpt 

1 9 0.0468 0.0126 

2 9 0.0453 0.0123 

3 9 0.0522 0.0155 

Pm 

1 9 0.0488 0.0106 

2 9 0.0514 0.0134 

3 9 0.0441 0.0160 

Pef 

1 9 0.0550 0.0130 

2 9 0.0468 0.0146 

3 9 0.0426 0.0102 

SP 

1 9 0.0458 0.0168 

2 9 0.0484 0.0112 

3 9 0.0501 0.0126 

 

 

error (as indicated by OM) and 3 instances provided the 

best solution according to time limit of 3600 seconds, 

according to Table 8. from the 14 optimal solution 

instance obtained by CPLEX, 12 instance of the 

HGALPT algorithm have reached the optimal solution in 

a much shorter time which indicates the efficiency of the 

algorithm. Also, since the optimal solution has been 

reached, the effectiveness of the algorithm is also 

guaranteed. 

The average of columns values for Table 8 are 

calculated for the total instances at the Table bottom. For 

comparing the solution time of the two algorithms, the 

average of CPLEX solution time is 1419.3005 seconds 

while the average of HGALPT solution time is much less 

and is equal to 11.225. As the instance size increases, the 

solution time increases and the CPLEX needs more time 

to reach the optimal solution or CPLEX can not provide 

 

 
TABLE 8. Comparison of CPLEX results and HGALPT algorithm for small sizes 

Instance n f �� �� 
CPLEX HGALPT 

Quality Time (s) Min ARE Max STD Time (s) 

1 5 2 2 3 0.000 4.87 0.000 0.000 0.000 0.000 5 

2 5 3 4 2 0.000 5.84 0.000 0.000 0.000 0.000 7.5 

3 6 2 2 3 0.000 31 0.000 0.000 0.000 0.000 6 

4 6 3 3 2 0.000 18 0.000 0.000 0.000 0.000 9 

5 6 4 4 2 0.000 44 0.000 0.000 0.000 0.000 12 

6 7 2 2 3 0.000 381 0.000 0.000 0.000 0.000 7 

7 7 2 3 3 0.000 398 0.000 0.001 0.011 0.002 7 

8 7 3 3 2 0.000 235 0.000 0.000 0.000 0.000 10.5 

9 7 3 4 2 0.000 149 0.000 0.000 0.000 0.000 10.5 

10 7 4 4 2 0.000 509 0.000 0.000 0.000 0.000 14 

11 8 2 2 3 0.000 2379 0.000 0.007 0.025 0.008 8 

12 8 2 4 3 0.000 1340 0.000 0.010 0.043 0.012 8 

13 8 3 3 2 0.000 1667 0.000 0.000 0.000 0.000 12 

14 8 3 4 2 0.000 3487 0.000 0.003 0.029 0.009 12 

15 8 4 2 2 0.000 3600 0.000 0.000 0.000 0.000 16 

16 10 2 3 3 0.012 (OM) 3107 0.000 0.012 0.031 0.011 10 

17 10 3 2 3 0.000 3600 0.000 0.010 0.027 0.008 15 

18 10 3 4 2 0.000 3600 0.000 0.014 0.057 0.015 15 

19 10 4 2 2 0.016 (OM) 2411 0.000 0.001 0.016 0.004 20 

20 10 4 3 2 0.037 (OM) 1593 0.000 0.017 0.066 0.020 20 

Average 0.0033 1427.9855 0.0000 0.0037 0.0152 0.0044 11.2250 
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the optimal solution and faces a time limit or out of 

memory error while the HGALPT algorithm is reached 

to solution in much less time. In view of the above, the 

HGALPT algorithm is more efficient than CPLEX. 

 

5. 3. GA and HGALPT Results Comparison for 

Large Size         Given the efficiency and effectiveness 

for small size problems, to prove the effectiveness of the 

HGALPT algorithm, the results for large size are 

calculated and the GA and HGALPT algorithms are  

 

compared. To prove the algorithm effectiveness, 

comparison of GA algorithm without LPT and using it 

has been done. 30 instances of problem parameters 

combining have been created to compare algorithms. 

Each algorithm is executed 5 times with a time limit of 

1200 seconds and the results are recorded. The minimum 

relative error (Min), average relative error (ARE), 

maximum relative error (Max) and standard deviation for 

the relative error (STD) for each instance are listed in 

Table 9. 

 
TABLE 9. Comparison of GA and HGALPT algorithms for large sizes 

Instance n f �� �� 
GA HGALPT 

Min ARE Max STD Min ARE Max STD 

1 20 4 2 3 0.067 0.110 0.147 0.035 0 0.031 0.086 0.034 

2 20 4 4 4 0.015 0.064 0.121 0.038 0 0.033 0.051 0.021 

3 20 4 6 5 0.011 0.060 0.091 0.032 0 0.024 0.057 0.023 

4 20 6 2 4 0.000 0.041 0.068 0.029 0.019 0.035 0.080 0.025 

5 20 6 4 3 0.076 0.104 0.132 0.027 0 0.017 0.052 0.020 

6 20 6 8 3 0.054 0.088 0.120 0.030 0 0.033 0.094 0.037 

7 20 8 8 3 0.026 0.125 0.168 0.057 0 0.011 0.033 0.013 

8 30 4 2 3 0.033 0.053 0.077 0.016 0 0.007 0.018 0.007 

9 30 4 4 4 0.04 0.079 0.130 0.044 0 0.015 0.036 0.017 

10 30 4 6 5 0.043 0.100 0.161 0.043 0 0.020 0.039 0.019 

11 30 6 8 3 0.032 0.089 0.174 0.059 0 0.025 0.051 0.021 

12 30 8 6 3 0.056 0.111 0.147 0.037 0 0.022 0.038 0.015 

13 40 4 2 3 0.052 0.086 0.115 0.024 0 0.015 0.026 0.011 

14 40 4 4 4 0.099 0.110 0.120 0.010 0 0.013 0.035 0.014 

15 40 4 6 5 0.076 0.106 0.129 0.020 0 0.013 0.024 0.009 

16 40 6 8 3 0.115 0.185 0.241 0.046 0 0.017 0.036 0.014 

17 40 8 6 3 0.074 0.113 0.143 0.027 0 0.008 0.021 0.009 

18 60 4 2 3 0.111 0.141 0.185 0.027 0 0.020 0.042 0.019 

19 60 4 4 4 0.087 0.122 0.142 0.022 0 0.010 0.025 0.009 

20 60 6 2 4 0.128 0.147 0.183 0.024 0 0.013 0.032 0.012 

21 60 6 8 3 0.130 0.157 0.175 0.019 0 0.037 0.110 0.044 

22 60 8 4 3 0.076 0.144 0.187 0.046 0 0.017 0.040 0.016 

23 80 4 2 3 0.027 0.074 0.104 0.028 0 0.012 0.028 0.010 

24 80 4 6 5 0.079 0.088 0.109 0.012 0 0.012 0.030 0.012 

25 80 6 8 3 0.093 0.154 0.212 0.044 0 0.010 0.019 0.008 

26 80 6 4 5 0.111 0.133 0.167 0.022 0 0.011 0.017 0.007 

27 80 8 6 3 0.137 0.187 0.226 0.040 0 0.013 0.024 0.009 

28 100 4 2 3 0.066 0.094 0.134 0.027 0 0.011 0.017 0.007 

29 100 4 4 4 0.048 0.079 0.114 0.031 0 0.013 0.035 0.015 

30 100 6 2 5 0.073 0.164 0.308 0.102 0 0.028 0.052 0.021 

Average 0.068 0.110 0.151 0.034 0.001 0.018 0.042 0.017 
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According to Table 9, from 30 instances, 29 instances 

of the minimum relative error, 30 instances of the ARE 

value, 29 instances of the maximum relative error and 27 

instances of the standard deviation relative error, 

HGALPT values are less than GA, therefore, the 

effectiveness of HGALPT algorithm is determined 

against GA. The overall average is calculated for all 

columns in Table 9. The avrage of minimum relative 

error, ARE, maximum relative error and standard 

deviation for all instances for GA and HGALPT is 

{0.068, 0.110, 0.151, 0.034} and {0.001, 0.018, 0.042, 

0.017}, respectively. 

Therefore, for all four modes of minimum, average, 

maximum and standard deviation, the HGALPT 

algorithm has lower values than GA, indicating that the 

scatter of solutions around the best solution in HGALPT 

is less, and given that in most instances the results of 

HGALPT are better than those of GA, as a result, the 

HGALPT algorithm is more effectiveness. 

 

5. 3. Sensitivity Analyses       Sensitivity analysis is 

performed in two ways: 

1- Investigating the effect of different values of the 

parameters on the  makespan objective function. 

2- Performance analysis of HGALPT and GA for 

different values of problem parameters. 

The effective parameters in the makespan objective 

function are: n, f, m	 and m
, which, by keeping constant 

the other parameters, their effect on the objective 

function value can be examined. For the first sensitivity 

analysis, to examine the effect of each parameter, four 

different scenarios are considered. S (n), S (f), SXm	Z and 

SXm
Z are the scenarios related to the parameters n, f, m	 

and m
, respectively, which are summarized in Table 10. 

In this table, for each scenario, assuming the other 

parameters are constant, the effect of different values of 

a parameter on the makespan objective function is 

specified. 

As it can be seen in Figure 5, for the parameter of n, 

for different scenarios, by increasing the value of n, the 

value of the makespan increases in the second scenario, 

but in the third and fourth scenarios remains constant. 

The objective function is fixed for the values 6, 7 and 8 

and can take any of n diffrent values. In fact, with fixed 

equipment and costs, more jobs can be processed. For 

parameter f, as shown in Figure 6, by increasing the value 

of this parameter, the value of the objective function is 

decreases in 2 and 3 scenarios then fixed for the fourth 

scenarios (makespan value 242). This means that in order 

to reduce costs, the number of factories can be reduced, 

assuming that other parameters are constant.  

For parameter m	, As be seen in Figure 7, the first 

and second scenarios have the same objective function 

values, and decision-makers can choose any of these 

scenarios as needed. For the third scenario, the value of  

TABLE 10. Sensitivity Analyses on the parameters 

Parameter 

scenario 

Parameters Objective 

n f �� �� Cmax 

S(n) 

5 2 2 2 260 

6 2 2 2 278 

7 2 2 2 278 

8 2 2 2 278 

S(f) 

8 1 2 2 455 

8 2 2 2 278 

8 3 2 2 242 

8 4 2 2 242 

S(��) 

8 2 1 2 278 

8 2 2 2 278 

8 2 3 2 281 

8 2 4 2 281 

S(��) 

8 2 2 1 307 

8 2 2 2 278 

8 2 2 3 278 

8 2 2 4 278 

 

 

 
Figure 5. Cmax overlap vs. n 

 

 

 
Figure 6. Cmax overlap vs. f 
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Figure 7. Cmax overlap vs. m	 

 

 

the objective function changes and its value is equal to 

the fourth scenario, so either of these two scenarios can 

be used. The last parameter is m
, According to Figure 8, 

in which the value of the objective function remains 

constant from the second scenario onwards, ie increasing 

the number of machines in the third stage has no effect 

on the value of the objective function, and fewer 

machines are needed for the constant values of other 

parameters. 

For the second sensitivity analysis, in order to 

evaluate the HGALPT algorithm and compare the degree 

of deviation of the solutions of the two algorithms GA 

and HGALPT, some possible sensitivity analyzes have 

been performed in this section. For this purpose, for each 

parameter, the percentage of relative deviation is 

calculated for different values of that parameter. Figure 9 

shows the performance of the two algorithms based on 

the ARE for different values of jobs. In all sizes, the ARE 

value in HGALPT algorithm is less than GA and the 

superiority of HGALPT algorithm is obvious. Figure 10 

shows a performance comparison of the two algorithms 

based on the ARE for factories different values. As the 

number of factories increases, the ARE in the GA 

increases.  

 

 

 
Figure 8. Cmax overlap vs. m
 

 

Figures 11 and 12 show change rate of the ARE per 

number of machines in the first and third stages. In these 

figures, the relative error rate of HGALPT algorithm is 

less than GA. Assuming the values of the parameters f, 

m	 and m
 are constant, the ARE for different values of 

n in two proposed algorithms is as shown in Figure 13. 

Four different scenarios SC	 to SCQ are as follows: 

 SC	: f=4 , m	 = 2 , m
 = 3 

 SCP: f=4 , m	 = 4 , m
 = 4 

 SC
: f=4 , m	 = 6 , m
 = 5 

 SCQ: f=6 , m	 = 8 , m
 = 3 

According to Figure 13, the HGALPT algorithm 

performs better than the GA for different values of n in  
 

 

 
Figure 9. ARE overlap vs. n 

 

 

 
Figure 10. ARE overlap vs. f 

 

 

 
Figure 11. ARE overlap vs. m	 
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Figure 12. ARE overlap vs. m
 

 

 

 
Figure 13. ARE overlap vs. S	, SP, S
, SQ 

 

 

the four defined scenarios. According to the mentioned 

cases, the superiority of HGALPT algorithm over GA is 

determined. Also, the superiority of HGALPT algorithm 

over Cplex for small sizes was investigated due to less 

solution time. Therefore, the efficiency of the algorithm 

in order to solve the problem is proved in this paper. 
 

 

6. CONCLUSION 

 

In the classical production-assembly problems, one step 

is often considered for production and one step for 

assembly, while in the real world, the number of steps 

can be more (transportation, packaging, etc.). Here we 

have three steps. However, in order to take advantage of 

cheap labor or available space, it is possible to build 

factories in several geographical locations, so the issue is 

considered as a multi-factory. In order to reduce the 

downtime in the third stage, parallel machines are 

assumed in this stage. 

In order to fill the gaps raised, this research is the first 

study in the distributed field, that investigates distributed 

production-assembly scheduling with hybrid flowshop in 

assembly stage. In order to solve the problem, a 

mathematical model is presented with minimizing the 

maximum completion time. Due to the high complexity 

of the proposed mathematical model, it was proved that 

this problem is Non-deterministic Polynomial-time hard 

(NP-hard). Therefore, the mathematical model can not to 

solve it in large scale. 

Due to the problem is NP-hard, a GA has been 

proposed. GAs have been used in many papers. An 

improved mode of this algorithm is called Hybrid 

Genetic Algorithm Longest Proseccing Time (HGALPT) 

algorithm is used to solve the problem in large scale. 

Using analysis of variance (ANOVA), the values of all 

parameters for small and large sizes is determined. The 

results of HGALPT algorithm compared with the results 

of mixed integer linear programming model (MILP) in 

small size and the results of genetic algorithm (GA) is 

compared with its improved algorithm HGALPT for 

large size which shows the efficiency of the proposed 

algorithm. 

This research findings are: examining the possibility 

of several machines in the third stage of production-

assembly problem, using the three stage in production-

assembly problem, considering parallel factories in the 

three stage production-assembly problem with parallel 

machines in the third stage, new mathematical model to 

solve the problem, adjust the parameters and select the 

best values to run the algorithm, provide a suitable 

algorithm to solve the problem in large sizes and check 

the accuracy of the results by comparing the results of the 

mathematical model and finally, provide sensitivity 

analyses Table and graphs of the relative error percentage 

for different values of the problem parameters and 

sensitivity analyses of objective function.  

Some of the limitations that we encountered in this 

paper, as follows: the lack of easy access to some of the 

papers in the problem literature, the impossibility of 

referring to some production environments due to the 

distance and the limitations of the disease outbreak. 

Based on the results of the research, some 

recommendations include the following: The first issue is 

to provide market research reports to management about 

presentation a service or product to prevent of failure. 

The next issue in the production is the possibility of 

factories building, purchasing equipment and budget 

control by management.  

Given the above, the next issue is to consider the cost 

items in the proposed model and costs control. Better 

results are obtained if the results of the presented problem 

are combined with cost items and managerial insights. 

Finally, although the presented problem in this study has 

not been studied so far and is highly complex, some 

suggestions for future work include:  

 Improving the proposed solution method by 

combining it with other crossover and mutation 

methods. 

 Applying other objective functions including jobs 

tardiness or earliness as used. 

 considering different parallel machines in the second 

assembly stage. 
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 Using other meta-heuristic algorithms such as Social 

Engineering Optimizer (SEO), Red Deer Algorithm 

(RDA) and Biogeography-Based Optimization. 

(BBO) to solve the problem and compare the results 

with the algorithm in this paper. 
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A B S T R A C T  
 

 

Clay soil may be subjected to heat in various applications, such as nuclear waste burial sites and high 
voltage transmission lines. The impact of heat on clay soil's physical and mechanical properties has been 

explored in previous studies. However, previous studies have mainly focused on the mechanical 

properties of clay soil without stabilizers, and the effect of heat on the properties of the stabilized clay 
soil is scarcely studied. The present paper has analyzed and studied the combined effects of heat and 

cement on the settlement properties of kaolinite clay soil. To conduct the study, kaolinite clay mixed 

with various degrees of cement was exposed to a range of 25 to 600 degrees Celcius. The results showed 
that the coefficient of consolidation gradually decreased by increasing heat up to the dehydroxylation 

point. An increase in heat up to 200 degrees Celcius resulted in increasing the coefficient of consolidation 

in the specimens containing cement. In specimens containing 10 percent of the cement at temperatures 
higher than 200 degrees Celcius, the coefficient of consolidation in room temperature decreased by 73 

percent compared to kaolinite. Moreover, the void ratio increased in kaolinite specimens without cement 

when subjected to heat up to 400 degrees Celcius. By increasing the heat, the void ratio decreased in 
specimens containing 10 percent cement. 

doi: 10.5829/ije.2022.35.05.20 
 

 
1. INTRODUCTION1 

 

The ever-increasing expansion of construction and 

building, and lack of access to suitable sites have led 

humans to utilize sites with inappropriate engineering 

properties. Generally, the soil in most construction sites 

is not entirely capable of bearing the weight of the 

structure [1, 2]. The mechanical properties of soil are 

determined by various factors, including soil texture, 

moisture, volumetric density, grain distribution, shape 

and mineralogy, interlocking of grains, grain adhesion 

and chemical weathering, grain cohesion mechanisms, 

and presence of vegetation. Fine-grain soil is not 

exclusively applicable to wet environments. Due to the 

incompressibility of fine-grain soil, it is not suitable to be 

loaded in wet environments [3]. Soil stabilization is the 

process of changing soil properties to increase its bearing 

capacity and resistance to physical and chemical tension 

in various environments [4-6]. 

Various stabilization methods can be used to change 

soil properties such as strength, stiffness, 

 

*Corresponding Author Institutional Email: m.hashemi@eng.uk.ac.ir 
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compressibility, swelling sensitivity to water, and 

volume change behavior. Thermal and electrokinetic 

methods may also be combined with additives to change 

soil grain and density [7-11]. 

To summarize, the process of soil stabilization results 

in a change of bonds between its particles. The bond 

change results in a new structure that is more adhesive 

than before. In some methods, the previous grain 

structure is broken, but other methods increase soil 

resistance through the injection of additives [12]. 

Soil may be subjected to heat for various reasons, 

which changes soil's physical and mechanical properties 

(especially in clayey soils). Moreover, these changes may 

be reversible or irreversible [13-15]. 

Improvement of soil properties through heat has been 

used in the past, and the effect of heat on soil's 

engineering properties such as the compressive trength 

has been observed empirically. These improvements 

have been used in construction of roads and construction 

materials [15]. 
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The effect of heat on clay soil's engineering properties 

is essential in various applications such as soil 

stabilization, application of heat to the clay soil 

surrounding nuclear waste burial sites and high voltage 

transmission lines, remediation of polluted soil, and 

construction materials. 

Many scholars have studied soil remediation 

contaminated by crude oil, heavy metals, and radioactive 

material [16, 17]. Recent studies have primarily focused 

on the burial of high-level radioactive waste and the 

result of heat on the properties and function of the 

surrounding soil [18, 19]. The application of heat can 

significantly improve the geotechnical engineering 

properties and is useful in the remediation of polluted soil 

[20]. 

With an increase in number of nuclear power plants, 

many developed countries bury their nuclear waste deep 

into the earth. The development of uranium revival 

technology, the establishment of new nuclear plants, and 

an increase in radioactive waste call for more burial sites. 

Radioactive waste produces heat for a long time after its 

burial. The low void ratio of clay soil has made it the best 

choice for the burial of high-level nuclear waste, which 

is done hundreds of meters underground. The soil 

surrounding nuclear waste is subjected to heat for 

extended periods. The heat of nuclear waste is absorbed 

by the clay soil, which significantly affects its physical 

and chemical properties.  

Dehydration – Clay soil dehydration is the first event 

that occurs after exposure to increased temperatures. In 

this process, the water between silicate layers of clay soil 

is evaporated [21]. Dehydration results in the elimination 

of pore water and absorbed water. Pore water is 

eliminated after the increase of temperature up to 100C, 

whereas absorbed and interlayer water is eliminated as 

the temperature goes up to 300C [11]. Dehydration also 

changes plasticity, the porosity of fine-grained and coarse 

grain soil, and reduced cation-exchange capacity (CEC). 

Moreover, dehydration decreases the distance between 

soil layers, hence reducing its mass [22]. Dehydration is 

a relatively reversible reaction, and the soil may retain its 

ability to absorb water with a decrease in temperature. 

Dehydroxilation – Dehydroxilation is the process 

through which the hydroxyl ion is released from 

crystalized clay minerals by forming a water molecule 

[21]. This process increases temperature, and a reaction 

between two hydroxyl groups in the octahedral layer 

happens (Equation (1)) [23]. 

2
2( )OH O H O   (1) 

Dehydroxylation is an endothermic reaction that 

occurs between 400°C and 1000°C and results in the 

elimination of water from clay soil's crystallized structure 

and the destruction of soil minerals. Destruction of clay 

mineral structure subsequently creates amorphous shapes 

[24]. Figure 1 shows the effect of hydroxyl elimination 

on Silica (Si) and Alumina (Al) frameworks. 

Dehydroxylation in most clay soils occurs in a 

particular thermal range. For instance, the thermal range 

for dehydroxylation in kaolinite is 300 to 600 °C which 

destroys crystalized structures and the creation of 

metakaolin. Metakaolin is the amorphous leftover 

created after the hydroxyl group's release. 

Dehydraxilation of illite starts in the thermal range of 350 

to 600 degrees Celcius, and its crystalized structure is 

destroyed in temperatures ranging from 700 to 850 

degrees Celcius. Smectite clays – such as 

Montmorillonite – are dehydroxylated in temperatures of 

500 to 2000 degrees Celcius. Similar to illite, smectite 

clays initially form a stable phase where parts of the 

crystallized structure remain intact. This structure is then 

entirely destroyed at 800 degrees Celcius [15, 25]. 

Heat causes dehydroxylation and destroys kaolinite. 

However, Mica and Chlorite remain intact, which means 

higher temperatures are needed for their 

dehydroxylation. Finally, heat has only reduced the 

distance between layers in the smectite [24]. 

The present paper conducts a series of macrostructure 

examinations on clay containing various degrees of 

cement under heat to study the effect of heat on the 

consolidation features of cement-stabilized clay soil. 

 

 

2. MATERIAL AND METHODOLOGY 

 

2. 1. Kaolinite         The kaolinite used in the present 

paper obtained from a mine in Zarand (Kerman), located 

in southeast of Iran. The technical properties of soil 

determined using ASTM standards, and the soil was 

classified as CL using the united soil classification 

system [26, 27]. The physical properties of the soil used 

in this study are presented in Table 1. 
 

 

 
Figure 1. The effect of dehydroxylation on Silica and 

Alumina frameworks [24] 
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TABLE 1. Physical properties of kaolinite used in the present 

paper 

Properties Amount 

Liquid limit (%) 30.3 

Plastic Limit (%) 19 

Plasticity index (%) 11.3 

Sand 36.6 

Slit 44.4 

Clay 19 

Unified Classification CL 

Color Brown 

 

 

2. 2. Cement          Type 2 Portland cement was used to 

prepare specimens and was obtained from the Kerman 

Cement Plant. The properties of cement used in this study 

are presented in Table 2. 
 

2. 3. Specimen Preparation and Experiments          

More than 99% of the soil used in the present study was 

sifted through a size 10 sieve. Due to the adhesive nature 

of clay particles and their tendency to form clods, the 

soils were initially sifted through a size 10 sieve (to 

increase soil homogeneity). Afterward, 20% of moisture 

(plastic limit levels) was added to the soil, and it was kept 

for 24 hours in seal-top storage bags. Kaolinite 

specimens were mixed with 0, 5, 10, and 20 percent of 

cement (dry mixing of cement with kaolinite clay in the 

plastic limit) according to the standard methods, and the 

mix was consolidated using Teflon mallets. The surface 

area between each layer was scraped and scuffed to create 

sufficient integration. The specimens were then placed in 

a seal-top storage bag for protection against moisture and  

 

 
TABLE 2. Physical and chemical properties of the used cement 

(obtained from Kerman Cement Plant) 

Physical 

properties 

Initial setting time (min) 170 

Final setting time (min) 220 

7-day compressive strength (MPa) 35.30 

Specific surface area (cm2/g) 3900 

Chemical 

compounds 

Calcium Oxide (CaO) 62.88% 

Silicon Dioxide (SiO2) 21.30% 

Aluminum Oxide (Al2O3) 5.17% 

Sulphur Trioxide (SO3) 2.16% 

Ferric Oxide (Fe2O3) 4.37% 

Magnesium Oxide (MgO) 1.57% 

Sodium Oxide (Na2O) 0.15% 

Potassium Oxide (K2O) 0.33% 

were cured for 7 days. In the next step, the specimens 

were put in the oven for 24 hours at a temperature of 110 

degrees Celcius. This was done to prevent the specimens 

from cracking in the higher temperatures of the furnace. 

Then, the specimens were put into the ELE furnace. 

Given the aim of studying the effects of heat on clay soil 

properties, the specimens were examined under 

temperatures of 25, 110, 200, 400, and 600 degrees 

Celcius. Except for the specimens exposed to 25 (no 

thermal history) and 110 degrees Celcius, the rest were 

put in the furnace at temperatures of 200, 400, and 600 

degrees Celcius. Figure 2 shows two kaolinite specimens 

containing 5% of cement after 7 days of curing in zipper 

plastic bags and experiencing 110 degrees Celcius. 

The temperature in the furnace was automatically 

increased at a rate of 12 degrees Celcius per minute, and 

the specimens were left in the furnace for 2 hours after 

reaching the determined temperature. After the furnace 

was shut down, the specimens were cooled down in the 

closed furnace. A consolidation test was used to measure 

the settlement features of the specimens. This test was 

conducted based on ASTM D-2435 standard [28]. 

Moreover, the specimens' weight was measured in each 

level and under each thermal condition, and the changes 

were calculated. 

 

 

3. RESULTS ANALYSIS 

 

3. 1. Weight Change In Kaolinite Specimens          

Sudden weight change is a suitable parameter for 

determining dehydroxylation temperatures [15]. 

Dehydroxylation happens due to the release of hydroxyl 

ions from the crystalized structures of clay minerals by 

forming water molecules. The soil's weight abruptly 

decreases when reaching the dehydroxylation 

temperature. Therefore, weight changes in the specimens 

were monitored at various temperatures, and the results 

are presented in this paper. Figure 3 shows the weight 

changes in kaolinite specimens containing cement under 

various temperatures. According to Figure 3, it can be 

concluded that an increase in temperature has resulted in 

a decrease in kaolinite specimens' weight. The decrease 

in specimens' weight has happened with a slow, steady 

pace up to 200 degrees Celcius. However, the kaolinite 
 

 

 
Figure 2. Kaolinite specimens containing 5% of cement 



M. Hashemi et al. / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)    1056-1063                                 1059 

 

 
Figure 3. Weight change in kaolinite specimens containing 

cement under various temperatures 
 

 

specimens' weight has decreased by 4 to 5 percent when 

reaching 400 degrees Celcius. This sudden change shows 

the start of kaolinite dehydroxylation and the destruction 

of clay mineral structure. The specimen's weight 

continues to decrease as the temperature increases up to 

600 degrees Celcius. Similarly, the weight of specimens 

containing cement has steadily and slowly decreased as 

the temperature rises to 200 degrees Celcius. However, 

the specimens' weight changes abruptly in higher 

temperatures. Figure 3 shows that the weight change in 

specimens containing cement is more dramatic compared 

with the untreated specimen. At 600 degrees Celcius, the 

specimen containing 20 percent cement has had a 10 

percent weight loss compared to the specimen containing 

no cement at 25 degrees Celcius. 

As it can be seen, an increase in the temperature 

results in decreasing the weight of Kaolinite specimens. 

This decrease can be due to the removal of hydroxyl ions 

from the crystal structure of clay minerals, degradation of 

the structure of clay minerals, and the beginning of the 

dehydroxylation process [15, 29]. The size of clay 

particles increases by enforcing the heat on the 

specimens, which increases the volume of cavities. 

Therefore, The void ratio is very likely to increase by 

increasing the temperature [30, 31].  
 

3. 2. Consolidation Coefficient         According to 

Figure 4, the consolidation coefficient of specimens 

containing no cement has decreased with an increase in 

temperature. The decrease of consolidation coefficient in 

200 degrees Celcius may result in from dehydration and 

a decrease of interlayer distance between clay platelets. 

An increase in temperature from 200 to 400 degrees 

Celcius has no significant impact on the consolidation 

coefficient. However, an increase in temperature up to 

600 degrees Celcius has resulted in a sudden decrease in 

consolidation coefficient. This may be due to the 

formation of bigger particles, a decrease in activity in 

clay's surface particles, and a lack of particles' tendency 

to absorb molecules of water. The decrease in 

consolidation coefficient coincides with weight changes, 

which shows that a sudden decrease in consolidation 

coefficient occurs after reaching dehydroxylation 

temperatures. 

According to Figure 4, the consolidation coefficient 

decreased in the specimen containing 5 percent cement 

as the temperature increases up to 600 degrees Celcius. 

A decrease in consolidation coefficient at temperatures 

up to 200 degrees Celcius has probably occurred due to 

dehydration and a decrease in interlayer distance between 

clay particles. The decrease in consolidation coefficient 

from 400 to 600 degrees Celcius in the specimen 

containing cement has a lower ratio compared to the one 

containing no cement. This may be due to the effect of 

high temperature on cement particles. The consolidation 

coefficient of the specimen in 400 degrees Celcius has 

decreased by 31 percent, compared to the specimen in 25 

degrees Celcius. The consolidation coefficient of the 

specimen in 600 degrees Celcius has decreased by 14 

percent compared to the specimen in 400 degrees 

Celcius. 

According to Figure 4, the consolidation coefficient of 

specimens containing 10 percent cement has decreased 

up to 400 degrees Celcius, similar to those containing 5 

percent cement. Therefore, the decrease of consolidation 

coefficient in 400 degrees Celcius can be attributed to 

dehydration and a decrease in interlayer distance between 

clay platelets. An increase in consolidation coefficient 

between 400 and 600 degrees Celcius may be attributed 

to the breakage of the hydration bond between cement 

and kaolinite. It can be concluded that 200 degrees 

Celcius is the optimal temperature for thermal 

stabilization of kaolinite soil containing 10 percent of 

cement. The consolidation coefficient of the specimen in 

400 degrees Celcius has decreased by 40 percent 

compared to the one in 25 degrees Celcius. However, the 

consolidation coefficient of the specimen in 600 degrees 

Celcius has increased by 57 percent compared to the one 

in 400 degrees Celcius. These significant changes show 

the sensitivity of the kaolinite-cement bond to the heat.  
 

 

 
Figure 4. Changes of consolidation coefficient under heat in 

kaolinite specimens 
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According to Figure 4, the consolidation coefficient 

of specimens containing 20 percent cement has decreased 

at temperatures rising to 200 degrees, and then increased 

in temperatures between 200 and 400 degrees Celcius. 

However, the consolidation coefficient decreases as the 

temperature rise to 600 degrees Celcius. An increase in 

consolidation coefficient at temperatures from 200 to 400 

degrees Celcius can be attributed to the breakage of the 

bond between kaolinite and cement. The repeated 

increase in consolidation coefficient can result in from 

dehydroxylation overshadowing the breakage of the bond 

between cement and kaolinite. The consolidation 

coefficient of the specimen at 200 degrees Celcius has 

decreased by 14 percent compared to the one in 25 

degrees Celcius. Then, the coefficient increases by 41 

percent and reaches 0.17 as the temperature rises from 

200 to 400 degrees. Finally, the consolidation coefficient 

decreases by 11 percent as the temperature rises from 400 

to 600 Celcius. 

 

3. 3. Coefficient of Permeability (k)           Figure 5 

shows the changes in the permeability of kaolinite 

specimens with no cement against the void ratio. The 

results show an increase in permeability as the 

temperature rises. Permeability increases as the 

temperature rises to 400 degrees Celcius. It can be 

deducted that temperatures as high as 400 degrees 

Celcius result in the elimination of interlayer water, an 

increase in macroscopic voids within the structure, and 

the formation of clods in the soil. However, permeability 

suddenly decreases as the temperature rises from 400 to 

600 degrees Celcius. The significant change in 

permeability can be attributed to dehydroxylation and the 

destruction of clay mineral structure. 

Figure 6 shows the changes in the permeability of 

kaolinite specimens stabilized with 5 percent of cement 

against changes in void ratio and heat. The results show 

that permeability decreases as the heat rise to 600 degrees 

Celcius. The decrease in permeability can be due to the  

 

 

 
Figure 5. Changes in kaolinite specimens' permeability 

under heat – containing no cement 

 
Figure 6. Changes in permeability of kaolinite specimens 

against heat and void ratio stabilized with 5 percent of 

cement 
 

 

effect of heat on the hydration reaction of cement and 

kaolinite. The permeability of the specimen at 600 

degrees Celcius has decreased by 83 percent compared to 

the permeability of the specimen at 25 degrees Celcius. 

Figure 7 shows the changes in the permeability of 

kaolinite specimens stabilized with 10 percent of cement. 

The results show that as the heat rises to 600 degrees 

Celcius, the permeability of these specimens 

dramatically decreased. This significant change in 

permeability can be attributed to the effect of heat on the 

reaction of cement and kaolinite. The most significant 

changes in permeability occur at temperatures between 

25 to 200, and 400 to 600 degrees Celcius. According to 

Figure 7, an increase in heat from 200 to 400 degrees 

does not significantly impact the permeability of the 

specimen. The permeability coefficient of the specimen 

at 200 degrees Celcius was decreased by 50 percent 

compared to that of the specimen at 25 degrees Celcius. 

At 600 degrees Celcius, the permeability coefficient of 

the specimen was decreased by 60 percent compared to 

the specimen at 400 degrees Celcius. 

Figure 8 demonstrates the permeability of kaolinite 

specimens with 20 percent of cement under heat. The 

results show that at temperature of 400 degrees Celcius, 

the permeability of specimens containing 20 percent of 

cement significantly decreased. However, the 

permeability coefficient suddenly increases as the 

temperature rises from 400 to 600 degrees Celcius. This 

change is a result of the clay particles being replaced by 

cement. Therefore, it can be concluded that the optimal 

amount of cement for improving clay soil's permeability 

against heat is 10 percent.  

The sudden changes in the specimens' weight reveal 

the dehydroxylation temperature of kaolinite to be about 

400 degrees. Joshi et al. [15] found that the temperature 

range of 300 to 600 degrees Celcius is kaolinite's 

dehydroxylation point, which occurs as hydroxyl ions 

exit clay mineral structure. Mitchell and Soga [24] 
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demonstrated that the application of 550 degrees Celcius 

on kaolinite, mica, chlorite, and smectite clay minerals 

result in dehydroxylation and destruction of kaolinite's 

structure. The findings of the present study correspond 

with the literature mentioned earlier. 

The present study shows that the permeability of 

unmixed kaolinite specimens increases against heat. 

Ouhadi et al. [19] found that permeability of soil 

decreases at 200 degrees Celcius as interlayer water is 

eliminated and the number of macroscopic voids is 

increased (see Figure 9). However, the present study 

showed that the permeability of kaolinite specimens 

decreases against heat by adding various amounts of 

cement. Therefore, the behavior of mixed kaolinite 

specimens follows an opposite trend compared to that of 

the unmixed specimens.  

 

 

 

 
Figure 7. Changes in permeability of kaolinite specimens 

against heat and void ratio stabilized with 10 percent of 

cement 

 

 

 

 
Figure 8. Changes in permeability of kaolinite specimens 

against heat and void ratio stabilized with 20 percent of 

cement 

 
Figure 9. Changes in clay's permeability against heat 

 

 

4. CONCLUSION 

 

The clayey soil may be exposed to very high 

temperatures in some sites like nuclear waste burial sites 

which can change settlement properties of the soil and 

threaten the environment. The present study investigated 

the effect of heat on the settlement properties of cement-

stabilized kaolinite clay. Kaolinite clay specimens with 

different percentages of cement were prepared and cured 

at different temperatures (25, 110, 200, 400, and 600 

degrees Celcius). Then, the performance of the 

specimens was evaluated using specimens’ weight 

change, consolidation coefficient, and permeability 

coefficient. Based on the experiments, the following 

conclusions can be drawn. 

1. The consolidation coefficient gradually decreased as 

the temperature rose to the dehydroxylation point. The 

consolidation coefficient decreased dramatically as the 

clay mineral structure was destroyed in dehydroxylation. 

At 600 degrees Celcius, the consolidation coefficient of 

the specimen decreased by 52 percent compared to the 

specimen at room temperature.  

2. The consolidation coefficient decreased in specimens 

containing cement as the temperature rose to 200 degrees 

Celcius. However, applying temperatures more than 200 

degrees Celcius on the same specimens yielded opposite 

results. This showed cement's sensitivity to high 

temperatures. Therefore, 200 degrees Celcius was the 

optimal temperature for thermal stabilization of 

specimens containing 10 percent cement. The 

consolidation coefficient of the kaolinite specimen 

containing 10 percent cement at 200 degrees Celcius 

decreased by 73 percent compared to that of the specimen 

at room temperature.  

3. The permeability coefficient of kaolinite specimens 

containing no cement increased as the temperature rose 

to 400 degrees Celcius. The permeability coefficient of 

specimens containing 10 percent of cement decreased as 

the temperature rose. Thus, addition of 10 percent of 

cement can reduce the harmful environmental challenges 

of nuclear waste burial. 
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A B S T R A C T  
 

 

Instability of voltage is a problem that has been occurring in recent years due to excessive exploitation 
from equipment and an increase in demand for load across the distribution system. Shortage of the 

reactive power in the power networks, especially distribution networks, pushes the system toward 

voltage instability and leads to voltage drop as well as voltage fluctuations in the feeder. One of the 
potential solutions for compensation is to install thyristor switched capacitor (TSC). Although TSC can 

reduce the total costs of compensation, the static error will reduce compensation. For this purpose, an 

active power filter (APF) can be applied to resolve errors resulting from TSC due to features of 
continuous compensation and quick dynamic response. In this research, the combined method was 

presented, including TSC and APF of a controllable active power injection and with appropriate 

switching based on the study of voltage drop in the radial distribution networks and improvement of 
power quality. The suggested model was executed by MATLAB software, whereby results of 

improvement and provision of the stability conditions (dynamic and static) of voltage and current were 

observed. 

doi: 10.5829/ije.2022.35.05.21 
 

 
1. INTRODUCTION1 

 

Inappropriate quality of electricity means existence of 

change, sinuosity, or disturbance in the quantities of 

voltage, current, and frequency. All lead to breakdown or 

malfunction of the subscribers' equipment. The term 

‘electricity quality’ has found plentiful applications in 

industrial countries and electricity industry. The topic of 

electricity quality covers a large number of available 

sinuosity and disturbances in the network [1]. In other 

words, a new look at the sinuosity and disturbances 

present in the power systems shows itself as a new topic 

deliberation over which is counted as one of the most 

important cases studies of power systems.  

Problems related to the quality of power have been 

discussed and studied for a while by researchers in the 

electricity industry [2]. On the other hand, today, the 

attention of electricity companies and their subscribers 

has been increasingly directed to the electricity quality. 

The above point covers many disturbances that exist in 

 

*Corresponding Author Email: moj.khanalizadeh@gmail.com 

(M. Khanalizadeh Eini) 

the electricity company. The subjects which are placed 

under the topic of discussion of electricity quality are not 

new concepts necessarily. On the other hand, considering 

the existence of numerous problems resulting from the 

undesirable quality of electricity, usage of appropriate 

ways to improve it appears necessary [3]. One of the most 

appropriate methods is to install thyristor switched 

capacitor (TSC). The application of TSC can reduce total 

costs of compensation, but the static error will reduce the 

compensation. For this purpose, we can apply an active 

power filter (APF) to resolve the error resulting from 

TSC because of continuous compensation features and 

quick dynamic response. APF is used extensively in the 

compensation of the active and harmonic power of 

distribution networks; but it is considerably expensive 

and its design is difficult. 

Mobashsher et al. [4] introduced an Optimal Voltage 

Control (OVC) framework for island microgrids (MGs) 

as an integrated hierarchical control scheme. They started 

with the optimization of the bus voltage adjustment 
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points in the third level, which were then effectively 

followed by a secondary control that controls the 

distributed energy sources. Regarding their primary level 

controllers, the control structure distributed here is 

proposed for both the third and secondary levels to 

benefit from higher reliability, avoidance of a breakpoint, 

and a relatively simple communication system. At the 

third level, a new distributed voltage protocol, based on 

Lyapunov's theory, is proposed to optimize power losses 

and voltage profile deviations in MG. To use such a 

multilevel controller in a real distribution system, further 

study is required. New power systems do not elevate 

abnormal voltages even for a short time as well. Voltage 

reduction commonly occurs as a result of excessive load 

leads to undesirable behavior and operation of the load, 

particularly induction engines. In the systems which are 

under heavy load, a decrease of voltage may suggest that 

the load approaches the durable stability limit (dynamic 

and heating), and or sudden voltage reduction may be 

established in response the connection of very large loads 

[5].  

The excessive load has several origins. Decrease of 

load in specified parts of the daily load cycle leads to 

gradual voltage increase. If this excessive voltage is not 

controlled, it results in diminished useful lifespan of 

insulators. Sudden excessive voltage usually originates 

from the disconnection of load or other equipment of the 

system. In this research, through the study of voltage drop 

in the radial distribution networks and improvement of 

power quality as well as stabilization of voltage range of 

distribution networks within the limits of permitted 

changes, a combined method, including TSC and APF, 

was presented locally and diffusely through injecting 

controllable reactive power or proper switching. 

This article uses TSC and APF, in a way that can 

reduce the total compensation costs as well as voltage and 

current fluctuations and harmonics. One of the most 

important options for compensation is to install thyristor 

switched capacitor (TSC) banks. Use of TSC can reduce 

total compensation costs, but static error lowers 

compensation. As such, Active Power Filter (APF) can 

be applied to eliminate TSC errors due to continuous 

compensation features and fast dynamic response. In this 

paper, first the influence of capacitor is examined on 

reduction of losses, parallel capacitor controlled by 

thyristor (TSC) and harmonic compensator of active 

power filters (APF). Then, in the fifth section, the 

proposed model is presented. 

 

 

2. INFLUENCE OF CAPACITOR ON REDUCTION OF 

LOSSES  

 

To examine how the capacitor influences the decline of 

losses, a feeder has been taken into consideration 

according to Figure 1. 

Figure 1. The effect of capacitors on loss reduction 
 

 

In this figure, losses of active power of the feeder 

before installation of the capacitor are expressed as 

follows [1]: 

R)sin(IR)cos(IRIP 2

L

2

L

2

0L0
 

 (1) 

where, R is the resistance of feeder path, the amplitude of 

current load, and the difference between current and 

voltage. After installation of the capacitor, we have: 

R)Isin(IR)cos(IRIP 2

cL

2

L

2

L
 

 (2) 

Thus, the rate of change in losses could be obtained from 

the following relation upon installation of the capacitor: 

RIR)Isin2(IPPΔP 2

ccLLL0L
 

 (3) 

It is noted from Equation (3) that the change in rate of 

losses is a function of the reactive current in load (ILsin) 

while active current in load (ILcos) does not play a role in 

reduction of the losses. Thus, it can be concluded that 

installation of capacitor does not influence the losses 

resulting from active current of feeder and only affects 

the losses arising from reactive current of the feeder. 

Accordingly, in the problem capacitor placement, 

minimization of losses of feeder corresponds with 

minimization of losses of the reactive feeder. 

 

 

3. PARALLEL CAPACITOR CONTROLLED BY 

THYRISTOR  

 

Parallel capacitor controlled by thyristor (TSC) includes 

thyristor parallel and pair capacitors which connect and 

disconnect the capacitors. Figure 2 displays the façade of 

a TSC along with the number of the installed branches 

depends on the accuracy required by the compensator of 

active power. Considering numerous advantages of TSC, 

including simple designation and installation, TSC is 

preferred in many applications.  

TSC can be used as support of feeding resource 

voltage, as well as for compensation of reactive power, 

harmonic filtering, etc. Typically, TSC is used for the 

compensation of reactive power. TSC injects capacitor 

reactive power into the system; thus, the power 

coefficient grows and voltage is controlled. 

One of other objectives in using these tools is to 

improve transient stability. After examining the  
 

R 
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Figure 2. The main structure of TSC 

 

 

advantages of TSC, several studies have been carried out 

on how to improve transient response of capacitors 

switching. Many methods have been presented in order 

to  control TSC switching appropriately for improving 

transient operation and controlling the reactive power. In 

order to eliminate series reactor and express a reactor-

free model, some researchers have used GTO  pair [6]. 

Yet, costs will increase and control will become more 

complex upon (installation of GTO. Some other control 

techniques have been presented to improve transient 

stability and control reactive power as well. TSC can be 

configured and framed as various topologies, including 

triangular connection of capacitors, star connection of 

TSC, thyristor pair, and diode connection. Triangular 

connection of the capacitor bank with various 

semiconductor switches of power has been explored in 

several studies [7, 8]. These topologies can be compared 

in terms of structure and decomposition of voltage as well 

as current components [9]. The performance of these 

topologies is almost equal. TSC is used for different 

systems, including distribution systems. With time 

sequence of switches, they can be used to regulate 

voltage and compensate reactive power [10-12]. When a 

capacitor is connected by a sinuous voltage source, the 

current of capacitor will undergo severe fluctuation in 

case the initial voltage of the capacitor’s two ends is 

higher than feed quantity. As a result, these changes in 

the current must be limited. Therefore, a series reactor 

with capacitor is used in TSC. The moment voltage of 

feeding the capacity (Um) is in the following form: 

)sin(2)(
0

 twVtu
 

(4) 

At time t=0, the switch with the initial value of the 

voltage current in zero capacitor is off. The value of 

moment current of the capacitor over time is obtained 

from the following equation: 

 

(5) 

 

 
Figure 3. TSC Model with Seri Reactor 

 

 

 

(6) 

The quantity of reactor is selected in such a way that n >3 

in the above equation. Note that resistance of the circuit 

in this equation has been considered to be negligible. If 

switching occurs in the 90-degree fire angle, we will have 

the following:  

ACCCO
IX

n

nV
V 2

1
2

1sin0cos

2
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(7) 

TSC can be applied as a very useful element in the 

distribution system. 

 

 

4. HARMONIC COMPENSATOR OF ACTIVE POWER 

FILTERS 

 

Recently, extensive usage of power of electronic 

equipment has caused harmonic disturbances in the 

power distribution system to increase. Arched furnaces, 

computer feeding sources, drives for speed regulation, 

etc are non-linear loads generating these disturbances. In 

three-phase systems, they can lead to imbalance of 

voltage and current as well as higher passing current. 

Reactive load, lack of balance and harmonic injection are 

as examples of problems related to power systems. There 

are several controlling methods to control APF. Theory 

of moment reactive power is one of the controlling 

methods as an example which has been extensively used 

[13]. Another method is based on recognition of 

harmonics [4]. Many studies have been conducted on the 

harmonic detection via closed–ring method as well [14-

16]. Two samples of the harmonic compensation circuits 

with parallel APF are shown in Figure 4. ZM shows 

impedance of line, ZL indicates nonlinear load, and eM(t) 

is source of system voltage. Figure 4(a) lacks feedback 

while Figure 4(b) is with feedback. 
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Figure 4. Harmonic compensation circuit with parallel APF 

(a) with feedback (b) without feedback 
 

 

 
(8) 

In order to eliminate the harmonics, parallel APF 

injects current into the system. The current of line (iM(t)) 

can be achieved from the following equation: Three-

phase parallel APF is one of the best systems for 

harmonic compensation, reactive power, imbalance, 

voltage drop, and voltage bulge. Indeed, APF control 

algorithms are very expansive [1, 5, 17]. 

 

4. 1. Active Power Filter             Analog circuits were 

used in the past [18] extensively, while digital circuits are 

used considerably nowadays in order to control 

accurately. Today, application of digital active filter has 

been substantially expanded. Usage of digital control 

systems enables usage of more complicated algorithms 

and process digital signals [19]. Considering dynamism 

of APF, dynamic problems must thus be studied. As 

expressed earlier, active filters are applied in series, 

parallel, and mixed forms. Figure 5 depicts a parallel APF 

circuit. The circuit of Figure 4 relates to ‘with feedback’  

active compensator circuit. Parallel APF injects current 

into the network for harmonic compensation and will 

lead to elimination of the harmonics as well as 

compensation of reactive power. This current is obtained 

from the following equation: 

)2sin()()( 1 tfItiti MHLC 
 

(9) 

where, IH1 is the first harmonic amplitude and FM is the 

first harmonic frequency. In the complete harmonic 

compensation, current of line IM(t) will include the first 

harmonic of the line current: 

)2sin()(
1

tfIti
MHM


 

(10) 

When the angle of phase between voltage of line u1(t) and 

current of line (IM(t)) is zero, whereby the reactive power 

has been compensated well. In APF (Figure 5), three load 

currents of IL1(t), IL2(t) and IL3(t) are measured and, then, 

used to determine the quantity of compensation currents 

of IC1(t), IC2(t).  

Three-phase inverter has consisted of a DC energy 

plus two C1 and C2 capacitors. The parallel APF control 

circuit is shown in Figure 6. 

P-Q block diagram and parallel APF compensator for 

a three-phase system plus three balanced wires are shown 

in Figure 7.  

Three-phase input signals of IL1(t), IL2(t), and IL3(t) 

are used as reference signals. The input signals of system 

(A-B) are calculated, using Clarke conversion, by the 

following method: 
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Figure 5. APF parallel three-phase compensator 

 

 
Figure 6. Parallel APF control circuit 
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Figure 7 . Block diagram of PQ and parallel to a three-phase 

three-wire APF compensation balance 

 
 

After the conversion of P-Q park system: 
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(12) 

From this change of system, 50 hertz component turns 

into DC components. Next, the DC component will be 

removed by a first rank upper-passing filter. 

Intensification frequency of the filter is equal to 10 hertz. 

Then, the achieved compensated signals of IC1(t), IC2(t), 

and IC3(t) are converted into a three-phase system without 

50HZ component, using Park reverse conversion (Figure 

8): 
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And conversion of reverse Clarke: 
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5. SUGGESTED MODEL  

 

The model presented in this work is a combination of 

TSC and APF application. APF as a filter, is harmonic 

which can, by itself, eliminate not only a specific 

harmonic but also a harmonic with each frequency. The 

basis of exploitation from APF is decomposition of 

 

 
 

 
Figure 8. Single line diagram parallel with TSC and APF 

components of the current fluctuation from the main 

current generating the load in a harmonic form and then 

obviating them. Using APF, the total reactive power 

cannot be compensated practically as the rate of power 

and costs of such compensation will grow considerably. 

TSC can be used as the main compensator of reactive 

power. Through combining these two elements, we will 

have an appropriate control. Figure 8 shows single-linear 

diagram of TSC and APF plus its connection to the power 

system. To feed the DC voltage, parallel capacitors have 

been connected to the converter. Note that if power 

system includes harmonic of voltage as well as harmonic 

of source, the tools must be used in the combined form to 

eliminate harmonic and reactive power control so that the 

best efficiency would be obtained. In this paper, 

combination of TSC and APF has been used to achieve 

the best performance optimally.   

Based on requirements, thyristors of each step must 

be stimulated appropriately. In this state, TSC includes 

six thyristors in each stair, in response to which the 

controlling system must be able to stimulate these six 

thyristors. The control system of these six thyristors has 

been displayed in Figure 9. 

By combining TSCs and their triangular connection, 

the control system will be as Figure 10. In this controlling 

system, three blocks of Figure 9 are combined, where the 

stimulation pulse of all TSC thyristors of TSC is 

generated in three-phase triangle. Productive controlling 

system of each TSC, via the control system, is capable of 

controlling the reactive power required by the system. 

Figure 11 compares the input voltage firstly with the 

reference voltage and then productive signal generated 

for each TSC. Also, the productive signal for each TSC 

includes six signals in order to stimulate every single 

thyristor. 

 

 

 
Figure 9. The control of any TSC unit 
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Figure 10. TSC model, control three-phase system 

 

 

 
Figure 11. TSC model, control three-phase system with 

triangular connection 
 

 

Figures 12 and 13 reveals the controlling system 

model of the active filter. As expressed, the active filter 

will change the input voltage in a desirable shape being 

proportional to the reference voltage. 

Using this controlling model, the voltage harmonics 

and system current can be eliminated. Controlling model 

controls the pulse required by the inverter connected to 

capacitor and generates a pulse which is in proportion to 

the harmonic of voltage and current. Thus, line harmonic 

can be controlled. In Figure 14, capacitor and inverter 

along with a self and series resistances are connected. 

Series passive element leads to damping of harmonic and 

its elimination. Note that the capacity of capacitor is 

variable, which is used to control voltage while current 

harmonics is considered to be 2 milli farad. Higher filter 

selective capacity is tantamount to greater capability and 

power of the filter to eliminate the harmonics.  

As expressed, the presented model is a combination 

of APF and TSC in order to obviate harmonic and  
 

 
Figure12. APF model control three-phase system 

 

 

 
Figure 13. APF version control system in MATLAB 

 

 
Figure 14. APF in MATLAB 

 

compensation of the reactive power. Indeed, the 

presented system includes a radial system. In order to 

express the performance better, the suggested method of 

loads is in linear and non-linear forms. The distribution 

system consists of a 20 to 0.4kW transformer plus three 

linear loads and one non-linear load. The power of three 

linear loads is 100, 60, and 90 kW, respectively while that 

of the one non-linear load is 50kW. The power of each 

TSC has been considered to be 30 kW. If required, the 

power generated by each TSC can be selected as a desired 

value. The model presented in Figure 15 is represented in 

the MATLAB software.  
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Figure 15. APF&TSC version control system in MATLAB 

 

 

6. RESULTS OF SIMULATION  

 

The presented model has been run in the Simulink 

environment using MATLAB software. Initially, this 

model is executed without using the suggested method 

and its results are compared with the results obtained 

from the model. The time required to express the 

optimum performance of such a structure has been 

selected for 3 seconds. In this state, the required TSC 

stairs are added to or subtracted from the system, and 

active filter always connects to the system and will lead 

to reduction of harmonics. As expressed, the power of 

each TSC is 30kW while the power of three linear loads 

is 100, 60, and 90 kW, respectively with the power of 

non-linear load being 50kW. Non-linear load leads to 

establishment of the voltage and current harmonic, 

whereby the voltage and current harmonic can be 

controlled well with a proper and combined performance. 

Figures 16, 17, and 18 display the quantity of voltage 

before compensation.  

The harmonic sinuosity established in the voltage 

before compensation, in lieu of 20 cycles and at time of 

voltage durability, is equal to 8.06%. This produced 

harmonic shown in Figure 18 will lead to establishment 

of a high sinuosity in the shape of voltage wave. The 

effect of the harmonics established on the line voltage can 

be clearly seen in Figure 19.  
 

 

 
Figure 16. Line voltage before compensation 

 
Figure 17. Vo Line voltage before compensation 

 

 

 
Figure 18. Line voltage before compensation 

 

 

 
Figure 19. High-voltage harmonic distortion of the line 

voltage before compensation 

 

 

Meanwhile, the current will also have the wave shape 

with a high harmonic in these conditions. Non-linear load 

will lead to sinuosity of the wave shape. Figures 20, 21 

and 22 reveal the shape of the current waves before 

compensation. Sinuosity of the shape of current wave has 

been measured, similar to voltage, in 20 cycles in stable 

state as shown in Figure 23. Within this time range, the 

measured harmonic sinuosity (Total harmonic 

Distortion) had 1.83%. Harmonic sinuosity of the current 

has been expressed in Figure 22.  
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Figure 20. High-voltage line current to compensate THD 

 

 

 
Figure 21. High-voltage line current to compensate THD 

 

 

 
Figure 22. line voltage to compensate for the harmonic 

currents 

 

 

 
Figure 23. The line current before distortion compensation 

As stated earlier, the presented model includes three 

steps of compensation of the parallel capacitor controlled 

by thyristor and as set of active filter. Steps of capacitor 

will lead to compensation of the required reactive power, 

and active filter will result in elimination and reduction 

of the system harmonics. In these conditions, capacitor 

steps determine voltage level, where the voltage level and 

line current can be controlled by increasing and 

decreasing the capacitor bank. Stairs of capacitor bank 

are shown in this model in Figure 24. 

As displayed in Figure 25, in addition to that shape of 

voltage wave approaching the desirable voltage level of 

network, its harmonic sinuosity has decreased from 8.06 

to 4.35. In other words, the established harmonic 

sinuosity became half, as shown in Figure 26. 

After compensation, the current will have a wave 

shape with less harmonic sinuosity and lower current 

level. In this state, the line current more than 100 A has 

compensated less than the former state. This means that 

reactive power compensation along with active filter has 

led to improvement and reduction of level of line current. 

Considering this compensation, load voltage and current 

will become desirable as well. This reduction of current 

is shown in Figures 27, 28, and 29. In this state, harmonic 

sinuosity has dropped from 1.83 to 0.41 in Figure 30. 

Sinuosity of the line current in this state is one fourth 

before the compensation. 

 

 

 
Figure 24. The added or subtracted capacitor steps for 

reactive power compensation 

 

 
Figure 25. After line voltage compensation 
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Figure 26. Line  voltage distortion after compensation 

 

 

 
Figure 27. The current line after compensation 

 
 

 
Figure 28. The current line after compensation 

 

 

 
Figure 29. The current line after compensation 

 
Figure 30. The line current after distortion compensation 

 

 

7. CONCLUSION  

 

Exploitation of electric equipment of the power system is 

always encountered with new challenges. In the 

distribution networks, in response to increase of demand 

for reactive power, the system is pushed towards 

instability of voltage drop and voltage fluctuations in the 

feeder. Usage of thyristor switched capacitor (TSC) can 

reduce total costs of compensation. We can apply this 

APF in order to eliminate error resulting from (TSC) due 

to continuous compensation features and dynamic swift 

response. APF is used extensively in the compensation of 

the reactive and harmonic power of distribution systems, 

but it is expensive heavily and its design is difficult. In 

this paper, a combined method, including TSC and APF, 

was presented locally and diffusely through injecting 

controllable reactive power and appropriate switching 

based on study of voltage drop in radial distribution 

networks to improve the power quality and stabilize the 

voltage range of distribution networks within the limits 

of allowed changes. The suggested model was 

implemented by MATLAB software, where results of 

improvement and provision of the stability conditions 

(dynamic and static) of the voltage and current were 

observed. 
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A B S T R A C T  
 

 

In the present study, the fouling performance of a circumferentially corrugated tube was probed due to 
the air injection. The molasses of sugar beet was considered as the working fluid. The tube was 

considered to be under constant heat flux. Also, the flow rate of the molasses of sugar beet was 

considered to be constant. Five different flow rates of the airstream were considered to check the effect 
of airflow rate. The flow rate of working fluid was kept at the constant flow rate of 2 L/min. The tests 

were conducted for 5000s (84 minutes). For a better understanding of the nature of the flow, the structure 

of two-phase steam was recorded via a Canon SX540 Camera. The results presented that the air injection 
in the corrugated tube will completely change the structure of the working fluid which will bring a very 

turbulent structure for the working fluid. The thermal results presented that during the testing time, the 

air injection will keep the heat transfer coefficient about 120% higher than a single-phase stream. The 
mass evaluation results revealed that the air injection could decrease the weight of fouled substance up 

to 75%. 

doi: 10.5829/ije.2022.35.05b.22 
 

 

1. INTRODUCTION1 

 

The fouling phenomenon is known as the most important 

problem in industrial systems and the production 

processes [1, 2]. The fouling phenomenon in thermal 

systems not only brings up many maintenance costs but 

also, reduces the thermal efficiency of the systems which 

leads to a reduction of the efficiency of the whole system 

[3]. In recent decades, corrugated tubes are proposed as 

the ultimate solution to be used in thermal systems since 

they have better thermal performance and their anti-

fouling nature in comparison with the smooth tubes [3, 

4]. The ejection phenomena and the throttling effect of 

the corrugations lead to more stability of the small pieces 

of the fouling substances and weaken the effect of gravity 

on these parcels. On the other hand, the corrugations 

interrupt the development of the boundary layer and 

increase the turbulence intensity of the mainstream which 

leads to the improvement of heat transfer and increases 

the stability of the parcels within the flow stream [5-7]. 

Furthermore, in recent years, the application of air 

injection is proposed as a very effective method for heat 
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transfer improvement within thermal systems [8, 9]. 

However, very rare studies have probed the simultaneous 

effect of air injection and corrugation on the fouling and 

thermal performance of a thermal system. In the 

following, a summary of the studies on using both 

corrugated tubes, air injection, and the fouling 

phenomenon is provided.  

Li et al. [10] investigated the effect of H-type fines on 

the thermo-hydraulic and fouling performance of a tube 

heat exchanger. Their results presented that H-type fins 

with three pairs of grooves could reduce the fouling rate 

up to 23.7%. Trafczynski et al. [11] evaluated the fouling 

performance of a heat exchanger and proposed applicable 

suggestions to better schedule the operation of the heat 

exchanger. The effect of Sodium carboxymethyl 

cellulose (SCMC) on the fouling performance of a heat 

transfer surface was investigated by Xu et al. [12]. 

Through their study; they probed the effect of different 

parameters of solution mass flow rate, solution inlet 

temperature, and solution viscosity. Chapela et al. [13] 

probed a transient model of thermal performance and 

fouling phenomena of a biomass shell boiler. Tang et al. 
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[14] proposed the honeycomb circular tube bundles as a 

new design for the fouling reduction within a shell and 

multitude heat exchanger. Furthermore, they developed 

new correlations for Nusselt number, friction factor, and 

fouling thermal resistance. Their results revealed that the 

predicted results from the correlations had only a 4% 

deviation from the results of numerical simulations. Zhao 

et al. [15] investigated the thermal performance and 

fouling properties of an evaporating falling film through 

a vertical tube. Through their study, they compared the 

effect of the porous surface with a plain tube. Their 

results revealed that although the thermal performance of 

a tube with a porous surface was a little worse than the 

plain tube the fouling rate of the tube with a porous 

surface was one-tenth of the that associated with the plain 

tube. Wang et al. [16] investigated the fouling properties 

of a finned tube heat exchanger. Through their study, the 

effect of different tubes and arrangements were 

evaluated. Their finding presented that double H-type 

fins could slightly reduce fouling.  The fouling 

performance of an enhanced tube utilized in a cooling 

tower was probed by Shen et al. [17]. They developed a 

model for predicting the fouling residence which 

presented a maximum error of 0.0645. In another study, 

Wang et al. [18] compared the thermal and fouling 

performance of a plain tube with a helically ribbed tubes. 

They investigated Reynolds number was considered to be 

16000. Their results presented a better fouling 

performance for ribbed tubes when compared to plain 

tube. Son et al. [19] used the air injection as an anti-

fouling method for a plate type microfiltration 

membrane. Through their study, they investigated the 

effect of continues and periodic air injection algorithms. 

Their results revealed a very effective influence of 

periodic air injection on the reduction of fouling through 

the considered membrane. Sinaga et al. [20] conducted 

an experimental investigation and probed the effect of air 

injection on the thermal performance of a double tube 

heat exchanger. They mentioned that the air injection 

increases the turbulence intensity of the overall stream 

which would lead in better thermal and fouling 

performance of the heat exchangers. 

In the present study, the simultaneous effect of using 

circumferential corrugation and air injection on the 

thermal and fouling performance of a straight heat 

exchanger are evaluated and compared with a plain tube 

heat exchanger. From the above-provided literature and 

based on the authors' knowledge, almost no investigation 

had considered the effect of the two aforementioned 

factors. Indeed, the available papers in literature are 

divided into two main groups. The first group examines, 

only the THERMAL performance of corrugated tubes in 

the presence of NONE-boiling gas liquid two phase flow 

and there was almost NO investigation on the Fouling 

performance of the corrugated tube together with NONE-

boiling two phase flow. Besides, the second group 

reported the effect of boiling gas liquid two phase flow 

on the thermal and fouling performance of the corrugated 

tube in the presence of boiling two-phase flow. Indeed, 

the nature and application of boiling two phase flow and 

None-boiling two phase flow is completely different. 

This makes the necessity of investigation on the fouling 

performance of none-boiling two phase flow inside the 

corrugated tubes. Furthermore, the available papers on 

thermal performance of none-boiling two phase flow 

inside the corrugated tubes have focused on steady flow, 

whereas the nature of streams that deal with fouling 

phenomena is unsteady which should be addressed even 

in more future papers. Thus, it would be of great 

importance for thermal engineers to probe the effect of 

both air injection and circumferential corrugation on the 

fouling performance of a straight tube.  

 

 

2. EXPERIMENTAL METHODOLOGY AND 

PROCEDURE 

 

Figure 1 presents the schematic of the test rig provided 

for caring out the considered tests. The air injection 

method utilized in this study was previously used by 

different researchers [5, 21, 22]. The advantage of this 

injection method is that since it is located outside the heat 

exchange unit, it could be utilized for the existing thermal 

systems in industrial applications. From Figure 1, it could 

be realized that the test rig has consisted of two main 

parts. The first one was the air supply part which was 

consisted of a compressor, two valves, and one air flow 

rate measuring Rotameter. The second one is the working 

fluid supply system which was comprised of a lotion tank 

(which was used for storing the molasses of sugar beet), 

two control valves, and one lotion flow rate measuring 

Rotameter.  

The air was injected into the lotion stream through the 

mixing well. Then the two-phase stream had been passed 

through the test section. Passing through the test section, 

the lotion gained thermal energy from the heated walls of 

the corrugated tube. The thermal energy was produced 

via heater wires that were wrapped around the tube at the 

whole length of the test section. At the final stage and 

after passing the test section, the two-phase lotion was 

directed into a heat exchanger to lose its thermal energy 

and to find the initial temperature. Then, this two-phase 

stream was again directed into the lotion tanks. Through 

the lotion tank, the air was divided from the molasses of 

sugar beet due to the buoyancy effect.  

For the data recording, two evaluation methods were 

conducted. First weight variation analyses and second 

heat transfer coefficient evaluation. The heat transfer 

coefficient evaluation is an indirect method for 

understanding the thermal resistance variation due to the 

fouling phenomena. For measuring the heat transfer 

coefficient, the surface temperatures of the corrugated 
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and helical tubes were measured. Also, the inlet and 

outlet temperature of the lotion was measured too. It is 

worth mentioning that the inlet temperatures of the air 

stream and working fluid (molasses of sugar beet) were 

kept almost constant and were about 12℃ ±0.5 and 

14℃ ±0.5, respectively. Also, the mass weighting 

evaluation was performed by a scale (Model: Bama 111) 

which had an accuracy of ±0.1 g. the temperature 

recording system was a 12 Channel digital data logger 

(Model: Lutron 4208SD) which had coupled with K type 

thermocouples. The aforementioned system provides an 

accuracy of ±0.5℃ for measuring the temperature. It is 

worth mentioning that the running test time was 

considered to be 5000s (about 84minute). Indeed, there 

was no clear concept or restriction on defining testing 

time through the literature. However the  authors followed 

the published research work by Peyghambarzadeh et al. 

[23] and tried to determine the testing time in the range 

of what they have considered. 

Table 1 present the different cases considered in the 

present study simultaneous with the geometrical 

properties of both plain and corrugated tube.  

It is noteworthy that the uncertainty analysis was 

performed based on the method proposed by Moffat [24]. 

This method was previously used by numerous 

researchers [5, 7, 20, 25, 26]. The uncertainty for heat 

transfer coefficient and weight were found to be a 

maximum of 8.65% and 5%, respectively. 

 

 

3. PARAMETER DEFINITION 

 

The time-dependent heat transfer coefficient was defined 

as follows:  

The total thermal energy gained by the working fluid 

could be measured via the following equation. At which 

the �� , ��, ��	
  and ��� denote the mass flow rate, specific 

heat capacity, the outlet temperature of the working fluid, 

and the inlet temperature of the working fluid 

respectively.  

To define the properties of multiphase flows, 

different theories were developed, however, each of these 

could provide the proper results in a certain range of air 

and gas flow rates. In lower values of gas flow rate, the 

two-phase stream properties associated with thermal 

behavior could be assumed to be equal to the liquid 

phase. This is since the mass flow rate and the Cp of the 

air flow rate are significantly less than the water flow 

rate. It should be noted that many experts [27–30] have 

stated that this effect is negligible. Through the present 

investigation, the maximum fraction between the air 

mass flow rate and water mass flow rates was 0.0053 

which denotes that the total energy gained by the air 

stream is so less than that of the water stream. 

Consequently, the effect of the definition type of Cp of 

the gas stream could be neglected [30-33]. 

��� =  �� ��������	
��� − �������  (1) 

For finding the convective heat transfer coefficient, 

the above calculated thermal energy should be equal to 

that gained via the convective method. Which results in 

a calculation of the heat transfer coefficient in the 

following type.  

ℎ��� =  
��
�

������
�����
��
  (2) 

As mentioned before mass analyses were performed 

in this study. For the better presentation of results, the 

following parameters were defined in this study. 

In this study, the difference in the initial weight of the 

tube and the weight of the tube at the end of each test is 

defined as � and is defined as follows: 

� =  �
��   ��� − ��   (3) 

At the above equation the �
��   ��� is the weight of 

tubes at the end of run time and the �� is the initial weight 

of the tube. In the results section the �� and �! are defined 

as the weight difference of plain tube and corrugated 

tube, respectively. 

 

 

 
Figure 1. Presentation of a schematic view of the test rig 

 

 

 
TABLE 1. Various cases are considered in the present study 

Tube type 
Water flow rate 

(L/min) 
Airflow rate (L/min) 

Thermal energy 

(W) 

Airflow inlet 

temperature (℃) 

Liquid flow inlet 

temperature (℃� 

Plain 2 0,1,2,3,4,5 1000 12 14 

Corrugated 2 0,1,2,3,4,5 1000 12 14 
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Also, the weight difference percentage is defined as 

follows: 

" =  
#$%&'''�
��#(

#(

× 100  (4) 

 

 

4. RESULTS AND DISCUSSIONS 

 

4. 1. Thermal Analysis            In this section, the time-

dependent heat transfer coefficient of the both plain tube 

and corrugated tube are provided in case of both air 

injection and single-phase flow. In Figure 2, the time-

dependent heat transfer coefficient of the plain tube and 

corrugated tube in the case of single-phase flow is 

presented. The flow rate of the liquid phase (VL) was kept 

constant and it was equal to 4 L/min. From Figure 2, it 

could be realized that through the corrugated tube, the 

heat transfer coefficient is more than that related to the 

smooth tube through the run time. Since all the 

parameters were equal between the smooth and 

corrugated tubes, the difference in the heat transfer 

coefficient is related to the fouling resistance of the two 

tubes which was due to higher turbulence intensity of 

flow inside the corrugated tube. Actually, the smooth 

tubes gain more fouled substance on their walls and this 

causes to increment of the fouling resistance of the tube 

which leads to a reduction of heat transfer coefficient. 

However, for the corrugated tube, the corrugated walls 

increases the turbulence intensity of the liquid stream 

which results in longer remaining of the fouling parcels 

through the liquid stream and prevent the fouling of the 

parcels through the working fluid. In fact, the 

corrugations provide two throttling and ejection effects at 

the entrance and existence of the corrugated regions. This 

causes a fluctuation in the pressure drop and changes the 

directions of the movement of the parcels through the 

working fluid. All these together prevent the creation of 

a fouling layer through the tube and reduce its’ thickness 

which leads to the increment of heat transfer coefficient. 
 

 

 
Figure 2. Variation of heat transfer coefficient vs time for 

single-phase stream 

Figure 3 presents the variation of the time-dependent 

heat transfer coefficient in the case of air injection. As 

mentioned before the liquid flow rate was kept constant 

and was equal to 4 L /min; however, five different airflow 

rates (Va) of 1, 2, 3, 4, and 5 L /min were considered to 

check the effect of air injection flow rate. As could be 

realized from Figure 3, the air injection has increased the 

heat transfer coefficient through the running time. Also, 

by the increment of air injection rate, the increment of the 

airflow rate has significantly increased. Indeed, the air 

injection causes the creation of air bubbles/ slugs within 

the liquid phase. The coincidence between the air bubbles 

and liquid phase causes to increment of the turbulence 

intensity of the flow stream and results in more stability 

of the fouling parcels within the flow stream. 

Consequently, the fouling layer develops at a more slow 

rate and the heat transfer coefficient remains at high 

values. By the increment of air injection flow rate, the air 

bubbles get bigger resulting in a more powerful 

coincidence with the solid body of the tube walls and the 

working fluid parcels. By the increment of the reaction 

between the air bubbles and working fluid parcels the 

stability of the fouling parcels within the working fluid 

increases. On the other hand, the movement of the air 

slugs on the top of the tube (horizontal orientation of tube 

is considered in this paper) sweeps the fouling layer and 

prevents it from getting developed. Consequently, the 

heat transfer coefficient achieves higher values. 

Figure 4 presents the variation of heat transfer 

coefficient for the cases with air injection through the 

corrugated tube. From Figure 4, it could be realized that 

the influence of air injection of the performance 

enhancement through the corrugated tube is more than 

that in the smooth tube. Indeed, through the corrugated 

tube, the coincidences of the bubbles with grooved walls 

cause the creation of vortexes within the liquid phase. 

These vortexes prevent the accumulation of parcels on 

the heated walls of the tube which enhances the fouling 

performance and increases the heat transfer coefficient. 

 

 

 
Figure 3. Variation of heat transfer coefficient vs time for 

two-phase and single phase flows within smooth tube 
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Figure 4. Variation of heat transfer coefficient vs time for 

two-phase and single phase flows within corrugated tube 

 

 

By comparing Figures 3 and 4, it could be realized that 

the curves associated with Figure 3 are more smooth than 

those related to Figure 4 (corrugated tube). It is due to the 

very turbulent nature of the flow inside the corrugated 

tube. To understand this, the flow structure of the 

gas/liquid two-phase flow through the corrugated tube 

was probed within a glass-made corrugated tube. 

Through the glass-made corrugated tube, all the 

hydraulic properties of the flow stream were identical to 

that in the real heated test section. Figure 5 presents the 

flow structure of the gas/liquid two-phase flow within the 

corrugated tube.  It is worth mentioning that for capturing 

the presented flow structures, a Canon SX 540 camera 

was used which had a shutter speed of 1/2000s. Also, it 

should be noted that for investigating the flow structure, 

water was used instead of molasses of sugar beet. It is 

because due to the darkness of the molasses of sugar beet, 

capturing the appropriate photos was impossible. 

However, it should be noted that due to the appropriate 

viscosity of molasses of sugar beet in comparison with 

water, the flow structures of these two combinations of 

gas and liquid could be assumed to be almost identical 

[34, 35].  

From Figure 5, it could be seen that as the air gets 

injected into the corrugated tube, the air slugs and air 

bubbles together become created. The interface of air 

slugs with the water phase is very wavy within the 

corrugated tube. However, the interface of air slugs with 

the water phase within the smooth tube has consisted of 

a very smooth line. It is seen that by the increment of air 

injection flow rate, numerous tiny bubbles are created in 

the flow. It could be seen that by the increment of the 

number of the tiny bubble the dispersion form of the 

bubbles also changes. Indeed, in the low air injection 

flow rates, the bubbles move at the upper half of the tube 

whereas in the higher flow rates the bubble disperse at 

the whole cross-section of the tube. This way of 

dispersion significantly affects the accumulation of the 

fouling parcels and prevents the creation of a fouling  
 

,- ,. Corrugated 

2 1 

2 2 
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2 4 

2 5 

Figure 5. Flow structures due to air injection through the 

corrugated tube 

 

 

layer. Consequently, the fouling resistance remains in 

minor values and the heat transfer coefficient becomes in 

higher values than that in single-phase flow. 

 

4. 2. Weight Variation Analysis             Figure 6 A and 

B, presents the mass variation results for the plain tube 

and corrugated tube, respectively. It could be seen that 

the maximum accumulated mass of fouling substance 

was related to the cases without air injection at both the 

plain tube and corrugated tube. It could be easily found 

 
 

 

 
Figure 6. Mass variation results, A) plain tube, B) 

corrugated tube 
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that by the increment of air injection flow rate, the mass 

variation results diminish, denoting this point that the 

augmentation of the air injection flow rate reduces the 

accumulated weight of the fouling substances. The 

maximum mass variation was about 10 g and was related 

to the plain tube at a single-phase stream. Also, the 

minimum mass variation results are related to corrugated 

tube and values of 2g which was related to the two-phase 

flow with an airflow rate of L /min. 

Figure 7 A and B, presents the percentage variation 

of the mass weight results associated with a plain tube 

and corrugated tube, respectively. It could be easily 

understood that the maximum percentage variation of 

weight variation results is associated with corrugated 

tubes and presents an about 75% enhancement in the 

accumulation of fouled particles in comparison to the 

single-phase flow. A very important point that should be 

mentioned is that the mass variation results associated 

with an airflow rate of 4 and 5 L /min are almost identical 

in the corrugated tube. Indeed, by the increment of air 

injection flow rate through the corrugated tube, the flow 

structure totally changes and a fully bubbly flow could be 

seen in the airflow rates of 4 and 5 L /min. In these airflow 

rates, the dispersion of air bubbles is placed through all 

the cross-sections of the corrugated tube. This type of 

dispersion, significantly increases the turbulence 

intensity of the flow stream and causes the fouling 

particles to remain through the flow and prevents them 

from getting accumulated on the walls of the corrugated 

tube. The same value of percentage variation of weight  

 

 

 

 
Figure 7. Percentage variation results, A) plain tube, B) 

corrugated tube 

variation results indicates that through the corrugated 

tube, the airflow rate of 4 L /min could be assumed as an 

optimized value for the enhancement of fouling 

performance of the corrugated tubes.  

 

 

5. CONCLUSIONS 

 

Through this investigation, the thermal and fouling 

performance of plain tubes and the corrugated tube is 

compared and evaluated. The tubes were under constant 

heat flux and the molasses of sugar beet was considered 

as the working fluid. The tests were implemented for 

5000s (84minute). For a better understanding of the 

nature of the flow, the structure of the two-phase stream 

was recorded via a Canon SX540 Camera within a glass-

made tube. The main findings of the present paper were 

as following:  

 The corrugated tube has more heat transfer 

coefficient over time compared to the plain tube.  

 The flow structure within the corrugated tube is 

more complex than that in the plain tube.  

 The dispersion of the bubbles in the corrugated tube 

is more even than that in a plain tube.  

 The corrugated tube has significantly better fouling 

performance than the plain tube.  

 It was found that the increment of air injection flow 

rate leads to a reduction of fouling accumulation on 

the walls of the tube.  

 The maximum reduction in the fouling 

accumulation for the corrugated tube was found to 

be 75%. 
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A B S T R A C T  
 

 

In this paper, the cloud-computing model proposed by Davis has been used to explain the main 
parameters of cloud computing by the use of information systems. This paper investigates influential 

factors in decision to use cloud computing among employees of the national bank information 

technology organization based on the cloud-computing model. To analyze and investigate the use of 
cloud computing in national bank services, the designed questionnaire was distributed among 230 

experts and acquainted with the information technology industry in the national bank information 

technology organization; which resulted in the questionnaire’s Cronbach's alpha 0.84. After conducting 
exploratory and confirmatory factor analysis with regard to analytical coefficients, utility factors were 

proved to have the most critical influence on the decision of using cloud computing in the electronic 

banking system. The findings of this research can be considered as guidelines used by national bank 
managers to employ cloud computing technology. 

doi: 10.5829/ije.2022.35.05b.23 
 

 
1. INTRODUCTION1 

 

Information and communications technology (ICT) is an 

integral part of business processes that affect the delivery 

and performance of business operations [1]. Therefore, 

companies and banks spend a large amount of their 

budget on purchasing and maintaining ICT 

infrastructure. Business needs never stay there; they tend 

to shrink and grow [2]. But ICT infrastructure is usually 

designed to be able to respond to demand in peak hours 

of consumption. Therefore, considerable investments 

have been made in the launch of ICT hardware and 

software [3-5]. Frequent improvements in technology 

have introduced the trend to build existing hardware and 

software. Companies spend a lot of money on the ICT 

infrastructure, which is not particularly practical for 

small businesses. ICT departments need to focus more on 

the daily activities related to ICT rather than focusing on 

core activities. On the other hand, banks also need to 

minimize the costs of electronic banking and financial 

services. The primary purpose of this study is examining 

the reasons for the use of cloud services in electronic 
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banking in the context of  National Bank of Iran, one of  

the largest banks in Iran. The results can be used by 

senior managers of the Bank for making descioin about 

the use of cloud computing technologies. Cloud 

computing refers to the delivery of information 

technology (IT) resources as services via the internet, 

contrary to hosting and operating these resources locally 

based on subscription or payments [6]. John McCarthy in 

1961 stated that “calculations may someday be organized 

as an auxiliary tool“ [7]. His prediction was realized with 

an increase in the network speed and reliability of the 

Internet. Cloud computing allows people to use it to 

compute, store and network in exchange for payment, 

which is similar to the method used in electric and 

telephone services used in the everyday world. Many 

other technologies such as distributed computation, 

virtualization, grid computing, and auxiliary computation 

have also been developed to evolve cloud computing. 

According to the National Institute of Standards and 

Technology (NIST), cloud computing is a model for 

enabling the network to be able to provide a common 

repository of configured computational resources (such 

 

  



H. Hamidi and S. H. Seyed Lotfali / IJE TRANSACTIONS B: Applications  Vol. 35, No. 05, (May 2022)    1082-1088                   1083 

 

as networks, servers, storage, applications, and services) 

that can be quick and have the minimum management or 

service provider effort [8].  

Cloud computing is developed according to the 

structure, platform, and application as service-based 

services in a model as cost payments for users [9, 10]. In 

the industry, these services exist as Infrastructure as a 

Service (laaS), Platform as Service (PaaS), and Software 

as a Service (SaaS), respectively [11, 12]. In e-banking, 

it is also the structure of providing different services and 

services based on various services in electronic banking, 

which can be significantly enhanced using cloud 

technology infrastructure.  

The main objective of this paper is to explore the 

problems that are the main root of the lack of a cloud-

focused banking system. The remaining of the paper are 

organized as the following parts. In the second part, the 

frameworks for using cloud computing are introduced. 

 

 
2. THE USE OF CLOUD COMPUTING  

 

Today, information technology is a crucial tool in 

promoting countries' economic competitiveness. 

Currently, its usage has significant implications on the 

productivity of organizations. These effects can only be 

realized if IT capabilities are widely used; therefore, 

several theoretical models are proposed at the individual 

and organizational level for the use of cloud computing 

[13, 14]. 

 
2. 1. UCCTAM Model of Cloud Computing           The 

UCCTAM model introduced in 2015 is a widely used 

theory for individual acceptance of an information 

system and information management [15]. Most studies 

focus on users' reception positions in choosing or not 

using freedom technology [16]. This study is successfully 

used to predict the use of cloud computing technology by 

new systems [17]. In addition, research aimed to 

investigate the effect of customers' trust on Internet 

banking acceptance based on the UCCTAM model [18]. 

Based on this model, the utility factor and ease of use are 

the key factors determining the efficiency of technology. 

 
2. 2. Experimental History of Research            Many 

pieces of research have been developed to identify the 

main parameters of cloud computing. Kamankesh and 

Hamidi [19] have suggested that the adoption and use of 

cloud computing have been studied among almost 750 

students of local colleges enrolled in basic arithmetic 

courses. This study investigated factors such as software 

access, ease of traffic, personal creativity, concern of 

technology, teacher support, and reliability as main 

parameters on utility factor, ease of use, actual use, and 

future profitability. The results of path analysis indicate 

that two elements, including profitability and ease of use, 

have a positive effect on the decision-making use of 

cloud computing. In contrast, the ease of use factor is 

more effective due to the negative effect of factors such 

as concern of technology, access to software, and 

convenience of traffic on factor. It has no significant 

impact on the use of cloud computing.  

Alvanchi et al. [20] investigated the adoption of cloud 

computing applications among 209 librarians of the 

Central Libraries of Tunisia. In this study, which was 

survey type and data collection method during 11 

months, the author emphasizes the effect of four factors 

of usefulness, ease of use, attitude towards the use and 

decision making of cloud computing applications. Due to 

the results of this study, there is a significant relationship 

between productivity factor and attitude factor toward the 

use of librarians as well as the factor of attitude toward 

the use of cloud computing applications, and there is only 

a significant relationship between the factor of ease of use 

with profitability factor and attitude toward usage.  

Research studies are based on a conceptual model. 

The conceptual model indicates the desired variables in 

an investigation and the relationship between them. In 

this research, a cloud computing model is used as a model 

for various research fields. In this model , four factors, 

namely, utility, ease of use, attitude towards use, and 

decision using cloud computing technology, are 

considered. Figure 1 shows the conceptual model used in 

this study.  

Thus, the present study is conducted based on three 

hypotheses as follows: 

The first hypothesis: the decision element to use 

cloud computing is influenced by attitude towards the use 

of cloud computing, ease of use, and utility factors. 

The second hypothesis: attitude factor towards the use 

of cloud computing is affected by ease of use and 

usefulness factors. 

The third hypothesis: the effect of usefulness is 

affected by ease of use. 

 

 

3. RESEARCH METHODOLOGY 

 

The purpose of this paper is to investigate individual 

factors associated with cloud computing among IT 

 

 
 

 
Figure 1. Conceptual model of research 
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professionals in the field of electronic banking at the 

National Bank of Iran. Hence, this study can be classified 

as a descriptive survey. We provided a questionnaire for 

collecting data. In order to validate the questionnaire, an 

initial version of it was presented to academic 

researchers, cloud computing professionals working at 

the national bank of Iran’s technology organization 

(SADAD) and top level executives of SADAD. After 

applying necessary reforms to the questionnaire, the 

sectors in the questionnaire were designed and the 

questions related to each section are based on elements of 

the “cloud computing model“ used in this study. The 

questions of this questionnaire include 17 closed 

questions, apart from questions related to general 

specifications. To determine the reliability of the 

measurement instrument, the final questionnaire was 

distributed randomly between 10 individuals from the 

research population, and the alpha coefficient of the 

questionnaire was calculated using the SPSS  software, 

and a Cronbach’s value of 0.84 was obtained. 

Considering that the reliability of this survey exceeds 70 

%, it can be inferred that the questionnaire has a relatively 

high reliability. The research population of this study 

consists of 230 employees and managers working in the 

IT sector of the National Bank of Iran. Hence, 230 

questionnaires were prepared and distributed among the 

demographic society, a well-known target society 

associated with cloud computing technology. Among 

230 questionnaires, 209 questionnaires were returned and 

analyzed. In this study, descriptive and inferential 

statistical methods have been used. In order to understand 

the existence of meaningful relationships between the 

independent and dependent variables, the correlation 

analysis method is operated using the “spearman“ 

statistic. For statistical analysis, exploratory factor 

analysis methods, confirmatory factor analysis, and path 

analysis were used. Statistical analysis of the research 

data was carried out using SPSS software and Amos 

software. 

 
3. 1. Reliability and Validity             After data 

collection, the validity and reliability of the collected data 

must be inspected. 

Validity: the validity of a research method refers to 

how accurately it is able to measure what it is intended to 

measure. 

Reliability: The ability to replicate the method or 

instrument of measurement. If there is no reliability 

method, the Collecting  data will not have validity as well 

[21]. 

 
3. 2. Validity and Reliability of Research Tools  
 

3. 2. 1. Validity              Content validity is the validation 

method commonly used to examine the components of a 

measurement instrument. The content validity of a 

measurement tool depends on its constituent questions. 

The test has content validity if the instrument’s questions 

define specific traits and skills that the researcher intends 

to measure. 

 

3 .2. 2. Reliability          Reliability or credit is one of 

the technical characteristics of measurement. The 

concept has to deal with this when the measuring 

instrument in the same condition achieves the same 

results. The objective of reliability is that if the measuring 

processs is carried out several times in a short interval of 

time and with a single group of people, the results are 

expected to be close to each other. We use an index called 

“reliability coefficient” to measure the reliability, and its 

size usually varies between Zero and One. “Zero” 

reliability factor defines the reliability, and the reliability 

factor “One” is representative of the validity [22, 23]. 

There are several ways to determine the reliability of the 

measurement instrument, such as the repeat  method, the 

Tasnif method, Kord Richardson method, and Cronbach 

“s alpha. 

�� = �
(���) [1 − ∑ ������

 �
]  (1) 

Relationship 1: Cronbach “s alpha calculation formula 

In which the number of questions of questionnaires: j 

The variance of the scores on each subset: 
2

jS
  

Total variance: S2 

Typically, a Cronbach “s alpha value between 0.6 and 

0.8 is acceptable, and a value higher than 0.8 indicates 

high reliability. It is evident that the closer the number is 

to one, the better. In this study, Cronbach “s alpha 

technique is used to determine the reliability of the 

questionnaire.  

Most of the research is based on the questionnaire in 

humanities and behavioral sciences. The quality control 

issue of the results of a questionnaire includes a wide 

range of topics. If we assume the questionnaire as a test, 

a good test should have good qualities such as objectivity, 

ease of implementation, feasibility, interpretation, and 

image to achieve good results. Among these features, 

validity and reliability are more important [24]. Given 

below is the Cronbach’s alpha that is more prevalent than 

other methods: 

The method of using Cronbach’s alpha coefficient to 

determine the reliability of a questionnaire or test by 

emphasizing internal correlation can be used. In this 

method, one or more parts of the questionnaire are used 

to measure the reliability coefficient of the test. If the 

questions are expressed in two cases, True =one or False= 

zero. The Alpha coefficient is calculated from 

Relationship (2): 

� = �
(���) [1 − ∑ ������

 �
]  (2) 

Relationship 2: Cronbach “s alpha coefficient 
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where “K” is the number of questions, “p” is the number 

of correct responses, “q” is the number of wrong answers 

and the total variance of the questions (and if the 

questions are worth the value), each question has its own 

value (Cronbach “s alpha from the following equation 

calculates the reliability of the test:  

  � = �
(���) [1 − ∑ ������

 �
]  (3) 

Relationship 3: The reliability of the test 

where “k” is the number of questions, the variance of 

each question, and “S2” is the variance of the whole 

question. Reliability of the questionnaire: Since a 

questionnaire is a questionnaire with several questions 

(such as a five-point Likert scale) such as a test, the high 

correlation can be calculated by Cronbach’s alpha [24, 

25]. Cronbach “s alpha method can be used not only for 

two zero and one value options but also for multi-value 

options (such as a five-point Likert scale). If the test parts 

or the tests that are made out of the total of them are 

individually, then the Alpha factor does not require that 

individual questions be correctly and incorrectly [22]. To 

further explain how to use the alpha coefficient, suppose 

a questionnaire is designed to test the three hypotheses 

that the questions pertaining to each hypothesis are 

considered a little test. 

Suppose the variance of three little tests is equal to: 
2

3S
= 7 and 2

2S  = 4 and 2

1S  = 6, and the total variance 

of the test is equal to 33 due to k = 3, the Cronbach “s 

alpha coefficient is calculated as Formula 4. 

� = �
(���) �1 − ∑ ������

 �
� = �

(���) �1 − � ! "
�# $ = 0.7  (4) 

Relationship 4: Calculation of Cronbach “s alpha 

coefficient  

It is said that if the alpha coefficient is more than 0.7, 

the test has acceptable validity. As a result, the above test 

has acceptable validity. 

 

 

4. RESEARCH FINDINGS  

 
The data obtained from the research questionnaires were 

presented in the following three subsections: 

 
4. 1. The Description of the Research Community      

From the analysis of 209 questionnaires in this study, it 

was found that  men (56%) had more participation than 

women (44%). In terms of the job situation, information 

technology industry experts have the highest number of 

respondents (79%). In terms of the work area, most 

respondents were active in the hardware and network 

domains (37%). The highest rate of work between 5 and 

10 years (35%) and the highest level of education was 

related to the expert group (57%). Most of the 

participants were in the computer engineering survey 

(52%), and others had other documents [13].  

 

4. 2. Exploratory Factor Analysis of the Research 

Variables                Since four factors are introduced as 

influential factors of cloud computing in this research, 

separate factor analysis has been done for each of these 

factors, and the results are shown in Table 1. The first 

row is the number of variables related to each factor. The 

second row defines the “KMO“ test value, which is one 

of the prerequisites for first conducting an exploratory 

factor analysis. Since the “KMO” value is for all factors 

above 0.5, the variables are suitable for factor analysis. 

The third row represents a significant number of the 

Bartlett test, which is another prerequisite for exploratory 

analysis. The fourth row “Share number” show 

commonalities. It examines suitability of questions in 

each exploratory factor. If the Share number is  at least 

0.5, the indicators are accepted [14]. In this part, after 

removing inappropriate questions, the number of factors 

was larger than 0.5. Thus, the above questions have 

appropriate validity for factor analysis. Having a higher 

quality and special value above 0.5, stated in the fifth and 

sixth lines, the appropriateness of questions is a 

confirmation factor analysis. 

 

4. 3. Confirmatory Factor Analysis of the Research 

Variables              In order to perform a confirmatory 

factor analysis, Imos  software was used. The fit indices 

of the model are shown in Table 2. The results from Table 

2 indicate that all fit indices are acceptable. In this paper, 

the proposed model is used to model the fitness indices 

of the model concerning all vegetation indices of the 

model. In other words, the observed data were primarily 

based on the conceptual model of the research. 
 

 

5. DISCUSSION  

 

The correlation matrix is the basis of the analysis of 

causal models. In this study, the correlation matrix has 
 

 

TABLE 1. Results from the exploratory factor analysis of the 

research variables 

Variable 
Factor of 

use 
Ease of 

use 

Attitude 

towards 

the use 

Deciding to 

use 

Variable number 4 5 2 3 

KMO Test 0.745 0.657 0.500 0.677 

Bartlett Test 0.000 0.000 0.000 0.000 

Share number 0.986 0.980 0.991 0.996 

Operating loads 
0.711-

0.784 

0.621 – 

0.736 
0.794 

0.770 - 

0.846 

Special values 2.327 1.842 1.261 2.011 
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TABLE 2. Performance indices of the model 

Index Estimation 
Acceptable fitness 

criterion 

Squared K 
3.345---

P=0.067 
<1-----P>0.05 

Index of Comparative 
elegance 

0.946 0.90 > 

smooth index of 
excellence 

0.933 0.90 > 

Root mean residual 0.014 <0.05 

Squared Root variance 

of approximation error 
0.106 <0.10 

Necessary index of fit 0.992 >0.90 

Adjustable index of fit 0.920 >0.85 

 

 

been used to analyze the meaningful relationship 

between the research variables, and the results are 

presented in Table 3. 

According to the result obtained from Table 3, we can 

say that there is a positive relationship between all 

research variables with a confidence of 99 percent. This 

result matches the results of the survey in literature [25].  

Analyzing the results in terms of model path coefficients, 

this section of the research variables using Imos  software 

was tested using the statistical method analysis technique 

using the general least squares method. Path analysis is 

one of the multivariate analysis methods, which, in 

addition to investigating the direct effects of independent 

and dependent variables, considers their indirect effects.  

The researcher conducted by Naghsh Nilchia and, 

Vafaei [16] believed that the path coefficients between 

each of the questions and factors, if meaningful, are the 

reason for initial convergence in the research tool. Due to 

the positive effect of all the path coefficients obtained in 

Figure 2, we can conclude that there is an increasing 

relationship between all research variables. The 

contribution of the usefulness factor in attitude towards 

the use is much higher than the contribution of ease of 

use. Table 4 shows the direct, indirect effect, and the total 

effect of independent variables on the dependent variable 

 
 

TABLE 3. correlation matrix of the research variables 

Variable 
Operating 

factor 
Ease of 

use 

Attitude 

towards 

the use 

Deciding 

to use 

Operating 

factor 
1    

Ease of use 0.227** 1   

Attitude 

towards the 
use 

0.336** 0.202** 1  

Deciding to 

use 
0.396** 0.231** 0.260** 1 

 

Figure 2. Path coefficients of the conceptual research model 

 

 
TABLE 4. Direct and indirect effect and the total effect of 

variables on the decision variable 

Variables 
Straight 

effect 
The effect is 

not straight 
Whole 

effect 

Operating factor 0.46 0.70 0.53 

Ease of use - 0.011 0.050 

Attitude towards using 0.18 - 0.18 

 

 

(the decision to use cloud computing). Due to the direct 

and indirect effect and the total effect of research 

variables on the decision to use cloud-computing 

technology, the variable factor has the most significant 

impact on the decision variable. Attitude variables are 

used for use and ease of use in the next rankings; 

therefore, the decision variable using cloud computing is 

influenced by the variable factor variables, ease of use, 

and attitude towards the use of cloud computing. 

However, the first hypothesis is confirmed. 

The second hypothesis examines the effect of two 

utility factors and ease of use on the attitude variable. 

According to the results of the total effect of 

productivity factor and ease of use in Table 5 on the 

attitude variable relative to the use, the second hypothesis 

is confirmed. It can be concluded that the variable effect 

is more effective than the variable of ease of use. The 

third hypothesis examines the ease of use on the 

usefulness factor. Due to the positive correlation between 

the two variable factors and ease of use, the third 

hypothesis is confirmed. 

 

 
TABLE 5. Direct and indirect effect and the total effect of 

variables on the attitude variable 

Variables 
Straight 

effect 
The effect is 

not straight 
Whole effect 

Operating factor 2.33 - 2.33 

Ease of use 2.26 2.54 2.54 
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6. CONCLUSION  

 

Cloud computing has many advantages, this paper 

investigates influential factors in the decision to use 

cloud computing among employees of the national bank 

information technology organization based on the cloud-

computing model. As the results of this study show, there 

is a significant relationship between utility factors and 

attitude toward usage. While the relationship between 

agents is the ease of use and attitude towards the use of 

other relationships, the result is consistent with the results 

of the studies in literature. The results of the analysis 

show that the utility factor has the most significant impact 

on the decision-making use of cloud computing 

technology. After the utility factor, attitude factors are 

used to make use and ease of use in order to influence the 

decision to use in the next rankings. Due to the novelty 

of cloud computing technology in Iran, the results of this 

study are completely consistent with the predictions. 

Senior managers of the National Bank have to promote 

the level of knowledge of users about familiarity with 

cloud computing and deployment. The level of 

knowledge of users about information systems can affect 

users' ease of use and thus influences attitude factors 

toward using cloud computing technology. This study 

shows a correlation between ease of use and attitude 

towards other relationships. Another factor affecting this 

result is employees' resistance in applying new 

technologies and adjusting them to traditional methods; 

therefore, before launching new technologies such as 

cloud computing, employee culture is used in using these 

technologies, to which managers need to pay attention. 

Cloud computing requires training and, more 

importantly, continuous support to remove barriers and 

problems. In other words, support mechanisms are 

decisive factors in the application of this technology.  The 

findings of this study can be effective on the application 

of cloud computing in the national bank for the managers 

of the national bank. For future research, in addition to 

individual factors, other main factors such as 

environmental factors, technical factors, organizational 

factors should be considered in the use of cloud 

computing in e-banking. 
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A B S T R A C T  
 

 

So far many studies have focused on the mechanical behavior of fibre reinforced soils and stabilized 

soils with conventional chemical stabilizers such as cement and lime; however, very limited researches 

were conducted on the unconfined compressive strength characteristics of fibre reinforced cement 
stabilized peat soils. Fibre-reinforcement of a stabilized soil resulted in a significant improvement in the 

ductility and strength characteristics of weak or soft soils. The main objective of the current study is 

considering the effects of cement content, fibre content, fibre length and curing time on the unconfined 
compressive strength (UCS) of peat soil. The study finds that adding basalt fibre or cement causes a 

remarkable increase in the UCS values of peat soil. The UCS value of the cement-stabilized sample is 

observed significantly more than basalt fibre-reinforced ones. However, the sample reinforced with 
basalt fibers showed more ductile behavior compared to the stabilized sample with cement. The results 

showed that the increase in UCS values of combined basalt fibre and cement inclusions was more than 

the increase caused by each of them, individually.  

doi: 10.5829/ije.2022.35.05b.24 
 

 
1. INTRODUCTION1 

 

The geotechnical properties of soils can be improved 

through material modification in civil projects. However, 

design and the construction of civil projects over soft and 

weak soil such as peat deposits have remained a major 

challenge. The replacement of such soil is expensive and 

not economically feasible; therefore, it has been 

necessary to improve soil properties. Peat soils are 

considered as extremely soft, wet, unconsolidated 

materials which are generally composed of fibrous 

organic matters. These soils are an extreme form of soft 

soils which are generally associated with high 

compressibility, medium to low permeability, low 

strength and large settlements and hold serious problems 

in civil engineering constructions [1-3]. Previous 

researchers investigate on any possible techniques or 

practices to enhance strength properties of peat soils. 

Various soil improvement techniques such as utilize 

 

*Corresponding Author Institutional Email: bayat.m@pci.iaun.ac.ir 
(M. Bayat) 

mechanical energy and/or man-made materials have been 

used to improve the mechanical characteristics of weak 

or soft soils in practice for many years [4-6]. The 

problems of structures situated on weak or soft deposits 

are represented by significant settlement, low shear and 

compressive strength parameters [7-11]. Similar to 

conventional additive such as cement or lime, natural or 

synthetic fibres such as cotton, coir, sisal, polypropylene, 

basalt and polyester may be used to enhance the 

mechanical characteristics of weak or soft soils [12-15]. 

The effectiveness of soil improvement method is mainly 

dependent on the soil characteristics. Cement or lime 

stabilization have been used for many years which has 

been reported in the literature as a popular soil 

improvement technique. Previous studies indicated that 

cementation bonds among soil particles become stronger 

and pore spaces between soil particles could be occupied 

by cementing materials when various cementing 

materials were mixed with weak soils which could be 
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resulted in an increase in the strength [16-19]. In previous 

studies reported in the literature, cement stabilization 

have been suggested as an effective method to improve 

the mechanical characteristics of weak soils [20-22]. 

Kalantari et al. [23] studied the mechanical behavior of 

silica fume and cement stabilized peat soils using 

unconfined compressive strength (UCS) and California 

bearing ratio (CBR) under soaked and unsoaked 

conditions. The results showed that the strength of peat 

soil layer increased when cement and silica fume have 

been used to stabilize and improve the mechanical 

properties of the peat soil. 

Boobathiraja et al. [24] investigated the mechanical 

behavior of stabilized peat soil. They reported that the 

addition of lime and cement improved the mechanical 

characteristics of soil. A comparison of the results of 

cement and lime stabilized the specimens indicated that 

cement appeared to perform better than the lime. On the 

other hand, a lot of studies proved the beneficial effects 

of various types of fibres on the mechanical 

characteristics of reinforced soils [25-32]. Among 

various types of fibres, Basalt fibre (BF) is a new kind of 

inorganic, biologically inactive, environmentally 

friendly fibre which has better physical and mechanical 

characteristics with more cost-effective than other fibres 

[9, 33]. BF has been a popular material in civil 

engineering constructions such as soil reinforcement, 

concrete and asphalt [33-41]. Ndepete and Sert [42] 

indicated that the shear strength parameters of soil under 

undrained condition have been improved  with the 

inclusion of BF with an optimum fibre content of 1.5%, 

when compared to the natural soil. Wang et al. [38] 

investigated the mechanical behavior and microstructure 

of BF reinforced cemented kaolinite. They found that the 

inclusion of BF resulted in enhancement of strength and 

ductility of specimens. Saberian and Rahgozar [43] 

studied the mechanical behavior of stabilized sand with 

gypsum, lime or cement along with waste tyre chips. The 

results showed that cement stabilized specimens 

exhibited the greatest improvement in UCS as well as 

improvements in the shear strength parameters (c and ϕ). 

Kalantari et al. [2] investigated the CBR and UCS values 

of treated peat soil with cement, polypropylene and steel 

fibres. The results showed that the UCS and CBR values 

of specimens containing 5% of cement, 0.15% of 

polypropylene fibres and 2% of steel fibres increased by 

as high as 748.8% and 122.7%, respectively. 

Even though, many studies have been conducted to 

investigate the mechanical behavior of treated soils with 

various materials such as cementation materials and 

fibres, limited studies have been performed to study 

mechanical behavior of treated peat soils. Due to the low 

strength of peat soils, in the current study, the BF and 

cement were used to enhance the UCS value of peat soil 

specimens.  

 

2. TEST APPARATUS, MATERIALS AND TESTING 

PROCEDURE 

 

The unconfined compression test is widely used to 

determine the compressive strength value of cohesive or 

treated soils because of simple experimental process, and 

low requirement for the equipment. In this study, a series 

of UCS tests was carried out on treated peat soil 

specimens with cement and BF under a constant strain 

rate of 1% per minute according to ASTM D2166. 

First stage of present study is collection of the peat 

soil from the south of Isfahan. The physical and chemical 

properties of peat soil are presented in Table 1. Field 

visits show that this soil is weak and needs to be 

improved for construction purposes. 

The peat samples were brown in color and they were 

hemic (37 % fibre), high ash (22 %) and moderately 

acidic condition (pH 5.5) according to ASTM 4427-92.  

In this work, basalt fibre was used for the 

reinforcement of peat samples, as shown in Figure 1. As 

shown in this figure, the effects of fibre lengths of 6, 12 

and 18 mm were studied. The effect of fibre content 

varied from 0% to 5% and cement content varied from 

0% to 5% has been investigated. Table 2 shows the 

physical and mechanical properties of basalt fibre. Type 

II Portland cement was used to stabilize peat samples. 

The physical and chemical characteristics of cement are 

shown in Table 3. The compressive and tensile strength 

values of cured cement samples in 28-day were equal to 

44 and 2.8 MPa, respectively. The compressive and 

tensile strength tests were conducted according to ASTM 

109 and ASTM 190, respectively. 

 

 
TABLE 1. Physical and chemical properties of Chaghakhor 

peat 

Characteristics Values and descriptions 

Fibre content (%) 37 

Organic content (%) 55 

Liquid limit (%) 307 

Density of solids (g/cm3) 1.66 

Dry density (Mg/m3) 0.31 

 

 

 
Figure 1. Photograph showing the discrete short basalt fibre 
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TABLE 2. Physical and mechanical properties of basalt fibers 

Property Value 

Cut length (mm) 12 

Filament diameter (μm) 17 

Density (g/cm3) 2.61 

Elastic modulus (GPa) 95 

Tensile strength (MPa) 3000 

 

 

TABLE 3. Physical and chemical properties of cement 

Value Property/composition 

3.14 Specific gravity 

320 Specific surface area (m2/kg) 

60.4 CaO (%) 

15.9 SiO2 (%) 

9.5 Al2O3 (%) 

6.4 SO3 (%) 

4.1 Fe2O3 (%) 

0.9 MgO (%) 

0.7 K2O (%) 

0.1 TiO2 (%) 

 

 

The peat was first oven dried for at least 24 h at 

110°C, and then addatives (i.e. basalt fiber or cement, if 

any) were mixed in dry state with dry peat. The required 

amount of distilled water was sprayed onto the mixture 

and the constituents were mixed until a homogeneous 

mixture was obtained. The treated samples with a natural 

moisture content were placed in three layers in a mold 

with height and diameter of 100 mm and 50 mm, 

respectively. Each layer of samples was given 25 blows 

by using the tamping. After sample preparation, the 

samples were then taken out of the mold and wrapped 

with a plastic film. Afterwards, the samples were stored 

in the humidity controlled chamber (temperature= 20℃, 

and relative humidity= 95%) until testing at 14, 28 or 60 

days of curing. Finally, after all the tests, all the stress-

strain diagrams in Excel were plotted and compared to 

find a suitable combination selection for improvement. 

 

 

3. TESTS RESULTS AND DISCUSSION 

 

The effects of fibre length on the stress-strain curve of 

the reinforced samples at basalt contents (BC) of 0.5% 

and 1% are shown in Figures 2 and 3, respectively. As 

shown from the results, the UCS values of reinforced 

samples are always greater than that of peat sample 

regardless of fibre content and fiber length (L). The 

reinforced samples exhibited a more ductile behavior 

with a larger strain corresponding to the peak stress than 

that of peat sample which is good agreement with the 

reported data in the literature [9, 47-49]. The UCS value 

of reinforced samples with basalt content of 0.5% is 

almost independent of fibre length; however, the UCS 

value of reinforced samples with basalt content of 1% 

increases slightly with an increase in fibre length.  In 

general, the sample containing longest fibres (18 mm) 

showed the highest UVS value. A comparison of Figures 

2 and 3 shows that the UCS values of reinforced samples 

increases about 10% with an increase in fibre content 

from 0.5% to 1% which also reported in previous studies 

[41, 42, 48, 50]. Figure 4 shows the effect of fibre content 

on the stress-strain curve of the reinforced samples for a 

given fibre length of 18 mm. The results reveal the 

improvement of the UCS for reinforced samples with an 

increase in fibre content. An increase in the fibre content 

from 0.5% to 2% results in an increase in the UCS value 

from 133 kPa to 205 kPa. The basalt fibre-reinforced 

samples indicate a more ductile behavior than the peat 

sample. 

 

 

 
Figure 2. Stress–strain curves of the basalt fibre-reinforced 

samples with BC=0.5% and varied fibre length 

 

 

 
Figure 3. Stress–strain curves of the basalt fibre-reinforced 

samples with BC=1% and varied fibre length 
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The effects of cement content on the stress-strain 

curve of the stabilized samples at cement contents (CC) 

of 2% and 5% at various curing times are shown in 

Figures 5 and 6, respectively. Addition of cement has 

important effect on the behaviors of peat samples and 

increases the UCS values and decreases the strain 

corresponding to the peak stress. The cement-stabilized 

peat samples with cement exhibits brittle behavior and 

the most improvement in UCS value is observed within 

the first 7 days. The UCS increases gradually with an 

increase in curing time which good agreement with 

previous studies [10, 51-54]. Comparison of the fibre -

renforced samples with cement-stabilized samples 

showed that for a given additive content, the cement 

stabilized samples exhibited higher UCS values than 

those reinforced with fibre. As shown, the UCS increases 

with increasing the curing time from 7 to 60 days. From 

Figure 5, it could be seen that by an increase in the curing 

time from 7 to 60 days the UCS value of cement-

stabilized samples containing 2% cement increased from 

220 kPa to 415 kPa. As shown from Figure 6, for the 

samples containing 5% cement, the UCS value increased 

from 520 kPa to 880 kPa with an increase in the curing 

 

 

 
Figure 4. Stress–strain curves of the basalt fibre-reinforced 

samples with varied fibre content and fibre length of 18 mm 

 

 

 
Figure 5. Stress–strain curves of the cement-stabilized 

samples with cement content of 2% at various curing times 

 
Figure 6. Stress–strain curves of the cement-stabilized 

samples with cement content of 5% at various curing times 

 

 

time from 7 to 60 days. Figures 7 and 8 show the stress-

strain curve of the fibre -reinforced cement-stabilized 

samples at various curing times with fibre content of 1% 

and cement contents of 2% and 5%, respectively. 

The results indicate the treated samples behaved as a 

brittle material with higher axial stress values than that of 

peat sample regardless of cement content and curing 

time. There is a general slightly increase in UCS value 

for treated samples as curing time increased. The axial 

strain corresponding to the peak stress for treated samples 

decreased with increasing curing time. A comparison of 

Figures 7 and 8 indicate that the UCS values of treated 

samples increases about 10% with the increase about two 

times as cement content increases from 2% to 5% for a 

given curing time. A comparison between cement-

stabilized samples and treated samples with basalt fibre 

and cement shows that the addition of 1% of basalt fibre 

in the stabilized samples with 2% cement content resulted 

in an increase of 15% to 40% of UCS values depending 

on curing time. On the other hand, curing time has less 

influence on the UCS values of the treated samples with 

basalt fibre and cement than in treated samples without 

basalt fibre.  
 

 

 
Figure 7. Stress–strain curves of the treated samples with 

fibre content of 1% and cement content of 2% at various 

curing times 
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Figure 8. Stress–strain curves of the treated samples with 

fibre content of 1% and cement content of 5% at various 

curing times 

 

 

4. CONCLUSIONS 

 

Peats are an extreme form of soft soils which are 

generally associated with high compressibility, medium 

to low permeability, low strength and large settlements 

and hold serious problems in civil engineering 

constructions. In the current study, a series of UCS tests 

were conducted on the peat samples to study the 

influences of basalt fibre content, fiber length, cement 

content and curing time. Based on the results, the 

following conclusions are reached. 

The addition of basalt fiber or cement significantly 

enhanced the UCS values of peat soil. Increasing basalt 

fiber content or cement content leads to a significant 

increase of UCS values. The UCS value was more with 

the addition of cement than the same content of basalt 

fibre especially for high curing time. For example, the 

UCS value of stabilized sample with 2% cement content 

at curing time 60 days was almost twice that of reinforced 

sample with 2% basalt fibre. In other words, the strength 

of cement-stabilized samples was very much greater than 

that of the fibre-reinforced samples for long-term 

performance. However, the sample reinforced with basalt 

fibers showed more ductile behavior compared to the 

stabilized sample with cement. Furthermore, the axial 

strain at failure for cement-stabilized sample decreased 

with increasing cement content or curing time. In general, 

the results show that a combination of fiber and cement 

could be suitable for peat improvement.  
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scientific and technological community and Iranian scientists and engineers. This journal intends to be of interest and utility to 
researchers and practitioners in the academic, industrial and governmental sectors. All original research contributions of significant 
value focused on basics, applications and aspects areas of engineering discipline are welcome. 

This journal is published in three quarterly transactions: Transactions A (Basics) deal with the engineering fundamentals, 
Transactions B (Applications) are concerned with the application of the engineering knowledge in the daily life of the human being and 
Transactions C (Aspects) - starting from January 2012 - emphasize on the main engineering aspects whose elaboration can yield 
knowledge and expertise that can equally serve all branches of engineering discipline. 

This journal will publish authoritative papers on theoretical and experimental researches and advanced applications embodying the 
results of extensive field, plant, laboratory or theoretical investigation or new interpretations of existing problems. It may also feature - 
when appropriate - research notes, technical notes, state-of-the-art survey type papers, short communications, letters to the editor, 
meeting schedules and conference announcements. The language of publication is English. Each paper should contain an abstract both 
in English and in Persian. However, for the authors who are not familiar with Persian, the publisher will prepare the latter. The abstracts 
should not exceed 250 words. 

All manuscripts will be peer-reviewed by qualified reviewers. The material should be presented clearly and concisely: 
• Full papers must be based on completed original works of significant novelty. The papers are not strictly limited in length. However, 

lengthy contributions may be delayed due to limited space. It is advised to keep papers limited to 7500 words. 
• Research notes are considered as short items that include theoretical or experimental results of immediate current interest. 
• Technical notes are also considered as short items of enough technical acceptability with more rapid publication appeal. The length 

of a research or technical note is recommended not to exceed 2500 words or 4 journal pages (including figures and tables). 
Review papers are only considered from highly qualified well-known authors generally assigned by the editorial board or editor in 

chief. Short communications and letters to the editor should contain a text of about 1000 words and whatever figures and tables that may 
be required to support the text. They include discussion of full papers and short items and should contribute to the original article by 
providing confirmation or additional interpretation. Discussion of papers will be referred to author(s) for reply and will concurrently be 
published with reply of author(s). 

 

INSTRUCTIONS FOR AUTHORS 
 

Submission of a manuscript represents that it has neither been published nor submitted for publication elsewhere and is result of research 
carried out by author(s). Presentation in a conference and appearance in a symposium proceeding is not considered prior publication. 
 
Authors are required to include a list describing all the symbols and abbreviations in the paper. Use of the international system of 
measurement units is mandatory. 
 

• On-line submission of manuscripts results in faster publication process and is recommended. Instructions are given in the IJE web 
sites: www.ije.ir-www.ijeir.info 

• Hardcopy submissions must include MS Word and jpg files. 
• Manuscripts should be typewritten on one side of A4 paper, double-spaced, with adequate margins. 
• References should be numbered in brackets and appear in sequence through the text. List of references should be given at the end of 

the paper. 
• Figure captions are to be indicated under the illustrations. They should sufficiently explain the figures. 
• Illustrations should appear in their appropriate places in the text. 
• Tables and diagrams should be submitted in a form suitable for reproduction. 
• Photographs should be of high quality saved as jpg files. 
• Tables, Illustrations, Figures and Diagrams will be normally printed in single column width (8cm). Exceptionally large ones may be 

printed across two columns (17cm). 
 

 

PAGE CHARGES AND REPRINTS 
 

The papers are strictly limited in length, maximum 6 journal pages (including figures and tables). For the additional to 6 journal pages, 
there will be page charges. It is advised to keep papers limited to 3500 words. 
 

Page Charges for Papers More Than 6 Pages (Including Abstract) 

For International Author ***   $55 / per page 

For Local Author   100,000 Toman / per page 

 

AUTHOR CHECKLIST 
 

• Author(s), bio-data including affiliation(s) and mail and e-mail addresses). 
• Manuscript including abstracts, key words, illustrations, tables, figures with figure captions and list of references. 
• MS Word files of the paper. 
 

International Journal of Engineering, P.O. Box 13145-1659, Tehran, I.R. Iran 

Materials and Energy Research Center, 5 Ahuramazda St., Alvand Ave., Argentina Sq., Tehran, Islamic Republic of Iran 
www.merc.ac.ir - www.emerc.ac.ir 

http://www.merc.ac.ir/
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