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General analysis of the dissipation of strain energy in circular 
columns  
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Article Info  Abstract 

Article history: 
 
Received 28 Dec 2023 
Accepted 16 Apr 2024   

 This theoretical paper is concerned with general analysis of the strain energy 
dissipation in columns of circular cross-section. The columns are under 
longitudinal displacements that vary continuously with time. The columns 
exhibit non-linear viscoelastic behavior that is studied by mechanical models 
constructed by using non-linear springs and dashpots. Besides, the columns are 
functionally graded along the radius of the cross-sections. A simple expression 
for the dissipated strain energy in the columns under consideration is derived. 
The expression holds for columns having portions with different radius of the 
cross-section. Also, the expression derived is applicable for columns built-up by 
concentric layers. Results indicating how the dissipated strain energy is 
influenced by various factors (distribution of material properties, geometry of 
the columns and loading) are presented. These results are found by using a non-
linear viscoelastic model with one spring and one dashpot. A check-up is 
performed by determining the dissipated strain energy through subtracting the 
strain energy in the spring of viscoelastic model from the whole strain energy in 
the column. 

© 2025 MIM Research Group. All rights reserved. 

Keywords:  
 
Circular Column; 
Dissipation of strain 
energy;               
General analysis 

 

1. Introduction 

Since columns are widely used in various load-carrying engineering structures, it is 
important to study in detail the response of columns to different external loads and 
influences. Deepening of the knowledge for the column’s response is an important 
condition for improving the safety and reliability of structures.  

Dissipation of the strain energy is a momentous factor that has to be considered when 
studying columns of viscoelastic behavior. For instance, the dissipation of the strain energy 
has influence on such issues like fracture behavior, structural integrity and expected 
service-life of engineering constructions and facilities (it should be noted here that when 
the strain energy dissipation takes place in a structure, the fracture behavior has to be 
analyzed by using the strain energy cumulated in the structure reduced by the dissipated 
energy). Therefore, dissipation of the strain energy has to be taken into account in the 
design and use of structural members (including columns) having viscoelastic behavior. 
This, on its side, requires analyses of the strain energy dissipation.    

The significance of the dissipation of strain energy for engineering structures with 
viscoelastic behavior is well-grounded in the scientific literature [1]. It should be 
underlined, however, that the majority of the strain energy analyses have been concerned 
with linear viscoelastic beam load-bearing structures [1 - 2]. Besides, the analyses usually 
are focused on particular problems [3 - 7]. The end-plate beam-to-column connection 
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under cyclic loading is evaluated [3]. It is shown that the neutral network model used is 
capable of characterizing pinching and stiffness degradation of the connection [3]. A 

The significance of the dissipation of strain energy for engineering structures with 
viscoelastic behavior is well-grounded in the scientific literature [1]. It should be 
underlined, however, that the majority of the strain energy analyses have been concerned 
with linear viscoelastic beam load-bearing structures [1 - 2]. Besides, the analyses usually 
are focused on particular problems [3 - 7]. The end-plate beam-to-column connection 
under cyclic loading is evaluated [3]. It is shown that the neutral network model used is 
capable of characterizing pinching and stiffness degradation of the connection [3]. A 
framework that provides an optimal distribution of energy dissipation devices for framed 
buildings is presented in [4]. It is proved that the proposed framework is superior 
compared to the conventional machine learning algorithms for obtaining optimum 
retrofitting scheme for buildings considered [4]. Energy dissipation and damping capacity 
of reinforced concrete columns under uniaxial and biaxial conditions are investigated in 
[5]. The energy dissipation is studied in terms of cumulative dissipated energy. The study 
leads to obtaining of simplified expressions for equivalent viscous damping in columns 
under biaxial loading conditions [5]. The free vibration behavior of two-directional 
functionally graded multiple nanobeam systems are analyzed by considering Winkler 
elastic medium between them in [6]. It is assumed that the material properties very along 
the length and thickness of the nanobeams. The effects of nonlocal parameter, slenderness 
ratio, functionally graded power index and boundary conditions are evaluated [6]. A 
nanobeam with a moving nanoparticle is studied in [7]. A mathematical model for the 
nanobeam-nanoparticle system is developed. The influence of various factors, including 
the nonlocal parameter, initial velocity and mass of nanoparticle are studied and discussed 
[7]. The fact that previous works deal with particular problems indicates that general 
analysis of the strain energy dissipation needs to be developed.   

Therefore, the present paper is concerned with general analysis of the dissipated strain 
energy in columns exhibiting non-linear viscoelastic behavior. The columns under 
consideration have circular cross-section. The general analysis is developed assuming that 
columns are functionally graded along the cross-section radius. This assumption is made 
in view of the fact that functionally graded materials have become very attractive for a 
variety of applications in engineering structures and facilities in recent decades [8 - 13]. 
Due to their excellent properties, the functionally graded materials have begun to replace 
the widely used up to now homogeneous engineering materials like metals, allows and 
fiber reinforced composites [14 - 19]. One of the basic advantages of the functionally 
graded materials is that their properties vary smoothly in a given structural member [20 - 
25]. In this way, the stress concentrations are avoided which considerably reduces the 
probability of loss of stiffness, degradation of strength, shortening of expected service-life 
and even premature failure of the structure due to appearance and propagations of cracks 
[26 - 28]. Other widely used structural materials in modern engineering are multilayered 
systems having a high strength-to-weight and stiffness-to-weight ratio [29]. As known, the 
multilayered constructions represent systems of adhesively bonded layers made of 
different materials [30 - 34]. In view of the increased interest towards the multilayered 
materials and structures, general analysis of the dissipated strain energy is developed in 
the present paper also for multilayered columns built-up by concentric layers. The layers 
are functionally graded through thickness and have non-linear viscoelastic behavior.  

The general analysis of the strain energy dissipation developed here uses non-linear 
viscoelastic models constructed by non-linear springs and dashpots. The analysis yielded 
a relatively simple expression for the dissipated strain energy. This expression holds for 
functionally graded (and multilayered) circular columns under longitudinal displacements 
which vary continuously with time. Besides in columns clamped at the bottom, the strain 

https://www.sciencedirect.com/topics/engineering/energy-dissipation
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energy dissipation is analyzed also in columns clamped at the bottom and the top. The 
results obtained are checked-up by determining the dissipated strain energy by 
subtracting the strain energy in the spring from the whole strain energy in the columns 
under consideration. The change of the dissipated strain energy caused by inhomogeneity 
of the material, the column geometry and the longitudinal displacements magnitude is 
studied.           

2. General Analysis  

The general analysis developed here is concerned with strain energy dissipation in the 
column which static schema is displayed in Fig. 1. The column under consideration has n  

longitudinal portions.  

 

Fig. 1. Column under longitudinal displacements, iw  

The cross-section of the column in each portion is a circle. The radius of the column cross-

section in an arbitrary portion is marked by iR . The length of the column arbitrary portion 

is marked by il  (Fig. 1). The bottom of the column is clamped. The column has non-linear 

viscoelastic mechanical behavior. In an arbitrary column portion, the viscoelastic behavior 
is described by a stress-strain-time relationship written in the form 

( )tf iii , =  (1) 

ni ...,,2,1=  (2) 

where i  is the stress, i  is the strain and t  is time. It should be underlined that if  is a 

non-linear function of the strain. The present strain energy dissipation analysis uses 
viscoelastic models built-up by non-linear springs and dashpots for describing the column 
mechanical behavior. Therefore, stress-strain-time relationships (1) are derived by 
analyzing the stresses and strains in the viscoelastic model components. It should also be 
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underlined that the mechanical properties involved in the stress-strain-time relationships 

(1) are smooth functions of the running radius, R , where iRR 0  due to the fact that 

in each column portion the material is functionally graded in radial direction.  

The column in Fig. 1 is under longitudinal displacements, iw , which vary smoothly with 

time (the law controlling this variation is given). The displacements, iw , are expressed 

through strains by formula (3), i.e. 


=

=

=
nj

ij

jji lw   
(3) 

The strains in the column portions can be easily determined from (3). Then these strains 
can be applied on the viscoelastic model to determine the stresses. The strain energy 
dissipation in the column under consideration is modeled by the dashpots in the 

viscoelastic model. Therefore, the dissipated strain energy, dseU , in the column can be 

expressed by using formula (4), i.e. 

 
=

=

=

=

=
)( 1

0

1
iA

pk

k

ik

ni

i

idse dAulU  (4) 

where p  is the number of dashpots in the viscoelastic model, iku0  is the unit strain energy 

in the k-th dashpot in the i-th column portion, iA  is the cross-section area of the column 

in the i-th portion. Formula (5) is applied for determining the unit strain energy. 

ikikik du
ik





=
0

0
 (5) 

ni ...,,2,1=  (6) 

pk ...,,2,1=  (7) 

where ik  is the stress in the in the k-th dashpot of the viscoelastic model in the i-th 

portion of the column. The stress, ik , is found by applying relationship (8), i.e.  

)( ikikik g  =  (8) 

where ik  is the first derivative of the strain in the dashpot under consideration with 

respect to time, ikg  is a non-linear function of ik  (the type of this function depends on 

the viscoelastic model used). 

 If the column is built-up by concentric layers (the cross-section of such a column is 
displayed in Fig. 2) the dissipated energy can be derived by formula (9), i.e. 

 
=

=

=

=

=

=

=
)( 1

0

11
isA

pk

k

isk

ms

s

ni

i

idse dAulU  (9) 
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Fig. 2. Cross-section of a column built-up by concentric layers 

where m  is the number of layers, isA  is the cross-section area of the s-th layer in the i-th 

portion of the column, isku0  is the unit strain energy in the k-th dashpot in the s-th layer in 

the i-th column portion. Here formula (10) can be used for deriving isku0 . 

iskiskisk du
isk





=
0

0
 (10) 

where isk  and isk  are the stress and strain, respectively.  

General analysis of the dissipated strain energy in columns in which the number of 
portions is higher than the number of given longitudinal displacements (refer to Fig. 3) can 
also be developed. For this purpose, additional equations have to be composed for 
determining the strains in the column portions (this is necessary because the number of 
equations composed by using (3) is less than the number of unknown strains). These 
additional equations consider the equilibrium of the axial forces on borders between 
column portions (for instance, for column in Fig. 3 such equations have to be composed for 

borders, iD  and nD ). These equations can be written as 

dAdA

i iA A

ii 
−

=−

)( )(

1

1

  (11) 

where 1−i  and i  are the stresses in the column cross-sections over and 

under border, iD .  

The stresses, 1−i  and i , are found by using the viscoelastic model. If the column is built-

up by concentric layers, the additional equations for determining the strains in the column 
portions have the following form: 

dAdA

si isA A

is

ms

s

si

ms

s
 
−

=

=

−

=

=

=
)( )(1

1

1
1

  (12) 



Rizov / Research on Engineering Structures & Materials 11(1) (2025) 1-19 

 

6 

 

Fig. 3. Column in which the number of portions is higher than the number of 

longitudinal displacements, iw    

analysis of the dissipated strain energy is developed also for the column that is clamped at 
the bottom and the top (the column static schema is displayed in Fig. 4). Here again the 

column is under longitudinal displacements, iw .  

The displacement of the column top is zero. Thus, we write 

0
1

1 ==
=

=

i

ni

i

iD lw   (13) 

Also, we can write (Fig. 4) 


−=

=

++=
1

11

nj

ij

jji lw   (14) 

Where; 

    1...,,2,1 −= ni  (15) 

The strains in the column portions can be derived directly from equations (13) and (14). 
After that the dissipated strain energy can be obtained by using (4). If the column is made 
of concentric layers, the dissipated strain energy can be found by applying formula (9).  

For columns in which the number of portions is higher than the number of the given 
longitudinal displacements like, for instance, column in Fig. 5, the strains can be derived 
by using additional equations of equilibrium (11) (or (12) when the column is made by 
concentric layers). After that formula (4) (or formula (9)) can be used for obtaining of 
dissipated strain energy.     
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Fig. 4. Column clamped at the bottom and 
the top 

Fig. 5. Column clamped at the bottom and 
the top in which the number of portions 

is higher than the number of longitudinal 

displacements, iw  

3. Practical Application of General Analysis 

This section of the paper describes practical applications of the general analysis of the 
dissipated strain energy. The numerical results presented here are related to the 
functionally graded viscoelastic column with three portions displayed in Fig. 6.  

The column is under longitudinal time-dependent displacements, iw , where 3,2,1=i . 

Formula (16) describes the change of these displacements. 

( )taww ibi += 0cos  (16) 

where ibw , 0a  and   are parameters.  

The strains, 1 , 2  and 3 , in the column portions, 21DD , 32DD  and 43DD , are 

determined from equation (3) with taking into account (16). The result is; 

( )taww
l

bb  +−= 021

1

1 cos)(
1

 (17) 

( )taww
l

bb  +−= 032

2

2 cos)(
1

 (18) 

( )taw
l

b  += 03

3

3 cos
1

 (19) 



Rizov / Research on Engineering Structures & Materials 11(1) (2025) 1-19 

 

8 

 

 

Fig. 6. Column with three portions under 

three longitudinal displacements, 1w , 

2w  and 3w  

Fig. 7. Non-linear viscoelastic model 

 

The stresses in the column portions are derived by using the non-linear viscoelastic 

mechanical model displayed in Fig. 7. This model has a non-linear elastic spring, ( )
inlvc , 

and a non-linear dashpot, ( )
inlec . The model is under strain, i , whose change with time 

is presented by formulas (17), (18) and (19) for column portions, 21DD , 32DD  and 

43DD , respectively. The choice of a relatively simple non-linear viscoelastic model (Fig. 

7) with one spring and one dashpot is motivated by the fact that this model is mainly for 
illustration of the way for use of the general analysis. When a practical engineering 
problem is treated, a more complex non-linear viscoelastic model with more springs and 
dashpots may be applied.    

Formula (20) defines the stress-strain relationship of the non-linear elastic spring in the 
viscoelastic model in Fig. 7 [35]. 























−−=

i

i

i
iinlec

H
Q




 11)(  (20) 

where inlec)(  is the stress in the spring, iQ , iH  and i  are material properties in the 

i-th portion of the column (here 3,2,1=i ). According to [35], iQ  is the ultimate 

strength, iH  is the strain that corresponds to the ultimate strength, i  is the ratio of the 
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initial modulus of elasticity to the secant modulus at the ultimate strength (usually, 1i  

[35]).  

The constitutive relationship of the non-linear dashpot in the model shown in Fig. 7 is 
described by formula (21) [35], i.e.  























−−=

i

i

i
iinlvc

B
L







11)(  (21) 

where inlvc)(  is the stress in the dashpots, i  is the first derivative of the strain with 

respect to time, iL , iB  and i  are material properties in the i-th portion of the column 

(here again 3,2,1=i ).   The stress, i , in the viscoelastic model is determined as (Fig. 

7) 

inlvcinleci )()(  +=  (22) 

In fact, formula (22) presents the stress-strain-time relationship of the non-linear 
viscoelastic model. Since the column is functionally graded in radial direction, the material 

properties, iQ , iH , i , iL , iB  and i ,  which are involved in (20), (21) and (22) vary 

smoothly along the radius of the column cross-section. This variation is described by the 
following formulas: 

i
i
R

R

ii eQQ


0=  
(23) 

i
i
R

R

ii eHH


0=  
(24) 

i
i
R

R

ii e


 0=  
(25) 

i
i
R

R

ii eLL


0=  
(26) 

i
i
R

R

ii eBB


0=  
(27) 

i
i
R

R

ii e


 0=  
(28) 

Where; 

iRR 0  (29) 

3,2,1=i  (30) 

In formulas (23) – (29), iQ0 , iH 0 , i0 , iL0 , iB0  and i0  are the values of iQ , iH , i , 

iL , iB  and i  in the center of the column cross-section, i , i , i , i , i  and i  are 

parameters which control the variation of the material properties.    
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Formula (22) can be used to calculate the stress in the column portions with taking into 
account the change of the material properties in the radial direction via formulas (23) – 
(28).  

 The dissipated strain energy in the column is determined by applying formula (4) (here 

3=n , 1=p ). The unit strain energy, iku0 , in the dashpot of the viscoelastic model that 

is involved in (4) is determined by replacing of ik  with inlvc)(  in formula (5). The 

MATLAB is used for integration in (4).  

The dissipated strain energy solution for the column in Fig. 6 is checked-up in the following 

way. First, the axial forces, 1F , 2F  and 3F , in column cross-sections, 1D , 2D  and 3D , 

are derived by using the following dependences: 

=
)(

11

1A

dAF   (31) 

 −=
)(

1

)(

22

12 AA

dAdAF   (32) 

 −=
)(

2

)(

33

23 AA

dAdAF   (33) 

where 1A , 2A  and 3A  are the areas of the column cross-section in portions, 21DD , 

32DD  and 43DD , respectively (Fig. 6). Substitution of (22) in (31), (32) and (33) yields 

 dAF nlvcnlec

A

1)(1)(

)(

1

1

 +=   (34) 

 dAF nlvcnlec

A

2)(2)(

)(

2

2

 +=   dAnlvcnlec

A

1)(1)(

)( 1

 +−   (35) 

 dAF nlvcnlec

A

3)(3)(

)(

3

3

 +=   dAnlvcnlec

A

2)(2)(

)( 2

 +−   (36) 

Formula (37) is applied to determine the strain energy, U , in the column. 

 ++=
321

0

332

0

21

0

1

www

dwFdwFdwFU  (37) 

The unit strain energy, iu0 , in the non-linear elastic spring of the viscoelastic model in 

Fig. 7 is found by formula (38), i.e.   

iinleci du
i





=
0

)(0
 (38) 

where the stress, inlec)( , in the spring is determined by using relationship (20). Then 

iu0  is integrated in the three portions of the column (Fig. 6), i.e.  
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dAulU i

A

i

i

inlec

i

0

)(

3

1


=

=

=  (39) 

 

Finally, the dissipated strain energy, dseU , in the column is derived by subtracting of                       

nlecU from U .  

nlecdse UUU −=  (40) 

Actually, formula (40) is based on the fact that the spring in the viscoelastic model in Fig. 
7 preserves the strain energy. Therefore, by subtracting of the strain energy in the spring, 

nlecU , from the whole strain energy, U , we should derive the dissipated strain energy, 

dseU .     

  

Fig. 8. Column with three portions under 

two longitudinal displacements, 1w  and 

2w  

Fig. 9. Column clamped at the bottom and 
the top and having three portions under 

two longitudinal displacements, 2w  and 

3w  

The dissipated strain energy determined by using (40) matches that obtained by applying 
the general analysis through formula (4) (this is a check-up of the analysis).  

The dissipated strain energy is determined also for the column displayed in Fig. 8 (this 

column is under two longitudinal displacements, 1w  and 2w , which change according 

formula (16)). From equation (3) we obtain 
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)(
1

21

1

1 ww
l

−=  (41) 

33222 llw  +=  (42) 

where 2  and 3  are unknown.   

One additional equation is written by considering the equilibrium of the axial forces in 

section, 3D , of the column (Fig. 8), i.e. 

dAdA
A A

 =
)( )(

23

3 2

  (43) 

where 2  and 3  are determined by using (22). Equations (42) and (43) are solved with 

respect to 2  and 3 . Then the dissipated energy in the column is found by using formula 

(4) (the result obtained is verified by (40)). 

 Analysis of the dissipated strain energy in the column clamped at the bottom and the top 
as displayed in Fig. 9 also is performed. The column is under longitudinal displacements, 

2w  and 3w , which change according to formula (16). Equations (13) and (14) are applied 

for determining the strains, 1 , 2  and 3 , in the column portions, 21DD , 32DD  and 

43DD . The result is 

( )taw
l

b  +−= 02

1

1 cos)(
1

 (44) 

( )taww
l

bb  +−= 032

2

2 cos)(
1

 (45) 

( )taw
l

b  += 03

3

3 cos
1

 (46) 
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Fig. 10. Change of the normalized dissipated strain energy with increase of 1  for the 

column with three portions under three longitudinal displacements, 
1w , 2w  and 3w  

(curve 1 – at 2.01 = , curve 2 – at 5.01 =   and curve 3 – at 8.01 =  ) 

 

 

The viscoelastic model displayed in Fig. 7 is used for treating the column in Fig. 9. The 
change of material properties along the column cross-section radius is described by 
formulas (23) – (28). Formula (4) is applied to derive the dissipated strain energy in the 
column under consideration (Fig. 9). A check-up of the dissipated strain energy solution is 
carried-out via formula (40). 

Further, we assume that the column in Fig. 9 is built-up by concentric layers. The column 
layers are inhomogeneous through their thickness. Formulas (47) – (52) are used for 
describing the smooth change of the material properties through thickness of the s-th layer 
in the i-th portion of the column.    
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Where; 

isis RRR −1  (53) 
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Fig. 11. Change of the normalized dissipated strain energy with increase of 1  (curve 

1- for the column with three portions under two longitudinal displacements, 1w  and 

2w , curve 2 - for the column with three portions under three longitudinal 

displacements, 1w , 2w  and 3w ) 

In formulas (47) – (52), isQ0 , isH 0 , is0 , isL0 , isB0  and is0  are the values of isQ , isH

, is , isL , isB  and is  at 1−= isRR  (here 1−isR  and isR  are the radiuses of the internal 

and external surfaces of the layer, respectively). The dissipated strain energy in the column 
built-up by concentric layers is determined by applying formula (9). A check-up is 
performed by using expression (40).   

 

Fig. 12. Change of the normalized dissipated strain energy with increase of 1  (curve 

1- for the column clamped at the bottom and having three portions under three 
longitudinal displacements, curve 2 - for the column clamped at the bottom and the 

top and having three portions under two longitudinal displacements, 2w  and 3w ) 
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Fig. 13. Change of the normalized dissipated strain energy with increase of 1  for 

column clamped at the bottom and the top and having three portions under two 

longitudinal displacements, 2w  and 3w  (curve 1 – at 003.03 =bw  m, curve 2 – at 

004.03 =bw  m and curve 3 – at  005.03 =bw  m)    

The graphs displayed in Fig. 10, Fig. 11, Fig. 12, Fig. 13 and Fig. 14 

illustrate how the dissipated strain energy in the non-linear viscoelastic 

inhomogeneous columns in Fig. 6, Fig. 8 and Fig. 9 changes under the 

influence of different factors (inhomogeneity of the material, the column 

geometry, parameters of the longitudinal displacements, etc.). 

It is assumed that 21 =l  m, 32 =l  m, 43 =l  m, 15.01 =R  m, 20.02 =R  m, 

25.03 =R  m, 18000001 =Q  kPa, 001.001 =H , 3.101 = , 140001 =L  kPa, 

0015.001 =B  1/s, 2.101 =  0003.0=  1/s and 1.00 =a .  

The influence of 1  and 1  on the dissipated strain energy (the latter is presented in 

normalized (non-dimensional) form) for the column with three portions under three 
longitudinal displacements (refer to Fig. 6) is displayed in Fig. 10. The graphs in Fig. 10 

indicate that the rise of 1  causes growth of the dissipated strain energy. The rise of 1  

generates a reduction of the dissipated strain energy (Fig. 10).  

Rise of 1  causes reduction of the dissipated strain energy as one can observe in Fig. 11. 

The graphs displayed in Fig. 11 reveal also that the dissipated strain energy in the column 
with three portions under three longitudinal displacements (refer to Fig. 6) is higher than 
that in the column with three portions under two longitudinal displacements (refer to Fig. 
7).  
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Fig. 14. Change of the normalized dissipated strain energy with increase of 11  for 

column clamped at the bottom and the top and having three portions under two 

longitudinal displacements, 2w  and 3w  (curve 1 – at 5.1/ 13 =ll  , curve 2 – at 

0.2/ 13 =ll  and curve 3 – at 5.2/ 13 =ll ) 

The effect of 1  is studied for both columns displayed in Fig. 6 and Fig. 9. The 

corresponding graphs are displayed in Fig. 12. It can be seen that rise of 1  causes smooth 

growth of the dissipated strain energy (Fig. 12). It can also be seen in Fig. 12 that the 
dissipated strain energy in the column clamped at the bottom and the top (refer to Fig. 9) 
is higher than that in the column clamped at the bottom end only (refer to Fig.6). 

One can observe in Fig. 13 how the dissipated strain energy changes with rise of 1  in the 

column clamped at the bottom and the top (refer to Fig. 9) at three values of bw3 . Graphs 

in Fig. 3 indicate growth of the dissipated strain energy with rise of 1  and bw3 .  

How the dissipated strain energy varies with increase of 11  in the column clamped at the 

bottom and the top and built-up by concentric layers (the number of layers is 3, 5 and 7 in 

column portions, 21DD , 32DD  and 43DD , respectively) can be seen in Fig. 14. The 

graphs indicate rise of the dissipated strain energy with increase of 11  at each of the 

considered 13 / ll  ratios (Fig. 14). 

4. Conclusions 

General analysis of the dissipation of the strain energy in columns under continuously 
varying with time longitudinal displacements is developed. The first step in the analysis is 
to determine the strains in the column. Then the strains are used to derive stresses. The 
analysis yields a simple expression for the dissipated strain energy in columns of circular 
cross-section. The columns are functionally graded in radial direction. Besides, the 
columns under consideration have non-linear viscoelastic behavior that is analyzed by 
viscoelastic mechanical models which are structured by using non-linear springs and 
dashpots. Actually, this is the basic assumption in the present study. This assumption 
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imposes an important limitation in sense that the approach developed here is applicable 
only when models with spring and dashpots are used (the dissipated energy is derived 
from the strain energy in the dashpots). The columns have an arbitrary number of portions 
with different radius of the cross-section. The general analysis is applicable also for 
determining of the dissipated strain energy in non-linear viscoelastic columns built-up by 
concentric layers. Each layer may have different material properties. Besides, the layers 
may be functionally graded through thickness. The expression obtained is used for 
determining the dissipated strain energy in a column clamped at the bottom. A column 
clamped at the bottom and the top also is studied. Since the columns are functionally 
graded along the radius of the cross-section, the material properties which are involved in 
the expression for the dissipated strain energy change continuously in radial direction. A 
check-up of the results obtained is performed by determining the dissipated strain energy 
by subtracting the strain energy in the spring from the whole strain energy cumulated in 

the column. It is found that increase of the value of 1  generates growth of the dissipated 

strain energy. Growth of the dissipated strain energy is observed also when 1 , 1  and 

11  rise. An opposite behavior, i.e. reduction of the dissipated strain energy is observed 

when 1  and 1  rise. The increase of 13 / ll  ratio induces rise of the dissipated strain 

energy (this finding indicates that the dissipated strain energy in longer column is higher). 

The dissipated strain energy rises also when bw3  has higher values. It can be summarized 

that the main novelty of this paper is in the fact that general analysis of the dissipated 
energy in non-linear viscoelastic columns is presented. One of the practical implications of 
the derived expressions and the results is in fracture mechanics. For example, when 
fracture is analyzed in terms of the strain energy release rate, the latter has to be derived 
from the strain energy reduced by the dissipated energy that can be determined by 
applying the expressions obtained in the present paper.   
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 The imperative to find sustainable alternatives to conventional cement, given its 
energy-intensive production and significant environmental impact, has driven 
research into alternative binder materials for civil infrastructure. This paper 
explores Geopolymer concrete (GPC), a polymer-based binder technology, as a 
promising solution to reduce the environmental footprint associated with 
traditional cement production. The study meticulously examines various aspects 
of GPC, focusing on its impact on crucial durability properties for infrastructure 
applications. This includes an in-depth analysis of GPC properties, elucidating 
characteristics influencing performance. In addition to fundamental properties, 
the paper critically evaluates the resistance of geopolymer pastes and concrete 
to a spectrum of extreme conditions. The discussion spans testing methodologies 
for both heat- and ambient-cured geopolymers, providing insights into their 
performance and durability across diverse environmental challenges. This 
comprehensive review aims to enhance the understanding of GPC technology, 
offering valuable insights for researchers, engineers, and industry professionals 
committed to sustainable and resilient infrastructure solutions.  

 

© 2025 MIM Research Group. All rights reserved. 

Keywords:  
 
Geopolymer concrete; 
Activator;               
Strength;                
Durability;          
Sustainable; 
Environment 

 

1. Introduction 

Geopolymer concrete (GPC) stands as a groundbreaking advancement in concrete 
technology, emerging as a highly sophisticated alternative to conventional ordinary 
Portland cement (OPC) concrete [1]. This innovative approach in concrete production 
replaces traditional Portland cement with pozzolanic materials, specifically designed to 
address the environmental concerns associated with the widespread use of Portland 
cement [2]. As the second most utilized material globally after water, Portland cement 
production significantly contributes to carbon dioxide (CO2) emissions and entails 
substantial energy consumption, thereby presenting formidable environmental challenges 
[3]. 

In addition to its superior strength and durability, GPC offers a myriad of advantages, 
establishing itself as a compelling choice for contemporary construction practices [4]. 
Notably, GPC exhibits exceptional early-age strength and benefits from ambient curing 
conditions, contributing to accelerated construction timelines [5]. The intricacies of GPC's 
durability and strength hinge on various factors, including the selection of binders, the 
alkali-activating solution employed, and the nuances of the curing process [6]. This study 
aims to provide a comprehensive exploration of the inherent strength and durability 
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characteristics of GPC, with a focal point on understanding the critical interplay of these 
variables. 

Moreover, the incorporation of industrial by-products, such as fly ash (FA) and ground 
granulated blast-furnace slag (GGBS), into GPC reveals additional benefits, contributing to 
both environmental sustainability and resource efficiency. A notable environmental 
advantage lies in the reduced energy requirements for raw material extraction in GPC 
production [7]. This paper serves as a detailed examination of various facets of GPC, 
encompassing mix design techniques, the impact of fiber additions on durability and 
strength properties, and the overall performance of GPC structures. 

Despite numerous studies investigating the effects of different factors on the strength and 
durability of GPC [8-10], geopolymer mortar [11-13], and both [14], recent literature lacks 
comprehensive reviews, especially within the last three years, focused on the factors 
affecting the durability of GPC. Hassan et al. [15] studied the mechanical and 
microstructure properties of GPC and did not address the fire resistance and water 
permeability of GPC.  Johan et al. [13] focused in their study on the effect of source 
materials on the properties of geopolymer mortar and also did not study factors effecting 
the fire resistance and water permeability. Zhang et al. [11] investigated the mechanical 
properties of geopolymer mortar and did not address the GPC properties. Huseien et al. 
[16] investigated the geopolymer mortar as repair materials and did not focus on the 
factors effecting the durability of GPC. Ng et al. [14] investigated only compressive strength 
and microstructure of geopolymer paste, mortar, and concrete. Amran et al. [17] 
investigated the mechanical and physical properties of GPC only and did not address the 
durability properties of GPC. Zhang et al. [18] investigated the engineering and fabrication 
properties of concrete and GPC, but they did not address the fire resistance and water 
permeability of GPC, as well as did not address the repolymerization process in detail.  
Ahmed et al. [19] conducted a comprehensive literature review about the mechanical 
properties of GPC and its effect on the behavior of GPC beams. This paper aims to fill this 
gap, serving as a valuable resource for researchers, engineers, and practitioners. It offers a 
thorough understanding of the nuanced aspects of GPC and the factors influencing its 
strength and durability. The intent is to encourage further exploration and application of 
this innovative concrete technology in sustainable and resilient construction practices. 

1.1 Background 

Geopolymers have emerged as a focal point in contemporary research and development, 
holding substantial promise as ecologically beneficial and sustainable alternatives to 
traditional cement-based materials [5]. The impetus behind geopolymer research lies in 
its potential to significantly alleviate the environmental impact associated with 
conventional Portland cement production [20]. Noteworthy is the fact that the synthesis of 
geopolymers typically occurs at lower temperatures, resulting in significant reductions in 
carbon dioxide emissions and overall environmental considerations [21]. Primarily 
derived from aluminosilicate source materials, geopolymers capitalize on industrial by-
products such as fly ash from coal combustion or slag from metallurgical processes [22]. 
The versatility of these source materials is a central focus of ongoing research, 
underscoring the imperative to identify and optimize components suitable for geopolymer 
synthesis. 

GPC, an innovative and environmentally friendly alternative to conventional Portland 
cement-based concrete, distinguishes itself through exceptional strength, durability, and 
sustainable characteristics [23]. At its core, GPC relies on geopolymers— inorganic 
materials with a polymer-like structure, often sourced from industrial by-products like fly 
ash, slag, or other aluminosilicates. The utilization of these industrial residues not only 
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enhances the sustainability of the concrete but also aligns with the principles of the circular 
economy by repurposing waste materials. 

1.2 Importance of Study  

Geopolymer materials are gaining traction as substitutes for traditional construction 
components; however, many studies are confined to conditions involving heat curing. The 
widespread acceptance of geopolymer materials, encompassing both mortar and concrete, 
could be significantly broadened if they prove to be feasibly and economically viable under 
ambient curing conditions. This study aims to contribute to the ongoing advancements in 
geopolymer materials by exploring their potential enhancement through the incorporation 
of various mineral admixtures. The focus is on improving durability properties such as 
resistance to elevated temperatures, permeability, acid resistance, and sulfate resistance. 
Ambient curing, which refers to curing at room temperature without the need for 
specialized curing conditions like high temperatures or steam curing, is crucial for the 
practical application of geopolymers in real-world construction settings [24]. Generally, 
the addition of mineral admixtures such as fly ash, silica fume, or GGBFS can enhance the 
properties of GPC [25]. These admixtures can contribute to increased strength, reduced 
permeability, and improved durability of GPC [13]. However, the exact effects depend on 
the specific materials and mix proportions, highlighting the importance of understanding 
and optimizing these factors for the desired performance of geopolymers. 

The continued development of geopolymer materials is crucial for addressing the practical 
challenges associated with their application, especially in the context of ambient curing 
conditions. This research seeks to advance the understanding of how different mineral 
admixtures can positively impact the durability characteristics of geopolymer materials, 
thereby expanding their practical utility. Of particular interest are properties such as 
resistance to elevated temperatures, acid resistance, sulfate resistance, and permeability, 
which play a pivotal role in determining the overall performance and lifespan of structures 
constructed with geopolymer materials. 

2. Polymer and Polymerization Process 

The term "polymer process" encompasses a diverse range of activities related to the 
production, modification, or processing of polymers—large molecules composed of 
recurring structural units called monomers [26]. These versatile compounds play pivotal 
roles in numerous industries, including plastics, textiles, adhesives, and various biological 
applications [27, 28]. The polymer process spans diverse procedures, ranging from the 
synthesis of polymers to their transformation into practical and usable items [29]. In the 
context of geopolymer technology, the polymer process takes on a unique significance. An 
alkaline medium, typified by substances such as sodium hydroxide or potassium 
hydroxide, proves ideal for observing the polymerization process. Notably, the inclusion of 
silicates introduces an additional ionic composition, fostering excellent bonding effects 
within the resulting polymer structure. The concentration of alkali ions, particularly in 
higher molar concentrations, can expedite the chain reaction among reactants. However, a 
delicate balance must be struck, as elevated concentrations may lead to a rapid loss of 
consistency during mixing, given the accelerated pace of the polymerization reaction [30]. 

      A noteworthy observation is the impact of sodium silicate addition on the sodium 
hydroxide solution's silicate content. This augmentation influences the gel formation, 
rendering it more prone to rapid polymerization [31]. Insights into the intricacies of the 
polymer process are pivotal for understanding and optimizing the synthesis of 
geopolymers, particularly as they pertain to achieving desired properties in GPC. This 
section illuminates the complex interplay of alkaline mediums, silicate content, and the 
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kinetics of polymerization, providing a foundational understanding of the polymer process 
crucial for advancing geopolymer research and application. 

Geopolymers, classified as inorganic polymers, exhibit a chemical composition akin to 
zeolites, with a distinguishing microstructural feature of amorphousness rather than 
crystallinity [32]. The polymerization process involves a swift reaction facilitated by 
activator agents on Si-Al minerals, culminating in the formation of a 3D geopolymer chain 
and the establishment of Si-O-Al-O bonds [33], as shown in Figure 1. This key concept 
revolves around the amalgamation of Si/Al-rich materials with activator agents, fostering 
the development of Si-O-Al-O bonds through the polymerization process. GPC undergoes 
poly-condensation from Si and Al, along with a high alkali content, contributing to strength 
development [34].  

 

Fig. 1. Model of Geopolymer with various Si/Al molars [33] 

Noteworthy is the amorphous nature of GPC, akin to synthetic zeolites, with a chemical 
composition resembling the zeolitic structure. The geopolymer framework comprises Si-
O-Al units, distinct from zeolites, where alternate Si-Al tetrahedra are interconnected in 
three dimensions by oxygen atoms [35]. The coordination of Al with four oxygen atoms 
generates a negative disproportion, necessitating cations like Na+ and K+ to expedite the 
geopolymerization [36]. Upon the addition of water or additives to NaOH and KOH agents, 
a reaction ensues, liquefying silica and vigorously reacting with additives to form a 
geopolymer binder [37]. The incorporation of industrial waste rich in Si and Al enhances 
the strength of the resulting material [38]. A higher concentration of binder components 
such as fly ash, GGBS, rice husk ash (RHA), metakaolin (MK), etc., contributes to elevated 
Si, Al, and CaO content, thereby augmenting strength development. The wide reactivity 
range of fly ashes influences the evolution of the C-S-H matrix, enhancing tetra-
coordination in interlayer spaces. 

3. Properties of GPC Mixtures  

Concrete, including GPC, which distinguishes itself from conventional Portland cement-
based concrete. GPC relies on a unique binder system activated through industrial by-
products such as fly ash or slag in combination with alkaline solutions [39]. Table 1 
provides an overview of the chemical composition and types of binders employed by 
various authors in the context of GPC.  

As shown in Table 1, silica and alumina oxides constitute the highest percentages among 
other components in the chemical composition of aluminosilicate materials. These 
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proportion significantly contributes to enhancing the durability of GPC by improving the 
hardness and density of GPC. 

Table 1. Chemical compositions of each binder used in the previous studies  

Ref Binder SiO2 Al2O3 Fe2O3 CaO MgO P2O5 K2O Na2O TIO2 L.O.I SO3 

Jindal et 
al. [40] 

RHA 90 0.46 0.43 1.10 0.77 NA 4.6 NA NA 3.9 NA 

Ultra-
fine 
slag 

(UFS) 

33.9 22.6 1.4 32.8 7.8 NA NA NA NA NA 0.23 

Albegm
prli et 

al., [41] 

Fly ash 38.4 22.2 12.14 0.88 1.81 NA NA 2.76 NA 3.1 0.4 

GGBS 50.82 10.19 0.76 26.72 1.89 NA NA 0.24 NA 1.9 1.02 

Mahdik
hani 
and 

Sarvand
ani [42] 

GGBS 39.61 9.57 1.45 31.68 6.49 0.02 1.97 0.51 0.95 NA 2.5 

Petrus 
et al., 
[43] 

Fly ash 37.6 12.5 20.8 20.7 NA 1.9 2.0 NA 1.3 NA 2.1 

Kugler 
et al., 
[44] 

Fly ash 52.35 25.19 6.22 4.17 1.88 NA 2.09 1.09 1.15 NA NA 

Concre
te 

rubble 
59.5 3.12 1.33 17.85 1.42 NA 1.18 0.20 0.11 NA NA 

Ahmed 
et al., 
[45] 

ferrosil
icon 
slag 

77.7 3.45 11.50 1.96 0.14 NA 0.35 0.26 0.11 3.85 0.39 

alumin
a waste 

2.62 64.5 0.46 0.47 0.13 NA 3.61 4.29 0.13 2.74 0.42 

Pham et 
al., [46] 

Fly ash 58.7 22.87 7.31 0.98 0.85 NA 3.6 0.33 1.35 3.53 NA 

Hamzah 
et al., 
[47] 

GGBFS 35.02 13.56 1.41 38.6 8.18 NA 0.80 0.31 0.23 1.89 NA 

Fly ash 57.2 28.8 3.7 5.2 1.6 NA 0.9 0.1 NA 0.22 0.1 

 

4. Effect of Curing on The Durability of Geopolymer Concrete 

GPC undergoes a dynamic evolution of characteristics and behaviors, a transformation 
intricately linked to the specifics of its curing conditions [48]. Rigorous investigations, 
involving variations in both curing temperatures and durations, have been instrumental in 
unraveling the nuanced development of GPC [49]. Diverse studies have probed the 
behavior of GPC under different curing regimens, exemplified by the work of Chouksey et 
al. [50], who explored the impact of curing conditions on mechanical and physical 
properties. Their investigation, employing both oven-curing and ambient curing, revealed 
higher compressive, flexural, and tensile strengths in oven-cured samples compared to 
ambient-cured ones. Notably, dry shrinkage and density exhibited an inverse trend, with 
higher values for ambient-cured samples. Similarly, Poloju and Srinivasu [51], 
demonstrated the advantages of incorporating fly ash and GGBS with an alkaline activator 
(sodium silicate and sodium hydroxide) in GPC, comparing the outcomes of oven curing at 
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60°C for 24 hours and ambient curing. Their findings underscored the superior strength 
recorded in oven-cured samples relative to ambient-cured counterparts. Table 2 shows the 
effect of curing conditions on the GPC. 

Table 2. Effect of different curing conditions on the durability and strength of HPC 

References Curing type Aluminosilicate Alkali activator Effect of curing 

Gholampour 
et al. [52] 

Ambient and 
oven-curing 

GGBS and fly 
ash 

NaOH and 
Na2SiO3 

GPC samples cured by 
oven show a somewhat 

higher strength than 
that of GPC cured by 
ambient condition. 

Singh and 
Sandhu [53] 

27 and 90 C 
Fly Ash and 

Alccofine 
NaOH and 

Na2SiO3 

GPC samples have 
improved properties at 
27 and 90 ○C owing to 

the creation of polymer 
and hydration products. 

Suresh et al. 
[54] 

Ambient 
curing 

GGBS and bio-
medical waste 

ash 

NaOH and 
Na2SiO3 

The addition of waste 
glass powder in GPC 
containing GGBS and 

biomedical waste ash at 
ambient curing led to an 

enhancement in the 
properties of GPC more 

than that of mixtures 
without waste glass 

powder to record a 28 
days-compressive 

strength of 48.6 MPa 

Dişçi and 
Polat [55] 

heat + water 
cured and 

heat + 
ambient 

90 C for 72. 

Perlite, Nano-
CaO, and Nano-

Al2O3 

NaOH and 
Na2SiO3 

The compressive 
strength and durability 
of GPC improved in the 
heat curing condition 

than the ambient curing 
condition. 

Poloju and 
Srinivasu [51] 

Ambient 
curing and 

Oven curing 
with 60C 

GGBS and fly 
ash 

NaOH and 
Na2SiO3 

The samples of GPC 
oven-cured recorded 
better performance 

compared to GPC 
samples that cured at 

ambient condition 

Arunkumar et 
al. [56] 

Ambient 
curing 

Fly ash and 
waste wood ash 

NaOH and 
Na2SiO3 

Addition of waste wood 
ash as fly ash 

replacement and waste 
rubber tires as a fiber at 

ambient curing 
enhanced the GPC 

properties. 

Wang et al. 
[48] 

20, 40, 60, 
80 and 100 

○C 

GGBS and fly 
ash 

NaOH and 
Na2SiO3 

The strength and 
durability of GPC 

increase as the curing 
temperature increases 
from 20 to 80 C. while, 

the performance of GPC 
starts to decrease as the 

curing temperature 
increases more than 80 

○C. 
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The curing process for GPC unfolds in distinct stages, each contributing to the material's 
final properties. Initial heat curing involves subjecting specimens to varying temperatures 
in an oven, a critical step in determining the optimal curing temperature for complete 
polymerization over 24 hours [59]. Subsequently, a second phase employs steam curing in 
an accelerated curing tank at diverse temperatures for 18 hours, a method proven to 
enhance compressive strength significantly [60]. Following these accelerated curing steps, 
standard water curing is applied, culminating in the final stage of fixing the model at room 
temperature [61]. An alternative curing method involves microwave household curing at 
2.45 GHz, where variations in wattage and duration impact the temperature profile in the 
center of the samples [62]. Furthermore, researchers have delved into the impact of both 
microwave and conventional curing methods on the compressive strength of geopolymer 
mortar. The investigation incorporated standard heat curing parameters at 65 ℃, coupled 
with a 5-minute curing duration using a 90-W microwave. In parallel, diverse studies 
scrutinized alternative curing conditions, encompassing lime-water curing (LWC), sealed 
ambient curing, and heat curing, spanning both GPC and ordinary Portland cement 
concrete (OPCC) [63]. 

The alkaline activator in GPC mainly involves of a combination of sodium silicate (Na2SiO3) 
and sodium hydroxide (NaOH) [64]. The chemical composition can be represented as: 
Sodium Hydroxide (NaOH) and Sodium Silicate (Na2SiO3), and to calculate the Molar 
Ratios, should be applied the following calculations: 

• Sodium Oxide (Na2O) molar mass = 62 g/mol 
• Silicon Dioxide (SiO2) molar mass = 60.09 g/mol 

As reported by Cheng et al. [65], the molar ratio of Na2O to SiO2 in sodium silicate (Na2SiO3) 
is ranging between 1.38 and 1.93, and this proportion might be changed according to the 
mix design and specification required. This means that for every mole of Na2O in the 
sodium silicate, there are 1.38 moles of SiO2. The molar ratios of Na2O to SiO2 in the alkaline 
activator can importantly affect the durability of GPC.  

5. Durability of GPC 

The durability of GPC consistently surpasses that of conventional Portland cement 
concrete, owing to its distinctive material composition and manufacturing method [66]. 
GPC exhibits exceptional resistance to acids and sulfates, attributed to the absence of gaps 
between binding materials, ensuring heightened durability [67]. This advantage extends 
to the preservation of the reinforcing steel's integrity within the concrete for extended 
periods, resulting in significantly less volume loss compared to normal concrete. Key     
durability properties of GPC encompass resistance to acid attacks, resistance to sulfate 
attacks, fire resistance, and permeability. 

Saif et al. [57] 

ambient 
curing and 
60 °C heat 

curing 

Fly ash, GGBS, 
and mtakaolin 

NaOH and 
Na2SiO3 

Heat curing enhance the 
durability properties of 

GPM containing MK 
more than ambient 

curing for all aggressive 
environments. 

Noushini and 
Castel [58] 

Ambient 
curing and 

thermal 
curing 60, 

75, and 90 C 

fly ash 
NaOH and 

Na2SiO3 

Thermal curing has a 
significant influence in 

improve durability 
properties of GPC made 
of low calcium fly ash. 
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5.1. Resistance to Acid Attack 

In a study comparing GPC (composed of fly ash and slag) with O.P.C. concrete in structural 
applications, slag demonstrated superior acid resistance when exposed to sulfuric acid 
[13]. A comprehensive durability examination involving exposure to seawater (5% NaCl), 
sulfate attack (5% sodium sulfate or 5% magnesium sulfate), and acid attack (5% sulfuric 
acid) confirmed the exceptional durability of GPC over normal concrete. Acid attack proved 
to be the most challenging for both geopolymer and standard concrete, with GPC 
consistently outperforming ordinary Portland cement specimens in all durability tests 
[68]. In a study by Valencia-Saavedra et al. [69],  the exposure of normal concrete samples 
to H2SO4 for 7, 28, 90, 180, and 360 days significantly affected the surface of the samples. 
Clear deterioration in the control concrete was observed after 28 days of exposure to 
H2SO4, intensifying over prolonged exposure periods. In contrast, the effect of the acid 
solution on GPC was notably lower compared to normal concrete, as illustrated in Figure 
2. While, table 3 shows the resistance of geopolymer against acid attacks. 

 

Fig. 2. Appearance of concrete samples exposed to H2SO4 for different periods [69] 

Table 3. Resistance of geopolymer against acid attacks 

References 
Type of 

acid 
Aluminosilicate 

Alkali 
activator 

Effect on the GPC 

Albegmprli 
et al., [41] 

H2SO4% in 
0, 5, and 

10% 

GGBS, fly ash, 
and cement 

NaOH and 
Na2SiO3 

Even though the GPC 
has better resistance 
to acid attacks than 

cement concrete. 
However, degradation 

in the properties of 
GPC has been shown 
also due to exposure 

to the H2SO4, 
especially at a 

concentration of 10%. 
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5.2. Resistance to Sulfate Attacks 

GPC is recognized for its potential durability advantages over traditional Portland cement 
concrete [72]. particularly in terms of superior resistance to various chemical attacks, 
including sulfate attacks [73]. Sulfate attack is a concrete deterioration process initiated 
by the reaction of sulfates in the environment with concrete components, leading to the 
formation of expansive and disruptive compounds [74]. Unlike conventional Portland 
cement concrete, GPC employs industrial by-products like fly ash or slag as binders, 
contributing to an inherently improved resistance to sulfate attack [75]. 

The geopolymerization process involved in GPC results in the formation of a robust three-
dimensional network structure, imparting greater resilience to chemical attacks when 
compared to the calcium silicate hydrate gel found in traditional concrete [76]. The 
resistance of GPC to sulfate attack is further influenced by factors such as specific mix 
design, curing conditions, and the type and concentration of sulfates in the environment 
[68, 75]. Numerous research studies have been conducted to evaluate the durability 
properties of GPC, with a specific focus on its resistance to sulfate attack. The insights 
gained from these studies contribute to an evolving understanding of the material's 
performance. Table 4 provides a summary of results obtained from previous studies 
related to the resistance of GPC to sulfate attacks. 

Sulfate ions exist in water and soil in various forms [81]. These ions can penetrate concrete 
samples through the pores on the concrete surface, subsequently reacting with cement 
hydration to produce gypsum and ettringite. This reaction can lead to spalling and cracks 
in the concrete surfaces [82]. Lingyu et al. [83] observed that the permeability of GPC 
samples increases with an elevated Si/Al ratio in GPC made of metakaolin. Additionally, 
Nasir et al. [84] reported that exposure of GPC samples to sodium sulfate (Na2SO4) results 

Valencia-
Saavedra et 

al., [69] 

Acetic acid 
(CH3-

COOH) and 
sulfuric 

acid 
(H2SO4) 

Fly ash, GGBS, 
and cement 

NaOH and 
Na2SiO3 

The GPC samples 
exposed to the acid 
solutions had lower 

mass loss of up to 6%, 
while in the case of 

normal concrete 
reached up to 19%. 

Yang et al. 
[70] 

H2SO4 
Metakaolin and 

fly ash 
NaOH and 

Na2SiO3 

Minor deterioration 
was noted for samples 

of GPC exposed to 
H2SO4 in terms of 

mass loss, 
neutralization depth, 

and visual 
appearance. 

Pham et al. 
[71] 

H2SO4 
Ultrafine slag, 

cement, and fly 
ash 

NaOH and 
Na2SiO3 

GPC with crumb 
rubber showed 

poorer resistance to 
acid 

attacks (H2SO4 and 
HCl). 
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in a reduction in the Ca/Si ratio. The nature of GPC samples makes them more durable and 
has higher resistance against sulfate attacks as compared to normal concrete [75]. 

Table 4. Resistance of geopolymer against sulfate attacks 

 

5.3. Permeability of Geopolymer 

Geopolymers, like other materials, demonstrate diverse permeability characteristics 
influenced by factors such as composition, curing conditions, and microstructure [85]. 
Inorganic geopolymers typically arise from the combination of aluminosilicate substances 
with an alkaline activator solution, known for their robust construction and chemical 
resistance [22]. Permeability, defined as the material's ability to allow the passage of gases, 
liquids, or ionic species, including water, is a critical attribute in assessing durability 
properties [86]. The presence of pores in concrete renders it vulnerable to the ingress of 
detrimental ions, leading to various adverse effects. Water, in particular, can induce ice 
formation in large paste pores, facilitate leaching of compounds from the paste, transport 
chlorides or acids into the paste, and result in the leaching of calcium hydroxide from the 
cement paste. Table 5 presents the factors affecting the permeability of GPC. 

Table 5. Resistance of geopolymer against permeability 

References Aluminosilicate Alkali activator Effect on the GPC 

Uğurlu et al. [77] GGBS 
Na2SiO3 and 

NaOH 

The resistance to sulfate 
attacks increases as the 

binder content amount in the 
GPC mix increases. 

Guo et al. [78] Metakaolin (MK) 
Na2SiO3 and 

NaOH 

The resistance against sulfate 
attacks improved due to the 

incorporation of hybrid fibers 
to reduce the stress, 

preventing the formation of 
pore cracks and prevent the 

development of micro-cracks. 

Guo et al. [79] 
Fly ash and steel 

slag 
Na2SiO3 and 

NaOH 

The addition of steel fiber into 
GPC mix enhanced the 

strength. 

Also, the steel fiber has a 
significant role in the 

resistance of GPC mortar 
against sulfate attacks. 

Kuri et al. [80] Slag and fly ash 
Na2SiO3 and 

NaOH 

The low content of calcium in 
slag assists in improving the 

resistance of the GPC samples 
against sulfate attacks. 

References Aliminosilicate Alkali activator Effect on the GPC 

Ross et al. [87] Fly ash 
Na2SiO3 and 

NaOH 

The geopolymer paste has 
lower permeability 

compared to the cement 
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5.4. Fire Resistance 

GPC, as a material, generally exhibits fire-resistant properties [91]. However, the 
dehydration and breakdown of crystalline hydrates, aggregate types, permeability, and 
other factors result in a residual strength of ordinary Portland cement (OPC) concrete 
typically not exceeding 20-30% after exposure to temperatures between 800℃ and 
1000℃ [92]. The temperature range of 25-910°C induces structural changes in the cement 
gels of concrete PENLY and TEMELIN under heat load [93]. Alterations in micro- and 
mesoporous areas are studied through physical nitrogen adsorption and mercury 
porosimeter. Up to around 500℃, corresponding to the disintegration of Ca(OH)2 into CaO, 
there is an observed increase in pore volume and surface area. 

Table 6. Resistance of geopolymer against sulfate attacks 

paste, its recorded only 0.26 
± 0.09 µD at 28 curing days. 

Nasvi et al. [88] Fly ash 
Na2SiO3 and 

NaOH 

The permeability of GPC 
decreases due to increase of 

confining 
Pressure and decrease the 

connectivity of pores. 

Arafa et al. [89] Fly ash 
Na2SiO3 and 

NaOH 

The coefficient of water 
permeability for the GPC 

made of biomass aggregate 
was not considerably 
different from that of 

normal concrete prepared 
from normal aggregates. 

However, the use of 
agricultural waste improves 

waste management and 
encourages the adoption of 

eco-friendly concrete. 

Zhang et al. [90] MK and fly ash 
Na2SiO3 and 

NaOH 

The permeability 
siginificant affected by the 

pore connectivity, pore size, 
and porosity of the GP foam 

concrete. 

References Aluminosilicate 
Alkali 

activator 
Effect on the GPC 

Wang et al. [95] MK and fly ash 
NaOH and 

Na2SO4 

The addition of kaliophilite 
significantly enhanced the 

resistance against fire of GPC 
samples. 

Nuaklong et al. 
[96] 

Fly ash 
NaOH and 

Na2SO4 

The addition of granite waste 
into the oven-dried and air-
dried aggregates of the GPC 

mixture has a minor effect on 
the fire resistance of GPC 

Abd Razak et al. 
[97] 

Fly ash 
NaOH and 

Na2SO4 

Increase the temperature 
from 500 C to 1200 C led to 
reduce the performance of 
GPC sample. However, the 
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Investigating geopolymers and geopolymer-aggregate composites derived from class F fly 
ash, samples heated to 800℃ showed strength improvements of about 53% for 
geopolymers [94]. However, geopolymer/aggregate composites, using the same 
geopolymer binder compositions, experienced a strength decrease of up to 65%. 
Dilatometry measurements revealed linear growth in aggregate size with increasing 
temperature, expanding by approximately 1.5% to 2.5% at 800 °C. Conversely, the 
geopolymer matrix shrank by about 1% between 200 and 300 ℃ and an additional 0.6% 
between 700℃ and 800℃ [94]. Table 6 shows the resistance of GPC against the fire 
resistance. As indicated in Table 6, several factors influence the fire resistance of GPC. 
Nuaklong et al. [98], conducted a study on the impact of high calcium fly ash (HCFA), nano 
silica (nS), and rice husk ash (RHA) as binder materials in the production of GPC containing 
recycled aggregate concrete (RAC). They observed that the use of recycled aggregate (RCA) 
in GPC led to an enhancement in the loss of strength and durability during the initial 30 
minutes of exposure to fire. However, GPC samples made of both RCA and natural 
aggregate no longer maintained their dimensional stability, as depicted in Figure 3. 

 

Fig. 3. Shape of fire-damaged samples exposed to fire for 90 minutes [98] 

5.5 Chloride Ion Penetration  

Chloride ion penetration is one of the important tests that determine the durability of GPC, 
and existence in marine and coastal areas. Chloride ions can penetrate the concrete matrix 
and reach the embedded steel reinforcement, leading to corrosion and ultimately 
compromising the structural integrity of the GPC. Factors influencing chloride ion 
penetration include the permeability and porosity of the concrete, the existence of cracks 
or other defects, the curing regime, and the type and content of SCMs. Saif et al. [57] 
examined the effect of curing conditions and MK content on the resistance against chloride 
penetration. They exposed the GPC samples to chemical solutions of (10% NaCl, H2SO4 
(pH=3, and 10% MgSO4) for 10 weeks then tested the compressive strength and change in 

GPC samples still better 
strength and durable than 

cement concrete. 

Nuaklong et al. 
[98] 

Fly ash, rice husk 
ash, and nano-

silica 

NaOH and 
Na2SO4 
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weight. They observed that the use of MK in GPM displays better performance than that of 
normal concrete when exposed to harsh environments. Another study by Okoye et al. [99] 
examined the effect of silica fume on the durability of GPC by immersing the samples in 5% 
sodium chloride (NaCl) and 2% sulfuric acid (H2SO4) solutions. They measured the weight 
loss and compressive strength loss after exposure the samples for different periods. One 
of the samples was fixed as control mix made from OPC concrete for comparison, called 
M40. They observed that there was a minor losing in weight for the GPC samples due to 
exposure these samples to NaCl solution in different periods. However, the GPC samples 
have lower weight losses than that of M40 as shown in Figure 4, means that GPC samples 
have higher resistant against chloride attack. 

 

Fig. 4. Weight loss vs exposure periods for GPC and M40 samples in 5% NaCl [99] 

Chindaprasirt and Chalee [100] investigated the influence of the concentration of sodium 
hydroxide on steel corrosion and chloride penetration of GPC containing fly ash at marine 
environment. They used different concentrations of sodium hydroxide from 8 to 18 
molarity. The samples of GPC were tested for corrosion, chloride penetration, and 
compressive strength after three years exposure. They found that the increase 
concentration of sodium hydroxide led to reduce the corrosion and chloride penetration 
values. Therefore, it has a positive effect on the durability of GPC. Halim and Ekaputri [101] 
examined the effect of salt water on the performance of GPC made of sodium silicate and 8 
molar sodium hydroxides as the alkali solution and fly ash as binder material. They 
immersed some samples in 3.5% concentration of salt water, while other samples were 
cured in normal water, as a control samples. They observed that the chloride penetration 
in GPC is higher than normal cement concretes, and GPC samples have higher compressive 
strength than that of normal cement concretes.  

5.6 Dry Shrinkage 

Dry shrinkage is one of the factors effecting the durability of GPC. It refers to the reduction 
in volume that occurs when moisture is lost from the concrete without the presence of any 
external factors such as loading or temperature changes. Dry shrinkage in GPC is primarily 
attributed to the evaporation of water from the pore structure, leading to a decrease in 
interparticle forces and subsequent shrinkage. Factors affecting dry shrinkage include the 
curing conditions, composition of the geopolymer binder, admixtures, and aggregate 
properties. Numerous researchers investigated the factors effecting dry shrinkage of GPC. 
For instance, Ahmed et al. [102] examined the effect of clay brick waste on the dry 
shrinkage of GPC made of metakaolin as a binder material. They used two groups of clay 
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brick waste, it was clay brick powder as partial metakaolin replacement in proportions of 
10, 15 and 20% by weight, the other group involved of waste clay brick as a partial 
aggregate replacement in proportions of 10, 20 and 30% by volume. They observed that 
the drying shrinkage of GPC samples increased at early age, and then decreased after 28 
days due to use of clay brick waste as powder in GPC, as shown in Figure 5. 

 

Fig. 5 Effect of clay brick waste powder (BP) on the drying shrinkage of GPC [102] 

As mentioned before, drying shrinkage of GPC can be affected by different factors related 
to curing duration, materials sources and characteristics, mix design, and others. Ridtirud 
et al. [103] conducted a study on the factors affecting the drying shrinkage of GPC made of 
fly ash. They investigate effect of NaOH concentration, curing temperature, liquid-to-ash 
ratio, and NaOH concentration on the drying shrinkage of GPC. The results obtained from 
their study indicated to that the drying shrinkage of GPC is mostly influenced by liquid-to-
ash ratio and curing temperature. The increase in liquid-to-ash ratio from 0.4 to 0.7 led to 
significant increase the drying shrinkage of GPC. Neupane et al. [104] investigated the 
influence of two types of powders on the drying shrinkage of GPC, namely fly ash and 
cement at ambient curing condition. They observed that the drying shrinkage of cement 
concrete was similar to that of GPC. This value also depends on numerous factors such as 
additives types, workability, water content, and binder types.  

5.7 Carbonation  

Carbonation is an important durability concern for GPC structures, as it can lead to a 
reduction in alkalinity and subsequent corrosion of embedded steel reinforcement. 
Carbonation occurs when carbon dioxide from the atmosphere reacts with calcium 
hydroxide in the concrete to form calcium carbonate. This process reduces the pH of the 
concrete, which can accelerate the corrosion of steel reinforcement. Factors affecting 
carbonation include the content and type of alkaline activator, exposure to carbon dioxide, 
curing conditions, and the existence of SCMs. Grengg et al. [105] observed that the 
corrosion rates of GPC was ranging between (1.4 mm/a) and (13.3 mm/a), and reported 
that the well-designed GPC mixtures significantly contribute in enhancing resistance 
against carbonation. As reported by Law et al. [106], the carbonation is hypothesized as 
the reaction of the CO2 with sodium hydroxide (NaOH) making sodium carbonate NaCO3 + 
H. The lower content of 7.5% in geopolymer mortar having a somewhat lesser pH than 
those having content 15%. Zhuguo and Sha [107] investigated the effect of two waste 
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materials, namely GGBS and fly ash on the carbonation resistance of geopolymer mortars 
and GPC at various elapsed times. They found that the resistance against carbonation of 
GGBS and fly ash-based GPC treated at ambient curing is lower than those of normal 
cement concretes. Finally, they concluded that the increase of NaOH, GGBS ratios, and GGBS 
fineness, leads to increase of carbonation resistance of GPC and GP mortars.  For long 
curing age, Pasupathy et al. [108] examined the carbonation resistance of GPC exposed to 
normal conditions for eight years. They detected that the carbonation degree of GPC is 
extremely affected by the activator materials of GPC. The first group of GPC samples 
including Na2SiO3 activator, 25% GGBFS and 75% fly ash presented a weak resistance 
against carbonation compared to normal cement concretes. But, the second group of GPC 
samples involved 30% GGBS and 70% fly ash and without additional Na2SiO3 activator, was 
alike to cement concrete samples.  

6. Conclusion 

In conclusion, this paper underscores the remarkable potential of geopolymers as a 
cutting-edge and environmentally friendly class of materials, demonstrating numerous 
advantages over traditional Portland cement. The findings from this study shed light on 
the effect of various factors on the durability properties of GPC, emphasizing the following 
key points: 

•  Geopolymers significantly reduce the carbon footprint associated with construction 
materials by utilizing industrial by-products and scraps, thereby contributing to 
sustainable and eco-friendly practices in the construction industry. 

• Geopolymers exhibit exceptional mechanical properties, including impressive 
compressive strength and durability. These attributes position geopolymers as 
promising alternatives to traditional building materials, enhancing overall structural 
integrity. 

• The inherent resistance of geopolymers to a diverse range of chemical agents makes 
them invaluable in applications within the chemical industry and for waste 
encapsulation, broadening their utility across various sectors. 

• Properly formulated and cured geopolymers can exhibit low permeability, proving 
advantageous in situations where resistance to water and gas penetration is crucial 
for the longevity of structures. 

• Geopolymers showcase better resistance against acid and sulfate attacks as 
compared to normal concrete. 

• Geopolymers showcase inherent fire-resistant characteristics, making them highly 
desirable for applications in fire-prone environments and the development of 
fireproof building materials. 

• The GPC samples have better resistance against chloride and carbonation than that 
of normal cement concrete. Besides, numerous factors affect the carbonation and 
chloride penetration such as the permeability and porosity of the concrete, the 
existence of cracks, the curing regime, the SCM type, etc. 

In light of their demonstrated durability, strength, and resilience to extreme climatic 
conditions, geopolymers emerge as a viable and sustainable alternative to conventional 
construction and building materials. As technology and knowledge progress, the increased 
integration of geopolymers holds the promise of fostering sustainable practices in building, 
infrastructure, and various industrial applications. The comprehensive exploration of 
durability properties, including resistance to acid and sulfate attacks, permeability, and 
fire resistance, contributes valuable insights for researchers, engineers, and practitioners 
engaged in the pursuit of resilient and environmentally friendly construction solutions. 
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 Suspension systems in vehicles are crucial to both ride quality and driving 
security. The challenge of creating an effective control mechanism for 
automotive active suspension systems is addressed in this work. In the event of 
unforeseen road disturbances, the active suspension systems are intended to 
deliver a more pleasant ride and good handling. Fuzzy-Linear Quadratic 
Gaussian (FLQG) and Fuzzy-Linear Quadratic Regulator (FLQR) controllers 
adapting to road disturbances are proposed to enhance vehicle comfort through 
the reduction of the driver's overall body acceleration. The simulation findings 
demonstrate that the FLQR and FLQG controllers are efficient in adjusting the 
automotive suspension configuration under varying road profiles compared to 
those of the conventional LQR and LQG controllers. 
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1. Introduction 

The suspension systems of vehicles maintain the wheels in a near position with the chassis 
while travelling. The currently available vehicle suspension technology can be categorized 
as active, semi-active and passive suspension systems. Energy absorption in passive 
suspensions reduces road impacts without active control, while semi-active suspensions 
offer dynamic adjustments to stiffness or damping, optimizing flexibility across different 
road surfaces [1]. An actuator in the active suspension system introduces additional forces 
between the tires and the vehicle, implementing an active control strategy. This system 
creates adjustable suspension control forces to guarantee that the vehicle's handling is 
smooth and stable [2]. Active suspension systems in vehicles aim to ensure ride comfort, 
road holding, and passenger safety for different road irregularities. To utilize the potential 
of active suspension systems, the control algorithms should deal with changing road 
profiles. The control objectives of active suspension systems are passenger comfort, 
minimum vehicle body acceleration, and road handling. In the literature, various control 
algorithms have been designed for active suspension systems. Adaptive control [3] enables 
the suspension system to adapt its parameters in real-time based on feedback signals, thus 
ensuring adaptability to changing road conditions and vehicle dynamics. However, 
adaptive control suffers from computational complexity and tuning challenges. Sliding 
mode control [4,5], employs discontinuous control laws to provide robust performance in 
the presence of uncertainties and disturbances. Nevertheless, it can exhibit chattering 
phenomena and require careful design to mitigate undesirable effects. Despite efforts to 
address chattering, the phenomenon may still affect the stability of the system. Therefore, 
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combining sliding mode control with PI/PID and fuzzy control can be addressed to obtain 
a control algorithm that can manage chattering while ensuring stable and robust 
performance [6, 7]. Model predictive control [8], utilizes predictive models of vehicle 
dynamics to generate optimal control actions over a finite time horizon, offering precise 
control while considering future system states and constraints. However, model predictive 
control may entail high computational demands and require accurate models for effective 
implementation. Fuzzy control [9] utilizes linguistic variables and fuzzy rules to achieve 
adaptive and intuitive control of suspension systems. Fuzzy control may lack robustness 
in handling uncertainties and external disturbances. Therefore, H∞ control theory 
combines fuzzy logic to achieve robust performance and disturbance rejection [10]. Yet, it 
may introduce complexity in controller design and tuning due to the integration of multiple 
control strategies. PID controller based on the genetic algorithm [8] offers a 
straightforward yet effective approach to suspension control. Nonetheless, PID controllers 
exhibit limited adaptability to varying operating conditions. Adaptive fuzzy PID control [9] 
integrates fuzzy logic with PID control to enhance adaptability and robustness. However, 
it suffers from complexity in design and tuning due to the combination of multiple control 
techniques. A state feedback optimal control law namely Linear Quadratic Regulator (LQR) 
is designed to obtain optimal performance without deteriorating conflict design 
requirements [11,12]. LQR offers guaranteed stability, robustness, and a structured design 
method for multiple-input multiple-output systems. The LQR approach computes an 
optimal state-feedback gain by minimizing a quadratic performance index, which consists 
of the state and input variables penalized by the weighting matrices. Linear Quadratic 
Gaussian (LQG) control [13] combines optimal control theory with state estimation 
techniques to design controllers that minimize a quadratic cost function while accounting 
for uncertainties and noise. 

Fuzzy logic can capture the complex and nonlinear relationships inherent in suspension 
dynamics. By encoding expert knowledge and linguistic variables into fuzzy rule sets, fuzzy 
logic enables the controller to make intuitive and adaptive decisions in response to varying 
road conditions. On the other hand, LQR and LQG controllers provide robust mathematical 
frameworks for optimal control design. These controllers leverage system models and 
performance criteria to synthesize control laws that minimize the system's performance 
such as ride comfort and handling stability. In this study, Fuzzy-LQR (FLQR) and Fuzzy–
LQG (FLQG) controllers are proposed for enhancing the performance of the active 
suspension system. FLQR and FLQG approaches integrate the adaptive and intuitive 
decision-making capabilities of fuzzy logic with the rigorous optimization principles of 
LQR and LQG control. This combination enables the controller to effectively adapt to 
changing operating conditions while optimizing the system's performance. The developed 
fuzzy controllers are evaluated by comparing their performances with those of the 
standard LQR and LQG controllers in terms of vehicle body acceleration, suspension 
deflection, and tire deflection. Simulation results have shown that the designed fuzzy 
controllers can achieve better closed-loop responses.  

The structure of the remaining article is as follows: Section 2 introduces the model of an 
active suspension system, followed by the development of FLQR and FLQG controllers in 
Section 3. Section 4 gives simulation results and provides a discussion of the outcomes, and 
Section 5 gives the conclusions of the paper. 

2. Material and Method 

2.1. Quarter Active Suspension System 

This section outlines the dynamic equations that govern the behavior of a quarter-active 
suspension system. The quarter active suspension system is depicted in Fig. 1. The system 
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has two inputs (control input 𝐹 and the road surface position, 𝑧𝑟). The vehicle body 
displacement and the tire displacement are denoted by 𝑧𝑠 and 𝑧𝑢𝑠 from the ground 
respectively.  

The quarter active suspension system equations of motion are derived in [14] using the 
Newton law as follows: 

𝑚𝑢𝑠�̈�𝑢𝑠 = −𝑏𝑢𝑠�̇�𝑢𝑠 − 𝑏𝑠�̇�𝑢𝑠 − 𝐹 + 𝑏𝑠�̇�𝑠 + 𝑏𝑢𝑠�̇�𝑟 − (𝑧𝑢𝑠 − 𝑧𝑠)𝑘𝑠

− (𝑧𝑢𝑠 − 𝑧𝑟)𝑘𝑢𝑠 
(1) 

𝑚𝑠�̈�𝑠 = 𝑏𝑠�̇�𝑢𝑠 + 𝐹 − 𝑏𝑠�̇�𝑠 − (𝑧𝑠 − 𝑧𝑢𝑠)𝑘𝑠 (2) 

Eqs. (1)-(2) can be given in the state–space realization as: 

�̇�(𝑡) = 𝒜𝑥(𝑡) + ℬ𝑢(𝑡) 
𝑦(𝑡) = 𝒞𝑥(𝑡) + 𝒟𝑢(𝑡) 

(3) 

where the state variable vector is 𝑥 = [𝑥1 𝑥2 𝑥3 𝑥4] = [(𝑧𝑠 − 𝑧𝑢𝑠) �̇�𝑠 (𝑧𝑢𝑠 − 𝑧𝑟)  �̇�𝑢𝑠]
𝑇 

and the input vector is 𝑢 = [�̇�𝑟   𝐹 ]𝑇 and the output vector is 𝑦 = [ (𝑧𝑠 − 𝑧𝑢𝑠)  �̈�𝑠 ]
𝑇. 

(𝑧𝑠 − 𝑧𝑢𝑠)  and (𝑧𝑢𝑠 − 𝑧𝑟)  are the suspension and tire deflections, �̇�𝑠 and �̇�𝑢𝑠  are the body 
and the tire vertical velocities respectively. The following matrices are obtained: 

𝒜 =

[
 
 
 
 

0 1
−𝑘𝑠

𝑚𝑠

−𝑏𝑠

𝑚𝑠

0 −1

0
𝑏𝑠

𝑚𝑠

0 0
𝑘𝑠

𝑚𝑢𝑠

𝑏𝑠

𝑚𝑢𝑠

0 1
−𝑘𝑢𝑠

𝑚𝑢𝑠
−

(𝑏𝑠+𝑏𝑢𝑠)

𝑚𝑢𝑠 ]
 
 
 
 

, ℬ =

[
 
 
 
 0

0

0
1

𝑚𝑠

−1
𝑏𝑢𝑠

𝑚𝑢𝑠

0

−
1

𝑚𝑢𝑠]
 
 
 
 

, 
   (1) 

𝒞 = [
1 0 0 0

−𝑘𝑠

𝑚𝑠

−𝑏𝑠

𝑚𝑠
0

𝑏𝑠

𝑚𝑠

], 𝒟 = [
0 0

0
1

𝑚𝑠

]. 

Table 1 provides the specifications of the quarter active suspension system. 

Table 1. Model parameters [14] 

 

Fig. 1. Diagram of the quarter active vehicle suspension system 

Symbol Value Definition 

ms    2.45 kg Sprung Mass 

mus 1 kg Unsprung Mass 
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2.1.1 Performance Requirements 

The active suspension system's performance criteria are given in [15] as: 
1) Ride comfort: The vehicle body acceleration �̈�𝑠 must be reduced by the active 

suspension system. 

2) Suspension deflection: The active suspension system has to maintain the 
suspension deflection within the allowable interval to avoid vehicle damage. 
|(𝑧𝑠 − 𝑧𝑢𝑠)| ≤ 𝑧̅, 𝑧̅ is the greatest acceptable suspension deflection (𝑧̅ = 0.038 ). 

3) Road handling: The wheel assembly has to stay in firm contact with the road to 
ensure passenger safety. Therefore, the tire’s dynamic load has to be smaller than 
its static load (|𝑘𝑠(𝑧𝑢𝑠 − 𝑧𝑟)| ≤ (𝑚𝑠 + 𝑚𝑢𝑠)𝑔). 

3. Fuzzy-LQR and Fuzzy-LQG Controller Development 

3.1. LQR Control 

Consider the following linear time-invariant system: 
�̇�(𝑡) = 𝒜𝑥(𝑡) + ℬ𝑢(𝑡), 𝑥(0) = 𝑥0 
𝑦(𝑡) = 𝒞𝑥(𝑡) + 𝒟𝑢(𝑡) 

(5) 

in which 𝑥(0) is the initial condition. The purpose is to find the optimal control law, 𝑢(𝑡) 
which can drive the state variables of the dynamics to demand ones by optimizing the 
following equation: 

𝐽 = ∫ 𝑥𝑇(𝑡)𝑄𝑥(𝑡) + 𝑢𝑇(𝑡)ℛ 𝑢(𝑡)𝑑𝑡,

 ∞ 

0

 
(6) 

Here 𝑄 is the positive semi-definite and ℛ is the positive-definite weighting matrices. 
Diagonal weighting matrices are generally selected. The order of 𝑄 and ℛ matrices are 
equal to the number of states and inputs. Bryson’s rule is used to obtain acceptable 𝑄 and 
ℛ matrices in the literature. Initially 𝑄 = 𝐼 and ℛ = 𝛾𝐼 can be used. Assume that (𝒜, ℬ) is 
stabilisable and (𝒜, 𝒞) is observable, then the LQR controller computes as follows: 

𝑢(𝑡) = −𝐾𝑥(𝑡) 
(7) 

in which 𝐾 is the optimal state-feedback gain computed by 𝐾 = ℛ−1ℬ𝑇𝒫 that is called the 
Lagrange multiplier based on optimization. The positive definite-matrix, 𝒫 is obtained 
from the solution of the following Algebraic Riccati Equation [16]: 

𝒜𝑇𝒫 + 𝒫𝒜 + 𝑄 − 𝒫ℬℛ−1ℬ𝑇𝒫 = 0 
(8) 

3.2. Fuzzy-LQR Control 

Fuzzy-LQR controller consists of an LQR control and a fuzzy control. The FLQR control 
structure is given in Fig. 2. A linear fusion function is used including error (E) and error 
change (EC) which reduces the number of rules for the fuzzy logic control [17]. The linear 
fusion function,  𝐹1(𝑋) is given as follows. 

ks    900 N/m Suspension Stiffness 

kus  1250 N/m Tire Stiffness 

bs    7.5 Ns/m Suspension Inherent Damping coefficient 

bus  5 Ns/m Tire Inherent Damping coefficient 
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𝐹1(𝑋) = |
𝐾𝑥1

0 𝐾𝑥3
0

0 𝐾𝑥2
0 𝐾𝑥4

| (2) 

and E and EC are computed as: 

|
𝐸
𝐸𝐶

| = 𝐹1(𝑋) |

𝑥1

𝑥2
𝑥3

𝑥4

| (3) 

𝐸 = 𝐾𝑥1
 𝑥1 + 𝐾𝑥3

𝑥3

𝐸𝐶 = 𝐾𝑥2
𝑥2𝐾𝑥4

 𝑥4   
 (4) 

Here, the purpose of developing the Mamdani-type fuzzy model is to set the closed-loop 
state-feedback gains. The transformation of the input variables (E and EC) and the output 
variable (Fc) into linguistic variables is performed as: (ZE-zero error, PS-positive small, 
PM-positive medium, PB-positive big, NB-negative big, NM-negative medium, NM-negative 
small) [18]. The fuzzy rules of the controller are given in Table 2. As can be seen from the 
table, there exist 49 rules which are implemented to control the active suspension system.  

Table 2. Fuzzy Logic Rules 

E EC 

 NB NM NS ZE PS PM PB 

NB NB NB NB NM NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NS NM NM NS ZE PS PM 

ZE NM NM NS ZE PS PM PB 

PS NM NS ZE PS PM PM PB 

PM NS ZE PS PM PM PB PB 

PB ZE PS PM PM PB PB PB 

 

The input variables, E and EC vary in intervals [-10 10 cm]. The output variable changes in 
the interval [-38.5 38.5 N]. The input and output variables are inferred graphically using 
triangular membership functions. Figs. 3, 4 and 5 illustrate the membership of the input 
and output variables. The relationship between the FLC's inputs and outputs is depicted in 
Fig. 6 

 

Fig. 2. FLQR control structure 
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Fig. 3. The membership functions of the input variable, E 

 

Fig. 4. The membership functions of the input variable, EC 

 

Fig. 5. The membership functions of the input variable, Fc 
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Fig. 6. Fuzzy logic surface 

3.3. Fuzzy-LQG Control 

In the LQR control design, all states are assumed to be available. This assumption is not 
valid in practice. Kalman filter (Fig. 7) estimates the system states from the information of 
input and output in Fig. 8.  The state space model of the active suspension system with the 
zero mean Gaussian white noise is given as follows: 

�̇�(𝑡) = 𝒜𝑥(𝑡) + ℬ𝑢(𝑡) + 𝑛𝑑 

𝑦(𝑡) = 𝒞𝑥(𝑡) + 𝑛𝑦
 (5) 

where the pair (𝒜,𝒞) is detectable, and the pair of (𝑛d, 𝑛y) represents white noise satisfies 

that  

 𝐸[𝑛𝑑  𝑛𝑑
𝑇] = �̃�, 𝐸[𝑛𝑦 𝑛𝑦

𝑇] = �̃�   and   𝐸[𝑛𝑑  𝑛𝑦
𝑇] = 0 (6) 

 with �̃�  ≥ 0 and �̃�  > 0. Let 𝑃 ̃ satisfy the following Riccati equation. 

𝒜𝑇𝑃 ̃ + 𝑃 ̃𝒜 + �̃� − 𝑃 ̃𝒞𝑇�̃�−1𝒞 𝑃 ̃ = 0 (7) 

Kalman filter is given as following dynamic equations: 

�̇̂�(𝑡) = 𝒜�̂�(𝑡) + ℬ𝑢(𝑡) + 𝐾𝐹(𝑦 − �̂�) 

𝑦(𝑡) = 𝒞�̂�(𝑡)
 (8) 

Where; 

𝐾𝐹 = �̃�𝒞𝑇�̃�−1 (9) 

Kalman filter minimizes the prediction of the error covariance when presumed conditions 
are met [19].  

FLQG controller is obtained by combining the LQG controller and fuzzy logic controller as 
shown in Fig. 9. Kalman filter estimates the state variables using the input and measured 
output variables of the active suspension system. The estimated variables can be used for 
the FLQR which completes the design of the FLQG given in Fig. 9. The simulation results 
will be given in the next section. 
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4. Simulation Results and Discussion 

This section presents simulation results to show the effectiveness of the active suspension 
system with the FLQR and the FLQG controllers against random road disturbances. Two 
cases of road disturbances are taken into consideration as follows: Case 1 is a square signal 
with an amplitude of 0.01 m and frequency of 0.3 Hz. Case 2 is a chirp signal, which begins 
at a frequency of 1Hz and an amplitude of 0.0015 m, which reaches a frequency of 8 Hz at 

 

Fig. 7. The structure of the Kalman filter 

 

Fig. 8. LQG control structure of the active vehicle suspension system 

 

Fig. 9. FLQG control structure of the active vehicle suspension system 
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25s. The FLQR and the FLQG controllers are compared with the conventional LQR and LQG 
controllers under the mentioned road disturbances.  

Fig. 10(a) compares the vehicle body acceleration closed-loop responses for the square 
road profile. It can be seen that the FLQR controller (green line) provides lower body 
acceleration than the conventional LQR does. To void structural damage, the absolute value 
of the suspension deflection should be less than 0.038 m (|(𝑧𝑠 − 𝑧𝑢𝑠)| ≤ 0.038 m). Figs. 
10(b) and 10(c) display the vehicle suspension and tire deflections respectively.  Fig. 10(a) 
also compares the vehicle body acceleration closed-loop responses with the LQG and FLQG 
controllers. It can be seen that the FLQG controller (red dashed line) obtains a body 
acceleration, 0.055 m/𝑠2 which is lower than the result of the conventional LQG controller. 
The vehicle suspension and tire deflection results of the LQG and FLQG controller are seen 
in Figs. 10(b) and 10(c) respectively. The results of suspension deflections with controllers 
provide that |(𝑧𝑠 − 𝑧𝑢𝑠)| ≤ 0.015 m which is within the acceptable range. For road 
handling requirements, the tire’s dynamic load has to be smaller than its static load 
((𝑚𝑠 + 𝑚𝑢𝑠)𝑔 = 33.84 𝑁). All controllers satisfy this performance requirement. More 
precisely, the active suspension system with the classical LQR and LQG controllers has 
tire’s dynamic load, |𝑘𝑠(𝑧𝑢𝑠 − 𝑧𝑟)| = 8.6 N and 7.7 N respectively. The maximum tire’s 
dynamic loads of the active suspension system with the FLQR and  FLQG controllers are 
8.57 N and 7.6 N respectively. As a result, the FLQR and FLQG controllers have a dynamic 
load within the permissible range. 

 

(a) 

 

(b) 



Kemer and Başak / Research on Engineering Structures & Materials 11(1) (2025) 45-57 

 

54 

  

(c) 

Fig. 10. Comparison of closed-loop responses (Case 1) 

Next, test results of controllers in the presence of chirp road disturbance are given as 
follows. Closed-loop responses are given in Fig.11. Vehicle body vertical acceleration plots 
are given in Fig.10(a) to evaluate the passenger ride comfort. The FLQR provides an 
improvement of 70% over the conventional LQR controller and the FLQG controller has an 
improvement of 75.5% over the conventional LQG controller. Fig. 11(b) indicates the 
suspension deflection. The LQR controller increases the suspension deflection to improve 
ride comfort. The FLQR and FLQR controllers having the maximum value of the suspension 
deflection are 0.002 m and 0.0019 m respectively, which are less than the permissible 
travel range of 0.038 m. Lastly, the tire deflection is depicted in Fig. 11(c). The dynamic 
loads with LQR, FLQR, LQG and FLQG controllers are 1.04 N, 0.37 N, 0.96 N and 0.33 N 
respectively, which are lower than the tire’s static load. Furthermore, the FLQG controller 
achieves the best tire deflection amongst all designed controllers. The FLQR and FLQG 
controllers reduce the suspension in the presence of chirp road disturbance. Root-mean-
square (RMS), minimum (Min), maximum (Max) and peak-to-peak values are reported in 
Table 3 under the square road condition. Closed-loop responses with the FLQR and FLQG 
controllers achieve the lowest RMS indices.  

Table 3. Statistical analysis of the body acceleration with different controllers (Case 1) 

Controller LQR Fuzzy-LQR LQG Fuzzy-LQG 

Max 2.029 1.141 2.029 1.291 

Min -2.029 -1.138 -2.029 -1.286 

Peak to Peak 4.058 2.279 4.058 2.576 

RMS 0.4648 0.2839 0.4658 0.2844 

Furthermore, statistical analysis of the body acceleration with the FLQR and the FLQG 
controllers under the chirp road disturbance is given in Table 4. According to Table 4, the 
FLQR and the FLQG controllers improve the performance of the active suspension 
system. Simulation and statistical results show that the fuzzification of the LQR and LQG 
controllers improves ride comfort and reduces suspension and tire deflections under 
different road disturbances. 
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Table 4. Statistical analysis of the body acceleration with different controllers (Case 2) 

Controller LQR Fuzzy-LQR LQG Fuzzy-LQG 

Max 0.4729 0.2055 0.475 0.1905 

Min -0.4646 -0.1984 -0.4667 -0.1892 

Peak to Peak 0.9374 0.404 0.9416 0.3797 

RMS 0.2027 0.05218 0.2037 0.05263 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Comparison of closed-loop responses (Case 2) 
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5. Conclusions 

The active suspension system of a vehicle plays a crucial role in evaluating dynamic 
performance metrics such as ride comfort, road handling, and suspension deflection. 
Enhancing ride comfort and handling stability in active suspension systems relies heavily 
on the effectiveness of the active suspension controller. Thus, this study focuses on the 
development of Fuzzy-LQR and Fuzzy-LQG control approaches for active suspension 
systems, specifically targeting the active quarter suspension system without considering 
road input signals. 

Using the active quarter suspension system as the study subject, Fuzzy-LQR and Fuzzy-
LQG controllers were designed independently of road input signals. Simulation studies 
were conducted using the MATLAB/Simulink environment to evaluate the performance of 
these controllers. Comparative analysis was performed against both passive suspension 
and active suspension systems employing standard LQR/LQG control approaches. 

Simulation results demonstrate the efficacy of Fuzzy-LQR and Fuzzy-LQG controllers in 
improving ride quality compared to standard LQR and LQG controllers. The fuzzy 
controllers effectively reduce vehicle body acceleration while maintaining permissible 
suspension deflection in the presence of road disturbances. Specifically, the Fuzzy-LQR and 
Fuzzy-LQG controllers reduce the root mean square (RMS) values of vertical body 
acceleration in the presence of square road disturbances by 38.7% and 38.9%, 
respectively. Moreover, in the presence of chirp road disturbances, the Fuzzy-LQR and 
Fuzzy-LQG controllers achieve even greater reductions, lowering RMS values of vertical 
body acceleration by 73.9% and 74.25%, respectively. 

Future research directions will focus on experimental validation of the proposed 
controllers, addressing several key points. Firstly, the application of the suggested control 
mechanisms will be extended to nonlinear active suspension systems to provide a more 
accurate representation of genuine suspension dynamics. Secondly, efforts will be directed 
towards developing fuzzy controllers for dynamic models encompassing entire car active 
suspensions, with the ultimate goal of implementing these controllers in real-world 
suspension systems. This emphasis on experimental validation will contribute to bridging 
the gap between theoretical advancements and practical implementation, enhancing the 
overall effectiveness and applicability of active suspension control strategies. 
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This paper introduces a probabilistic approach for predicting the lifetime of 
extrusion dies using a structural reliability method known as stress-strength 
interference. In our investigation, we have integrated the assessment of the die's 
cycle life by following behavioral and rheological law. The approach relies on 
estimating the reliability index through a combination of a behavioral model and 
a reliability analysis of the hot extrusion process. Subsequently, the reliability 
analysis is conducted using a mechanical model to depict the most likely failure 
conditions. In this regard, the rheological law of Hansel & Spittel emerges as the 
most suitable choice, as it incorporates the mechanical properties of the 
materials employed in the fabrication of hot tools. The proposed mechano-
reliability approach enables us to estimate reliability and its sensitivity by 
adjusting the parameters controlling the input process in die formation. 
Numerous scenarios involving extrusion dies were considered. The results 
demonstrate that temperature's impact on the die during the extrusion process 
is manifested through fatigue and damage parameters, as well as the first 
equivalent strain, which affect the evolution of the reliability index β and 
subsequently enhance the number of billets extruded.  

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction

In a world characterized by rapid changes and significant technical advancements, the 
global aluminum extrusion market has seen considerable growth. In the realm of extruded 
aluminum manufacturing, particularly related to our research paper, extrusion tools and 
molds have garnered significant attention due to their role in enhancing efficiency and 
reducing costs, encompassing material expenses, research expenditures, and 
manufacturing costs with thermal processing. Our research is dedicated to enhancing the 
quality of metals and controlling their properties to extend die life. 

Die life is primarily determined by the number of billets extruded in relation to profile size 
requirements, making it a critical concern. Controlling die failure mechanisms, such as 
thermal fatigue and surface wear, is essential for achieving economically viable tool 
longevity. Additional load effects may also be caused by fatigue damage [1]. 70% of die-
casting die failures are caused by thermal fatigue, one of the several failure modes. [2], 
stands out. 

The user may choose material parameters, especially crack growth statistics, from a menu, 
which is a handy feature of the program. The kinetics of crack formation can be 
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represented by a variety of models. [1]. Compared to other steels in its class, AISI H13 is a 
hot work tool steel containing 5% chromium and a higher-than-average amount of 
vanadium by virtue of its high hardenability, material chemical composition presented in 
Table 1 [3.4]. It exhibits a combination of desirable properties including toughness, 
strength, ductility, and thermal conductivity [5,6]. Consequently, H13 tool steel finds 
extensive applications in casting, extrusion, and forging processes. Its resistance to 
thermal fatigue cracking, a result of repeated heating and cooling cycles in hot working 
setups, is attributed to its hot hardness, which is synonymous with hot strength [7]. 

Table 1. H13 chemical composition 

Element C Si Mn Cr Mo V 

Wt % 0.39 0.99 0.4 5.23 1.34 0.95 
 

The value of the first effective strain, which is a critical parameter that requires careful 
evaluation, is closely related to the effect of temperature on die life [8]. The most 
pronounced die wear occurs near the die bearing, posing a higher risk of die failure due to 
significant plastic deformation, elevated die temperature, and interface pressure [9]. 
During the hot extrusion cycle, especially under high-temperature and high-speed 
conditions, localized heating due to friction at the billet-tool interface results in a 
temperature increase close to the melting point, accompanied by high tension stress [10]. 
Improving and controlling scrap production and assessing its impact on product quality is 
dependent on variables related to extrusion temperature, time, ram speed, pressure, and 
die geometry [11]. 

Aluminum alloy 6063 with main chemical composition of 0.47% Si and 0.55% Mg is known 
to be one of the properties that influences the die's life during the extrusion process. This 
is due to the metal's quality, particularly when utilizing the secondary melting alloy 
especially from mixed scrap, which enhances the quality of the coefficient of friction's 
reduction. This raises the temperature, which in turn shortens the die's lifetime. 

Several vital parameters, including equipment conditions, operating conditions, 
temperatures, pressures, and die quality, significantly influence the extrusion process. 
Despite diligent efforts by manufacturers, various challenges in the process still lead to 
product defects [12]. Many defects and wastage are linked to the choice of billet size for 
extrusion and involve factors such as surface quality, temperature, speed, die geometry, 
and weld joints. To mitigate these issues, it is imperative to maintain control over all 
relevant parameters, including extrusion billet size, cutter position, puller speed, die entry 
angle, conveyor roller surfaces, temperature, and speed [13]. 

In light of the aforementioned considerations and recent research on extrusion die 
behavior and defects, the primary objective of our research paper is to determine the 
reliability index by considering die material elements and their influencing factors. To 
achieve this goal, we have developed a model to analyze the behavior of the extrusion 
process by integrating mechanical reliability and key influencing factors. This has led to 
the development of a mechanical model that combines the rheological model with the 
damage model.  

In the present work, a model is developed to analyze the behavior of the most essential 
tool (die) in the aluminum extrusion process by coupling mechanical reliability to obtain 
different key factors. This leads to the development of a mechanical model coupling the 
rheological model to the damage model to evaluate the reliability index β and determine 
the sensitivity of variations in the random values of the input parameters from the 
aluminum extrusion process. The probabilities of die failure can be predicted using the 
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combined model, which is defined in terms of the reliability index β determined by the 
reliability simulations in PHIMECASoft® as a limit state function. 

2.Failure Mode and Analysis of Extrusion Die 

Die failure encompasses various wear factors, predominantly influenced by the material 
quality and temperatures experienced during extrusion processes. The die is responsible 
for forming the shape of the extrusion, and it is kept in place by the die holder/ring so that 
it does not collapse or fracture. The die backer is responsible for providing support for the 
die. The extrusion load is transferred from the die to the pressure ring, transferring the 
force to the press platen. This process prevents the bolster from deflecting and ensures the 
weight is correctly transferred. The complete die set, which includes the die ring and the 
bolster, is being held in the press by the die slide, it also withstands a high degree of stress 
based on AISI H13 material used, and its high properties to withstand stress and fatigue. 
[14,15], as illustrated in Fig 1.  

 

Fig. 1. Extrusion tooling used in hot extrusion. [10, 15],1, solid die; 2, backer; 3, die 
holder ; 4, bolster; 5, pressure pad; and 6, dummy block 

 

Fig. 2. The most important failures of aluminum extrusion dies 

Factors contributing to die wear involve abrupt temperature fluctuations and prolonged 
exposure to high temperatures, resulting in friction between the aluminum flow and the 
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die's surface. Among the factors mentioned, temperature and extrusion speed are of 
paramount importance. The speed of extrusion and the temperature increase at the die 
bearing are directly interrelated [15]. The extrusion die is susceptible to various categories 
of defects, with the most influential ones being those that are irreparable, including 
cracking, deflection, friction, and wear. Fig 2 illustrates some of these defects: (C, D) depict 
cracking in its advanced stages, while (B, F) illustrate deflection, and (A, E) showcase wear. 
Each of these defects contributes to a damage model in hot extrusion. A statistical 
examination of the primary types of die failure and their subcategories, as well as a greater 
understanding of die failure modes and processes, was conducted by AFM ARIF [16]. 
Indeed, the presence of various irreversible effects like wear, deflection, and cracks in a 
damaged die underscores the need to establish a reliability index and conduct a statistical 
analysis. This analytical approach is essential for pinpointing the pivotal factors that 
impact the cycle life of the die. 

3.Model Identification 

3.1 Basic Equations 

As a general rule, it is important to note that cracks are often found in dies and extruders 
as a result of metal alloy die manufacturing processes. These cracks are usually about 0.01 
mm deep during processes such as surface hardening of the bearing zone [17]. 

The increase in crack intensity, influenced by various material properties, results in 
heightened stress levels. This, in turn, accelerates crack growth at a certain rate. When the 
material is subjected to a specific stress intensity factor K for a given number of extrusions 
ΔN, the fracture length is accelerated and experiences a notable increase represented by 
the parameter 'a.' The rate of crack growth acceleration is determined by the changing 
property of interest within a strain resistance range, [18] expressed as the ratio Δa/ΔN. 
Consequently, we present the rate of acceleration of crack length, denoted as da/dN. 

𝑑𝑎

𝐷𝑁
= 𝐶(∆𝐾)𝑚 (1) 

Constants unique to the material and environment under consideration are the factors C 
and m.  In the case of the extrusion die steel. 

3.2 Lifetime determination 

By substituting the definitions of maximum and minimum stress into the stress range 
formula, we can derive a valuable alternative definition of the stress range: 

∆𝐾 = 𝛼∆𝜎√𝜋𝑎 (2) 

Here, α represents the crack geometry factor. In general cases, the rate of propagation of a 
given crack under constant amplitude loading depends on several factors, including the 
duration of the extrusion cycle, the end stresses of the fatigue cycle (σ_max, σ_min), and 
the length of the crack. In simpler scenarios where the similarity condition is met, the 
concept of stress intensity factor allows us to consider the two principal components by 
utilizing the range of stress intensity factor. This is because the extrusion cycle commences 
with the minimum load (∆σ = σ_max - σ_min) = σ_max. 

By substituting Equation 2 into Equation 1 and integrating it, we can determine the total 
number of extrusions allowed before reaching the end of the fatigue life. The fatigue life 
(Nf) was determined by the number of cycles until fracture failure [19]. 
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𝑁𝑓 =
(𝑎0)

1−
𝑚

2 − (𝑎𝑐)
1−𝑚/2

𝐶(
𝑚

2
− 1)𝛼𝑚𝜋𝑚/2𝜎𝑚𝑎𝑥

𝑚
 (3) 

Considering that H13 tool steel belongs to the category of ultrahigh strength steel, it is 
possible to determine the values of C and m for this type of steel by referring to standard 
sources. As previously mentioned, heat-treated and surface-hardened H13 steel has 
preexisting cracks (a0) that fall within a range of 0.05 to 0.1 mm. It is possible to set the 
geometry factor (alpha) value at 1.12 if the kind of fracture is an edge crack [17]. 

The equation alpha = f(a/w) is a function of the normalized crack length (a/w) and serves 
to eliminate surface tensile stresses. Using mode-I stress intensity factor according to its 
typical definition, while disregarding the finite-size factor f(a/W), and recognizing that the 
crack becomes unstable (a=ac) when KI = KIC, we can derive the following relationship [7]. 

𝑎𝑐 =
1

𝜋
(

𝐾𝐼𝐶

𝛼𝜎𝑚𝑎𝑥
)
2

 (4) 

The behavior of the production system is governed by a mathematical law that describes 
the required deformations needed to shape a billet into a profile with the desired 
dimensions and shape. In the context of extrusion, the most suitable choice is the 
rheological law developed by Hansel & Spittel. The Hansel-Spittel model was selected due 
to its strong support for establishing a simple connection between variables such as strain, 
strain rate, and temperature. This enables the modelling of flow stress by considering the 
strain's dependence in accordance with the rheological law parameters [20,21]. It has been 
integrated into many alloys [22,23,].  The modeling of behavior characterized by Hansel & 
Spittel's law has been seamlessly integrated into FORG shaping calculation codes. 

𝜎𝑚𝑎𝑥 = 𝐴𝑒𝑚1𝑇𝑇𝑚9𝜀𝑚2𝑒
𝑚4

𝜀⁄ (1 + 𝜀)𝑚5𝑇𝑒𝑚7𝜀𝜀̇𝑚3𝜀̇𝑚8𝑇  (5) 

Most referenced material has null values for parameters m5 to m9. Thus, it is possible 
therefore simplify the equation like this (equation 6). 

𝜎𝑚𝑎𝑥 = 𝐴𝑒𝑚1𝑇𝜀𝑚2𝑒
𝑚4

𝜀⁄ 𝜀̇𝑚3  (6) 

In the given context, A represents the material's cohesion, T denotes the die temperature, 
and m1 signifies the material's sensitivity to temperature. Additionally, m2 and m4 dictate 
the material's sensitivity to tension, while m3 is contingent upon the material's sensitivity 
to the strain rate. Equation (3) is employed to substitute the term ac. 

𝑁𝑓 =

(𝑎0)
1−

𝑚

2 − (
1

𝜋
(

𝐾𝐼𝐶

𝛼(𝐴𝑒𝑚1𝑇𝜀𝑚2𝑒
𝑚4

𝜀⁄ �̇�𝑚3)
)

2

)

1−𝑚/2

𝐶(
𝑚

2
− 1)𝛼𝑚𝜋𝑚/2𝜎𝑚𝑎𝑥

𝑚
 

(7) 

The reliable geometric mechanical model is derived from the following equation (Equation 
8). By combining the material model based on Hansel-Spittel with the mechanical model 
for lifespan analysis, we have developed a comprehensive mechanistic model for 
conducting reliability analyses. 
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𝑁𝑓 =

(𝑎0)
1−

𝑚

2 − (
1

𝜋
(

𝐾𝐼𝐶

𝛼(𝐴𝑒𝑚1𝑇𝜀𝑚2𝑒
𝑚4

𝜀⁄ �̇�𝑚3)
)

2

)

1−𝑚/2

𝐶(
𝑚

2
− 1)𝛼𝑚𝜋𝑚/2(𝐴𝑒𝑚1𝑇𝜀𝑚2𝑒

𝑚4
𝜀⁄ 𝜀̇𝑚3)𝑚

 
(8) 

Lemaître and Chaboche are modelled the damage expressed as a function of n/Nf is: 
(Equation 9) [21, 24]. 

𝐷 = 1 − [1 − (
𝑛

𝑁𝑓
)

1

1−𝛼
]

1

𝛽+1

 (9) 

Where α is given by: 

𝛼(𝜎𝑚𝑎𝑥 , �̅�) = 1 − 𝑎 (
𝜎𝑚𝑎𝑥 − 𝜎𝐼(�̅�)

𝜎𝑢 − 𝜎𝑚𝑎𝑥
) (10) 

Equation 11, which describes a model correlating the Hansel–Spittel model, is thus the 
method by which the reliability engineering mechanical model is obtained [23]. (Equation 
6) presents the mechanical model for reliability evaluations by combining it with the 
Lemaître–Chaboche model (equation 9) [21, 24]. 

𝐷 = 1 −

[
 
 
 
 
 
 

1 −
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𝑛

(𝑎0)
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𝑚

2 − (
1

𝜋
(

𝐾𝐼𝐶

𝛼(𝐴𝑒𝑚1𝑇𝜀𝑚2𝑒
𝑚4

𝜀⁄ �̇�𝑚3)
)

2

)

1−𝑚/2

𝐶(
𝑚

2
− 1)𝛼𝑚𝜋𝑚/2(𝐴𝑒𝑚1𝑇𝜀𝑚2𝑒

𝑚4
𝜀⁄ 𝜀̇𝑚3)𝑚

⁄

)

 
 
 

1

1−1−𝑎(
𝜎𝑚𝑎𝑥−𝜎𝐼(�̅�)

𝜎𝑢−𝜎𝑚𝑎𝑥
)⁄

]
 
 
 
 
 
 

1
𝛽+1⁄

 (11) 

And then we construct failure steps from (equation 11) using the reliability statement with 
limit state functions to achieve the reliability index of the extrusion dies. 

4. Die Reliability Assessment  

When delving into the realm of reliability within mechanics, it is essential to first establish 
the context in which the proposed approach operates. Reliability encompasses both well-
established methods, such as the implementation of statistical techniques for 
manufacturing control, and emerging methods that focus on failure and risk assessment. 
The latter approach stems from a relatively new philosophy that must be contextualized. 

Our interest lies in methods primarily developed in the context of material and structural 
modeling. These methods allow mechanics to draw upon the wealth of knowledge derived 
from fields like probability theory and the experiences gained in the domain of aluminum 
extrusion die manufacturing. 

Embracing a probabilistic approach, reliability methods in mechanics enable us to 
calculate the reliability index and sensitivity to failure. The success of the dimensioning 
process is validated by confirming an equality function, which relates the number of 
extruded billets (determining die lifetime, Nf) to critical damage (Dc) and the acting 
damage (D) as time-independent output variables. This approach allows us to describe the 
structural state through a single global random variable known as the margin, 
representing the elementary resistance-solicitation case. 
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The limit state function, denoted as G(Xi), quantifies the lifetime limit, presented as the 
variation between the number of billets extruded into the die and the required number for 
satisfactory performance (Equation 12). 

𝐺(𝑋𝑖) = 𝐷𝑐 − 𝐷(𝑋𝑖) (12) 

according to the literature [26,27,28,29], Dc is defined by: 0.2 ≤ 𝐷𝑐 ≤ 0.5 

The reliability index β is employed to describe the probability of failure, which is defined 
as the shortest distance in the middle of the origin and the domain of failure in the 
equivalent Gaussian space ui. 

𝛽 = 𝑚𝑖𝑛𝑖𝑚𝑖𝑠𝑒√∑ 𝑢𝑖
2

𝑖    subjected to𝐺(𝑋𝑖) ≤0 (13) 

Ensuring the reliability of structures is a fundamental criterion when it comes to making 
choices in terms of design and maintenance. For each dimensioning rule, a failure scenario 
is described by means of a performance function 𝐺(𝑋𝑖) = 𝑅(𝑋𝑖) − 𝑆(𝑋𝑖) 

(Xi)being the basic random variables,R(Xi)the resistance andS(Xi) the stres). ( ) 0iG x 

indicates the state of safety ( ) 0iG x   while reflects the state of failure. 

The objective is to evaluate a probability of failure, Pf that of being in a situation of failure. 
Within the framework of the first-order approximation, the calculation of Pf is equivalent 
to the evaluation of an indicator called the reliability index β, the probability of failure of 
the system can be expressed as: 

𝑃𝑓 = 𝑝𝑟[𝐺(𝑋) ≤ 0] = 𝛷(−𝛽) (14) 

The reliability software PHIMECASoft® can be applied to calculate the reliability index β 
and failure probability, where Φ(.) is the cumulative Gaussian probability function in the 
die environment and Pr[.] is the probability function, there are four primary factors that 
contribute to determining the reliability index. These factors include material rheological 
parameters, die temperature, fatigue damage parameters, and strain, all of which are 
expressed as random variables. 

Table 2. Random elements and their associated variables for fatigue and damage 

Type of 
var. 

Symbol Description 
Probability 
distribution 

model 

Mean 
value 

Coefficient of 
variation 

(%) 
Source 

 
 

Fatigue 
param. 

a0 
Constant 
material 

Normal 0.01018 11.78 [17] 

β 
Coefficient of 
the damage 

model 
Determinist  2.94 [30] 

KIC 
fracture 

toughness 
Normal 83.6 5.98 [17] 

C 
Paris 

constants 
Normal 3.13 x 10−7 12.65 [31] 

Damage 
param. 

Dc 
Critical 
damage 

Normal 0.4 16.03 [26,27] 
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The uncertainties associated with the die are linked to various states, including geometry, 
loading, manufacturing, and service conditions. The results obtained are presented in 
Tables 2 and 3, which separately list the random variables and their corresponding 
variables. Table.2 contains the fatigue and damage parameters, while Table.3 presents the 
rheological law parameters for the selected random variables during the initial extrusion 
phase (as per Equation 11). 

Table 3. Random elements and their associated variables of the rheological law 

Type of 
var. 

Symbol Description Probability 
distribution 

model 

Mean 
value 

Coefficient 
of 

variation 
(%) 

Source  

 
 
 
 
 
 

Rheolog
ical law 
Param. 

A Material coherence Determinist 2821.246 1 baseFPD1.
3FORGE® 

m1 Sensitivity of 
material to 

temperature 

Determinist 0.0029 1 baseFPD1.
3FORGE® 

m2 Sensitivity of 
material to stress 

Determinist -0.10727 1 baseFPD1.
3FORGE® 

m3 Sensitivity of 
material according 

to strain rate 

Determinist 0.13444 1 baseFPD1.
3FORGE® 

m4 Sensitivity of 
material to strain 

Determinist -0.0462 1 baseFPD1.
3FORGE® 

ε Equivalent strain 
resulting from the 

first extrusion cycle  

Normal 0.04 10 baseFPD1.
3FORGE® 

T Die temperature Normal 485 9.27 [32] 

5. Variable Sensitivities 

Variable sensitivities are crucial in understanding the impact of random variables on die 
cycle life. In Fig 3, we can observe the variable sensitivity α^2 for an accepted reliability 
index value of 3.7273, with the number of extruded billets increased to 1157. There are 
five primary elements considered in regulating die cycle life: die temperature (T), die 
material rheological characteristics, equivalent plastic strain after one extrusion cycle, 
critical damage (Dc), and fatigue damage associated variables. 

Among these factors, critical damage (Dc) stands out as the most significant, contributing 
to 79% of all global factors influencing die life. Paris constants, accounting for less than 
7%, follows in importance. Equivalent plastic strain represents 4% of the impact, with the 
remaining percentage attributed to all other factors. This analysis underscores the critical 
role of Dc in die life determination, with other factors playing a comparatively lesser role. 

The reliability assessment proceeds in two main steps: 

• 1. Comparison of Time-Based Life Prediction Models: Initially, the assessment centers 
on comparing time-based life prediction models and evaluating the parameters 
within the applied model. This step aims to determine how sensitive the model is to 
uncertainties associated with the die. 

• 2. Analysis of Parameter Sensitivity in the Mechanical Model: In the second step, the 
assessment delves into the sensitivity of the parameters within the mechanical 
model, taking into account both the data of the random variables and deterministic 
factors. 
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These steps collectively provide insights into the reliability of the die and its susceptibility 
to various uncertainties and factors. 

 

Fig. 3. The significance of the variables in a hot aluminum extrusion die (random 
variables and parameters founded on Table 2). 

Fig.4 illustrates the sensitivity values for die life are evaluated with respect to a range of 
geometrical parameters, including fracture toughness, initial crack size, maximum stress, 
and material-specific constants, following the previously described method. Die 
temperature remains a critical variable in extrusion, as it can be significantly affected 
during the extrusion process. To minimize uncertainties in the work described, meticulous 
care should be exercised when selecting material parameters and the mechanical model 
that governs die life. It is noteworthy that, for a reliability index (β) value of 3.72, there is 
a noteworthy observation regarding the cycle life number. This observation underscores 
the significance of managing die temperature and the careful selection of material 
parameters and mechanical models to ensure desired reliability levels in the extrusion 
process. 

The impact of temperature on the die during the extrusion process is depicted in Fig 5. 
These figures are correlated with the value of the reliability index and the cycle life 
achieved under specific conditions. In this analysis, a 15% variation in fatigue parameters 
and a 10% variation in damage parameters were considered. 
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Fig. 4. Variation of die life against geometrical parameters 

Additionally, the first equivalent strain was increased from 0.06 by a coefficient variation 
of 10% in the die temperature, which was maintained at 511°C. These findings provide 
valuable insights into how changes in temperature, fatigue parameters, and damage 
parameters can affect the reliability index and cycle life of the die during extrusion. 

 

Fig. 5. Evolution of reliability index β as a function of the number of billets extruded in 
hot die 

The analysis presented in Fig 6 demonstrates the evolution of the reliability index (β) at a 
level of 3.72. It's noteworthy that under these conditions, the cycle number of extruded 
billets increases to 1157 pushes when the die temperature is maintained at 511.11°C. This 
result represents a favorable average of the key parameters, indicating improved die 
performance and a longer operational lifespan for extrusion processes at this temperature. 
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Fig. 6. Evolution of reliability index β as a function of the number of billets extruded in 
hot die temperature value T=511.11°C 

6. Conclusions 

A mechanical engineering model that aims to prolong the life of extrusion dies has been 
successfully constructed using the probabilistic methodology provided, based on the Paris 
and rheological laws. By considering various geometrical and material characteristics, this 
model has allowed us to improve the die reliability significantly. However, several factors 
affect an extrusion die's reliability index, with temperature and equivalent strain notably 
significant in producing damage areas, particularly fatigue crack propagation. Considering 
the model's parameter uncertainties is crucial for an in-depth reliability evaluation. The 
complete analysis shown in Figs. 5 and 6 shows that temperature, first equivalent strain, 
and model parameters have a more significant impact on die safety than differences in 
other components and geometric precision. The developed mechanical model offers 
quantitative instructions that relate important extrusion factors to cycles before the 
necessity for die replacement or maintenance, as indicated by the limited stat. Die material 
fatigue parameters, rheological law parameters, and other damage parameters are 
mapped to estimate longevity. By combining simulations with the reliability index, we 
believe it will be possible to predict operating limits, giving die designers an essential 
direction for extending the life of extrusion dies.   

The study examined the probabilistic behavior of solid and hollow die failures in 
commercial aluminum extrusion based on its material, The aluminum extrusion industry 
has benefited from the data-driven insights that have been gained to boost productivity 
and competitiveness. These results imply that careful parameter management and 
adjustment in accordance with service and operational conditions can lead to optimal die 
life. This strategy will reduce possible sources of failure and damage while improving the 
extrusion processes' reliability and productivity. The extrusion process and die mechanics 
including thermal alignment, process control, extrusion metallurgy, quenching, and more 
have been covered from an operational and best practices perspective. 



Hadji et al. / Research on Engineering Structures & Materials 11(1) (2025) 59-71 
 

70 

To sum up, a mechanical engineering model that aims to prolong the life of extrusion dies 
has been effectively constructed using the probabilistic methodology that has been 
described. The key focus is demonstrating tangible ways the predictive model facilitates 
actively modifying and improving the parameters in the mechanical model and 
probabilistic study using PHIMECASoft®. The model accounts for several geometrical and 
material characteristics, allowing us to improve significantly die reliability. In practical 
terms, these findings suggest that achieving optimal die performance and longevity can be 
achieved by carefully managing and adjusting parameters in accordance with service and 
operational conditions. This approach will help enhance the reliability and efficiency of 
extrusion processes to minimize potential sources of damage and failure. 
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 In order to explore the possibilities of manufacturing and testing specimens from 
extruded HDPE pipes to retrace material inherent properties, continuous 
filaments are circumferentially machined by grooving. The proposed protocol 
imposes to keep to a strict minimum damage effects since semi-crystalline 
polyethylene is sensitive to deformation and heat. A Taguchi plan is adopted with 
inputs (cutting speed; feed rate; depth of cut). The modeled performance 
characteristics are roughness criteria (Rt; Ra) and temperature (T°). Using 
ANOVA and response surface methodology, the optimized values are 137.0 
m/min, 0.4 mm/rev and 4.0 mm respectively for Vc, f and ap. At the highest 
desirability, the values of Rt (1.100 μm), Ra (0.223 μm) and T (36.44 °C) are 
satisfactory compared to turning data. Tensile tests on specimens from outer, 
middle and inner pipe show that (σ–ε) curves are reproducible with a 
pronounced drawing zone, especially for the inner pipe layers. Practically, the 
elasticity modulus is increased by 43% from outer to inner layers while the 
utmost difference in the elastic limit is ~ 5%. Concerning failure strain, the 
increase is 47% meaning that the material shows a great predisposition to 
ductility. This behavior is related to the higher crystallinity in internal pipe 
layers.  

 
© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

Copolymerized high-density polyethylene (HDPE) pipes continue to find yet greater 
relevance fields as technical, durable and economical solutions compared to standard 
metals. New applications involving plastic pipes need an increased deal of safety, more 
diligence and reliable protective methods especially in pressurized installations such as oil 
and gas industries [1,2] and nuclear installations [3,4]. To achieve these goals, durability 
studies are imperative together with rigorous follow-ups of polyethylene pipes properties 
in order to guarantee optimal performance levels as required by procedural standards. 
Accessing the local properties of an extruded and rigid polymer bulk, such as thick pipes 
or reservoirs, is not an easy task, and in many cases, may require the use of slitting and 
material removal techniques. For instance, given the sensitivity of HDPE to various 
external parameters, conventional machining operations by material removal must take 
place under well-studied and appropriately defined conditions. Several studies have 
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investigated the machinability of semi-crystalline polymers such as HDPE, PP 
(polypropylene) and PA (polyamide). Published studies involving semicrystalline 
polymers are much more limited to turning, milling, sawing and drilling processes, but the 
case of grooving remains, until now, deprived of explicit optimized experimental data [5-
11]. 

In the review authored by Alauddin et al. [5], key manufacturing processes such as 
orthogonal turning, milling, grinding and drilling for both thermoplastics and thermosets 
were briefly presented together with comments on optimal machining conditions. Also, 
important properties of plastic materials in relation to machining such as hardness, 
strength, heat and chemical effects were reviewed. On the other hand, Kaiser et al. [6] 
considered a comparative study of machined surfaces in three commercial polymers 
(Acrylic, uPVC and HDPE) while taking into account hardness, temperature, roughness and 
chip deformation. As expected, it was observed that better surface finish is obtained at 
higher cutting speed (Vc) combined with low depth of cut (ap). Also, it noted that the 
surface hardness decreased as the temperature raised up due to the nature of amorphous 
thermoplastic. At the same time, the average temperature at chip-tool interface and the 
chip deformation were augmented with Vc and ap. The study established that the surface 
finish was better for acrylics than uPVC and HDPE. At higher Vc and ap, chip microstructure 
revealed that numerous crack-like flaws were created, while only fewer cracks were 
noticed at higher Vc and lower ap [6]. Carr and Feger [7] employed single-point diamond 
to machine several polymers and they found that material type and its viscoelastic 
properties play a critical role in determining final surface roughness. As properties 
dependence on time and temperature is high, changing of parameters such as cutting 
velocity can alter the cutting mechanism from brittle fracture with rough irregular surfaces 
to ductile material removal with smooth surfaces. Usually, materials with the ability to 
deform in a ductile manner, tend to react to external cutting tools by rolling around the 
edge and for lower molecular weight polymers, cracking occurs well before the ductile 
regime is attained. On the other side, brittle fracture usually occurs in polymers having 
high glass transition temperature. They concluded that compressibility and tensile 
strength have significant effects on the relationship between tool rake angle and resultant 
workpiece surface roughness [7]. Kiass at al. [8] were the first to investigate the variability 
of mechanical properties across an HDPE-80 pipe using an original idea based on regular 
filaments machined by grooving. At that time, no optimization study of the machining 
conditions was performed. It was found that stress properties are increasing when going 
from outer diameter towards the inner one while strain properties did not show a clear 
tendency. The root causes of such behavior were attributed to the inherent stress state and 
crystallinity distribution across wall thickness as a result of differential cooling during melt 
extrusion and the subsequent temperature gradients. A linear relationship between 
filament yielding stress and Young’s modulus was presented with supporting data from 
literature. Kaddeche et al. [9] proposed to search for the minimum required surface 
roughness which corresponds to the lowest cutting forces using Taguchi and grey 
relational analysis (GRA) methods when machining HDPE-100 pipes. It was found that the 
prevalent grey relational grade is best described by a recommended turning regime with 
Vc = 188 m/min, f = 0.14 mm/rev and ap = 3 mm. Based on the order of importance, the 
study established that roughness criteria was mostly controlled by ap and Vc while specific 
cutting force is dominated by f and ap. Hamlaoui et al. [10] employed RSM and ANOVA to 
study correlations between machining parameters on one side, and on the other side, 
HDPE surface roughness and cutting temperature. They concluded that the most 
influencing regime parameter on surface roughness criteria minimization is also f (feed 
rate) as all contributions fell within the interval (96-86%). Conversely, both cutting speed 
and depth of cut remained the main influencing parameters for the cutting temperature. 
For high industrial productivity, they proposed to use an optimized regime (119 m/min, 
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0.12 mm/rev and 0.5 mm) which ensures a limited cutting temperature of T° ≤ 32 °C, well 
below the maximum allowed as suggested by standardized practices of PE pipes and 
reservoirs. 

Salles and Gonçalves [11] investigated the influence of both cutting speed and feed rate on 
surface roughness of UHMWPE under turning operation using hard metallic tools. They 
concluded that UHMWPE reaction is similar that of aluminum and wood turning. Although, 
cutting temperature was supposed to show noticeable influence on the surface finish, the 
cutting speed effect remained low. While many investigations related to plastic materials 
have concluded that Vc is the main significant parameter, the situation is somewhat 
different for UHMWPE as f was found to be the most sensitive factor in roughness creation. 
The generated chip was continuous and, according to literature, it indicates the utmost 
attainable industrial quality. Alternatively, Xiao and Zhang [12] found that the viscous 
deformation of machined thermoplastics (e.g., HDPE) shows a significant impact cutting 
forces, surface quality and chip geometry. They concluded that the optimal machining 
regime should not go beyond a limit which provokes visco-plastic tearing or brittle 
cracking and ought to take into account molecular mobility, polymer tenacity and glass 
transition temperature [7].  

Recently, Mammeri et al. [13] devoted a study to filament manufacturing from HDPE-100 
pipe by an orthogonal turning process. Two chief difficulties were encountered: (i) in-
plane filament curvature, and (ii) slightly bowed rectangular filament section. Such 
technical hitches cannot be completely sidestepped because of the nature of material 
removal by turning operations. However, it was possible to reduce both of them to 
technically acceptable minimum levels. Besides optimizing cutting temperature and 
roughness, it was compulsory to introduce a diligent geometric parameter to account for 
and monitor filament curvature cutback throughout the evolution of the study. Both 
filament curvature and unbalanced cross-sectional area reduce the possibilities to prepare 
satisfactory straight-lined tensile specimens which are anticipated for property 
assessment across pipe wall.  RMS and ANOVA results led to an interesting cutting regime 
combined with an adequate tool geometry ensuring acceptable filament shape and a 
cutting temperature below 33 °C. The right cutting edge (κr) and rake (γ) angles were 
experimentally established and discussed in the case of tough PE turning [13]. Although 
several studies related to the machining of different polymers and composites have been 
published, the fact remains that this literature does not include any specific study to the 
specific grooving operation and its optimization for such viscoelastic materials. Usually, 
general recommendations with extended intervals are proposed in some guides but do not 
fulfill the sought solutions for a rigorous work. Besides cutting parameters (Vc, ap and f), 
important limitations on temperature and roughness are not provided following an 
optimization approach. 

The main objective of this research is to optimize cutting conditions of uniform and regular 
filaments by grooving operations from an HDPE gas pipe. The filament should cover the 
entire pipe thickness, i.e., it includes all (technically possible) layers ranging from the outer 
surface towards the inner one. Subsequently, a series of specimens, with predetermined 
dimensions, is subjected to tensile tests to reveal effects of the thermomechanical history 
induced by extrusion on the various embedded mechanical properties.   

2. Experimental Methods 

2.1. Material 

As mentioned earlier, the experimental strategy was to prepare polyethylene filaments 
under specific machining conditions in order to study inherent properties as distributed 
within the pipe wall. The material was an extruded polyethylene pipe from an HDPE-100 



Mammeri et al. / Research on Engineering Structures & Materials 11(1) (2025) 73-96 

 

76 

resin according to European (EN 1555-2) and Algerian (NA 7591-2) standards. It was 
purchased from a local supplier of the CHIALI Co. (Sidi Bel-Abbès, Algeria) in the form of a 
12 m section pigmented with carbon black [14]. The pipe standard dimension ratio (SDR) 
is 17.6 and its outer diameter is 200 mm [13-15]. Tables 1 and 2 summarize some key 
plastic pipe characteristics, based on approved standards, and regularly provided for 
product quality assurance.   

Table 1. Major physical properties  

Property Method Value 

Density ISO 1183 0.959 (g/cm³) 

Fluid Flow Index (190 °C/5.0 kg) ISO 1133 0.23 (g/10 min.) 

Softening Temperature Vicat (VST/B/50 
K/h (50 N)) 

ISO 306 74 (°C) 

Crystallinity ISO 11357-3 65.63 (%) 

OIT (210 °C) EN 728 30 (min.) 

Carbon Black Content ISO 6964 2.25 (%) 

Table 2. Key mechanical properties for quality assessment 

Property Method Value 

E (23 °C, V = 1 mm/min.) ISO 527-1 900 (MPa) 

σY (23 °C, V = 50 mm/min.) ISO 527-1 23 (MPa) 

Tensile Creep Modulus (1000 h) ISO 899-1 360 (MPa) 

Flexural Creep Modulus 
(4-Point Method, 2000 h) 

DIN 19537-2 330 (MPa) 

Notched Charpy Impact (23 °C) ISO 179 26 (kJ/m²) 

Shore Hardness (Shore D; 3 sec) ISO 868 63 

 

2.2. Grooving Procedure 

Fig. 1 shows the machining system specially developed for grooving operations of PE pipe. 
For this purpose, it is necessary to find a suitable clamping device so as not to damage the 
pipe surface by spindle jaws. Therefore, a self-tightening sleeve was manufactured to grasp 
the HDPE pipe segment with sufficient pressure and allow the grooving operation to take 
place according to the chosen parameters (Fig. 1).  

After equilibrating the mounted pipe segment during rotation, machining must be done 
progressively given that small cylindricity defects in manufactured plastic pipes are 
common and are tolerated to a certain standard limit. It is essential to note any continuous 
chip portion damaged or lost due to cylindricity problems is recorded to be considered 
when identifying the actual length of the obtained strand at the end of one grooving 
operation. Each cutting step provides one continuous long chip (i.e., filament) in addition 
of one pipe ring having a pre-fixed width (between 2 mm and 24 mm) according to the 
nature of the next mechanical tests. Each cutting condition was carried out several times 
and only the filaments which meet the requirements set by the experimental protocol were 
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kept. Any filament obtained and presenting defects during machining will be rejected 
because it ought to represent the entire thickness of the pipe.  

 

Fig. 1. View of external grooving of an HDPE pipe 

Taguchi’s planning method was applied for grooving operations in order to organize and 
carry out the experimental program [10,13,16]. In addition, such optimization is needed to 
get mathematical models describing the cutting process. Starting with input (Vc, f and ap) 
and output (T, Ra, Rt and filament regularity) factors, the method helped determining the 
necessary number of tests. Grooving experiments were completed under dry conditions 
using a SN-40 parallel lathe having 6.6 kW spindle power as explained in literature 
[9,10,13,15,16]. So as to consider tool geometry, three commercial carbide tools (Type 
K20) with varying cutting-edge widths were employed. Automatic feeding, in each 
operation, is given only to the transverse carriage trolley keeping the longitudinal one 
stationary. The grooving machining conditions allowed to reduce Taguchi L27 plan to L9 
while keeping orthogonality and as much as possible output information.  

Taking advantage from the method given by Mammeri et al. [13], some choices were 
straightforward for tool geometry when switching from turning to grooving operations. 
Ultimately, a 15° positive rake angle (γ) is defined and both clearance angle (α) and cutting-
edge inclination angle (λ) are respectively set equal to 6° and 0°. The cutting-edge angle 
(κr), which is also called the steering angle, is formed by the cutting edge and the feed 
direction. It directly affects the cutting length (Lc) and resulting chip (or filament) 
thickness (h). The geometrical relationships expressing h and Lc as a function of machining 
conditions (f and ap) for any angle κr are given by equations (1) and (2) [17]: 

ℎ = 𝑓. 𝑠𝑖𝑛(𝜅𝑟)   (1) 

𝐿𝑐 =
𝑎𝑝

𝑠𝑖𝑛(𝜅𝑟)
 (2) 

Since grooving operations on HDPE pipe are characterized by a 90° cutting-edge angle (κr); 
therefore, Lc and h are respectively identified as depth of cut (ap; mm) and feed rate (f; 
mm/rev). Consequently, filament regularity was easily checked as no out-of-plane bending 
or deviation ought to occur; i.e., curvature is obviously nil. This situation is sought by such 
experimental program for subsequent uniaxial filament testing. It should be noted that 
commercial HDPE pipes are not perfectly circular at outer and inner surfaces. Thus, 
complete grooving of a continuous filament took place after some initial pipe revolutions 
to correct cylindricity along its z-axis.   

HDPE Pipe Ongoing 
Groove 

Grooving 
Tool 

Special Steel 
Pipe Sleeve  

Pipe 
Ring 
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2.3. Roughness and Temperature Measurements 

Roughness measurements were carried out in the longitudinal direction of the filament’s 
outer side using a MITUTOYO Surftest 301M roughness meter as explained elsewhere for 
turning and grooving [13,15]. Two roughness criteria (i.e., Ra and Rt) were chosen in order 
to have a comprehensive understanding of the readily accessible filament surface. This 
choice is kept alike for all experiments with 3 different measurements.  

Filament surface temperature was measured as close as possible to the cutting zone. Its 
determination was achieved during the machining operations with a CAT-S60 smartphone 
equipped with a Lepton 2.5 sensor for the FLIR (Forward Looking InfraRed) thermal 
camera (Fig. 2). With an accuracy of ± 2.0 °C, it allows temperature measurements in the 
range of -20 to 120 °C with a good thermal sensitivity well-adapted to moving parts and 
black objects [13,18]. 

 

Fig. 2. Temperature measurement set-up using CAT S60 smartphone [13] 

A special support was engineered to fix the camera with the possibility of orienting it 
according to the demand. The support consists of two mechanisms: the first one allows to 
hold firmly the smartphone to the upper tool holder trolley via a switching magnet and the 
second one is an articulated support commanding camera movement in three directions. 
Preliminary tests were carried out to delimit the measurement zone and the principal 
thermal scene parameters (i.e., emissivity, remoteness, atmospheric temperature, 
reflection, measurement angle and color palette). For each test, at least three 
measurements were taken during machining stabilization period towards the end of the 
operation.  

2.4. Stress-Strain Tests 

Mechanical In the second part of this work, variances of mechanical properties across pipe 
wall were investigated using monotonic tensile tests of filament specimens based on the 
general recommendations of ISO 527 standard. The stress-strain curves (σ–ε) are obtained 
on a universal Zwick/Roell testing machine Type BT 1-FR2.5TN.D14. Its load cell type is a 
KAP-TC with a force limit of 2 kN. The operating system and data acquisition are controlled 
by the TestXpert® 2.0 Software, as indicated in Fig. 3.  

Finite specimens were cut from the original long filament extending from outer pipe 
surface all-the-way through the wall. Each specimen is associated with a unique numeral, 
checked for any damage, then calibrated and the necessary observations are documented. 
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As a whole, the obtained filament is accepted as a wide-ranging representation of 
juxtaposed material layers forming the pipe wall thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Zwick universal tensile testing machine and TestXpert data acquisition system 

The numbered layers can be assumed as a series of circumscribed rings with decreasing 
diameters from the outer side towards the inner side of the pipe. From each layer, an 
ordered succession of specimens of finite size (120 x 4 x 0.4 mm3) was prepared and the 
remaining piece whose length is below 120 mm were saved for other purposes. The stress-
strain curves (σ–ε) are obtained at 50 mm/min.   

3. Results and Discussion 

3.1. Filament Assessment 

Fig. 4 shows the resulting machined filament by grooving as it starts at the outer pipe 
surface (Yellow mark) and it ends at the inner side (Deformed end). Throughout the 
machining operation, the cutting process is closely monitored to guarantee steadiness and 
continuousness of the removed material (i.e., the filament). The latter is considered as a 
manufactured product known conditions (cutting regime, cutting temperature, tool 
geometry, and at a given position along the pipe length) and hence, can be used for 
characterization (mechanical, structural, etc.). Each obtained filament is carefully spun-
loose and stored in a plastic bag with an appropriate identification to avoid any alteration 
or damage.  

In this study, the conditions for machining and tool selection have been improved 
compared to previous studies [8-10,16], making it possible to get even smaller filament 
thicknesses. However, these improvements unveiled the limits of quality parameters of 
marketed HDPE pipes especially for out-of-roundness and thickness tolerances. In fact, if 
the pipe is not accurately cylindrical, dimensional approximations must be made to reach 
thresholds which helps identifying the positional coordinates (radial and circumferential) 
of the specimen for each 0.4 mm thick layer. In other words, it is sometimes tolerated to 
lose a few layers, at the machining start-up, until the cutting process becomes 
unfluctuating and the produced filament is continuous and regular. Therefore, it is 
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necessary to consider these inevitable difficulties, since rectifications altering the pipe 
stress state or the polymer structure are not tolerated herein.  

 

 

 

 

 

 

 

 

 

Fig. 4. A overall filament manufactured by grooving 

The same approach is also effective for some layers at the innermost side which might be 
lost due to excessive deformations and material distortions. In all cases, it is necessary to 
take these adverse events into account during each cut. In addition, it is advised to make 
the appropriate choices to reduce the width and the mass of the resulting ring associated 
with each prepared filament.  

3.2 Machining Optimization 

3.2.1 Taguchi Orthogonal Plan 

The three cutting parameters levels are chosen based on published data, guidelines for 
plastics machining and on specific previous studies for similar polycrystalline polymers [8-
11,19-21]. Following a previous study on turning of HDPE pipe material [13,15], lower and 
upper limits for Vc, f and ap are respectively (100 – 560 m/min), (0.34 – 0.63 mm/rev) and 
(2 – 3 mm) whereas, the intermediate levels are 140 m/min, 0.49 mm/rev and 4 mm as 
indicated in Table 3.   

Table 3. Selected levels for cutting parameters  

Level       
Vc  f ap 

(m/min) (mm/rev) (mm) 

1 100 0.34 2 

2 
3 

140 
560 

0.49 
0.63 

3 
4 

 

Conventional cutting factors (Vc, f and ap) are considered as input parameters while 
performance characteristics comprise (T, Ra, Rt and L). The geometrical parameter L(mm), 
defined in [13] as a gap representing a specified deviation between bent and straight 
filaments observed in the case of turning. Output parameters are recorded during or after 
the grooving operation depending on the case using a simplified Taguchi L9 mixed level 
(Table 4). In grooving operations, the parameter L representing the height of filament bent 
is visually and physically checked against a metallic straight ruler. As expected for grooving 
and the for the selected tool geometry, it is nil all the times (i.e., no curvature) and this is a 
reliable corroboration for the filament uniformness and levelness. It is observed that high 
Vc (560m/min) for all f levels (0.49; 0.63 and 0.34 mm/rev) produced unacceptable cutting 
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Side 

Outer 
Side 
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temperatures which exceeded or nearly equated the 40°C limit; thus, level 3 cannot lead to 
desirable machining regime regardless of ap values. 

Table 4. L9 Taguchi experimental plan for HDPE grooving operations  

 

It is understood that heat generation is intensely triggered when polymers are subjected 
to rapid frictional material removal operations. The lowest roughness value (Ra: 0.20 μm) 
is recorded at 140 m/min and 0.34 mm/rev which corresponds to an acceptable measured 
T (35.9 °C). From literature of polymer machining, it is known that lowering Vc, f and ap 
can lower the generated heat but, usually it follows that roughness criteria are 
catastrophically degraded [13,19,20].  

3.2.2 ANOVA Approach 

ANOVA conclusions on how initial regime factors affected the selected output parameters 
(Ra, Rt and T) are depicted in the following Tables 5‒7. In all cases, Vc can be considered 
as the most significant factor among the regime parameters while ap is the less affecting 
factor.  

Table 5. ANOVA of Ra 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Model 5 0.082779 99.26% 0.082779 0.016556 79.97 0.002 

Linear 3 0.027935 33.49% 0.059173 0.019724 95.27 0.002 

Vc 1 0.021162 25.37% 0.051872 0.051872 250.55 0.001 

f 1 0.004756 5.70% 0.002144 0.002144 10.35 0.049 

ap 1 0.002017 2.42% 0.004245 0.004245 20.50 0.020 

Square 1 0.051105 61.28% 0.051105 0.051105 246.84 0.001 

Vc*Vc 1 0.051105 61.28% 0.051105 0.051105 246.84 0.001 

2-Way 
Interaction 

1 0.003739 4.48% 0.003739 0.003739 18.06 0.024 

Vc*f 1 0.003739 4.48% 0.003739 0.003739 18.06 0.024 

Error 3 0.000621 0.74% 0.000621 0.000207   

Total 8 0.083400 100.00%     

Run 
N° 

Cutting Parameters  Performance Characteristics 

Vc (m/min) 
f  

(mm/rev) 
ap  

(mm) 
 

T 
(°C) 

Ra 
(μm) 

Rt  
(μm) 

L 
(mm) 

1 100 0.34 2  32.9 0.44 0.97 0 
2 100 0.49 3  35.3 0.45 1.05 0 
3 100 0.63 4  36.2 0.49 1.13 0 
4 140 0.34 4  35.9 0.20 0.82 0 
5 140 0.49 2  34.1 0.29 0.88 0 
6 140 0.63 3  34.8 0.31 0.97 0 
7 560 0.34 3  39.4 0.29 0.75 0 
8 560 0.49 4  44.3 0.23 0.86 0 
9 560 0.63 2  43.5 0.30 0.93 0 
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Table 6. ANOVA of Rt 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Model 5 0.100591 99.77% 0.100591 0.020118 260.62 0.000 

Linear 3 0.073017 72.42% 0.096247 0.032082 415.60 0.000 

Vc 1 0.039764 39.44% 0.062300 0.062300 807.06 0.000 

f 1 0.032187 31.92% 0.033796 0.033796 437.80 0.000 

ap 1 0.001067 1.06% 0.002191 0.002191 28.38 0.013 

Square 1 0.025725 25.52% 0.025725 0.025725 333.25 0.000 

Vc*Vc 1 0.025725 25.52% 0.025725 0.025725 333.25 0.000 

2-Way 
Interaction 

1 0.001849 1.83% 0.001849 0.001849 23.95 0.016 

Vc*f 1 0.001849 1.83% 0.001849 0.001849 23.95 0.016 

Error 3 0.000232 0.23% 0.000232 0.000077   

Total 8 0.100822 100.00%     
 

For Ra, cutting speed contribution is in the lead with Vc and Vc² (respectively 25.37% and 
61.28%). Similarly, for Rt, both forms of speed (Vc and Vc²) dominate with respective 
contributions of 39.44% and 25.52%. When it comes to cutting temperature which is 
supposed as the main limiting parameter in this process, the effect of Vc is much more 
pronounced since it explains 83.87% of total differences. It is noted that the contributions 
of ap in both cases did not exceed 3%.  7).  

Table 7. ANOVA of T 

Source  DF Seq SS  Contribution Adj SS Adj MS F-Value P-Value 

Model  4 133.142  98.76% 133.142 33.285 79.54 0.000 

Linear  3 125.603  93.17% 132.310 44.103 105.40 0.000 

Vc  1 113.075  83.87% 112.159 112.159 268.04 0.000 

f  1 6.726  4.99% 11.049 11.049 26.40 0.007 

ap  1 5.802  4.30% 10.803 10.803 25.82 0.007 

2-Way 
Interaction 

 1 7.538  5.59% 7.538 7.538 18.02 0.013 

Vc*f  1 7.538  5.59% 7.538 7.538 18.02 0.013 

Error  4 1.674  1.24% 1.674 0.418   

Total  8 134.816  100.00%     
 

The feed rate contribution is important for Rt as the latter represents the height change 
between the topmost and the deepest points within a given measuring section while Ra is 
just an average variation of the roughness profile from a reference line. The averaging 
operation leads to lower Ra than actual roughness variations and keeps them always well 
below corresponding Rt measurements.  For cutting temperature, it is concluded that Vc is 
dominant with more than 83% contribution (Table 
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Alternatively, Fig. 5 represents the variation of the responses in terms of Ra, Rt and T as a 
function of the most influencing input parameters (f and Vc) as deduced from the ANOVA 
section. As anticipated, both Ra and Rt describe a comparable shape represented by a steep 
decrease up to ~300 m/min followed by a sharp rise at higher speeds (Figs. 5a-5b). It 
appears that 300 m/min is a critical point which indicates the lowest values of Ra and Rt 
especially when feed rate f is at its minimum.    

The effect of f on roughness criteria remains small within the range shown (0.30-0.66 
mm/rev) and at low cutting speeds, the corresponding variations (ΔRa) and (ΔRt) are 
respectively ~ 0.2 μm and ~ 0.5 μm. In both cases, the global roughness values are 
lowermost for speeds in the range 250-350 m/min. However, when invoking temperature 
as a limiting criterion for material integrity, it is observed that at higher speeds (Vc > 300 
m/min), generated heat becomes a detrimental factor and lead to material degradation 
(Fig. 5c) especially at higher feed rates.   

 

(a) 
 

(b) 

 

(c) 

Fig. 5. Estimated response surface of performance characteristics versus Vc and f 

3.2.3 Grooving Conditions Optimization   

The optimization results are presented Table 8. The case evoking no constraints on both 
roughness criteria and cutting temperature is chosen. The reason is that only one most 
significant input factor (i.e., Vc) is found and there is a high probability that the associated 
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limiting temperature is well below the maximum set by the standards as shown from the 
experimental results.  

Table 8. Parameters (8a) and optimization (8b) solution 

 
 

 

The targeted performance values with identical weights and importance levels together 
with the optimized parameters are shown in Tables 8a and 8b. When using the optimal 
desirability, the anticipated practical solution for grooving consists principally of a 
moderate cutting speed (137 m/min) and an acceptable cutting temperature (36.5 °C). 
HDPE literature does not report temperature data for grooving but for turning there is 
some similarities [9,10,13,16]. It is concluded that this optimization gives satisfactory 
parameters for the sought application under grooving process and the filaments can be 
employed to investigate property variances across the pipe wall. Fig. 6 indicates the 
response optimization for T, Ra and Rt.  

 

Fig. 6. Response optimization for T, Ra and Rt 

Again, it is revealed that Vc is the most influencing factor for grooving process and its 
important effects on T are evident. On the other hand, both f and ap show limited effects 
on output parameters. As discussed in literature, PE is subject to heat induced 
phenomenon which may ultimately cause irreversible damage [11,12].  

(8a) 

Response 
Parameters 

Goal Lower Target Upper Weight Importance 

Rt Target 0.95 1.10 1.33 1 1 

T Target 32.90 36.50 44.30 1 1 

Ra Target 0.20 0.22 0.49 1 1 

(8b) 

Vc 
(m/min) 

f 
(mm/tr) 

ap 
(mm) 

T 
(°) 

Ra  
(μm) 

Rt 
(μm) 

Composite 
Desirability 

137.194 0.4 4 36.448 0.223 1.100 0.991034 
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At this stage, it is interesting to discuss the corresponding regression equations which 
include all parameters and their interactions. It is understood that the models are reduced 
by eliminating terms with no significant effects on the responses. The final models of 
response equations in terms of input factors are as follows:  

𝑅𝑎 = 0.9665 − 6.926 10−3 𝑉𝑐 + 0.4336 𝑓 − 0.02887 𝑎𝑝

+ 1.1 10−5 𝑉𝑐
2 − 8.98 10−4𝑉𝑐 . 𝑓 

 

(3) 

𝑅𝑡 = 1.4870 − 5.686 10−3  𝑉𝑐 + 0.3366 𝑓 + 0.02074 𝑎𝑝

+ 7.0 10−6 𝑉𝑐
2 + 6.31 10−4𝑉𝑐 . 𝑓 

 

(4) 

𝑇 = 30.15 − 2.59 10−3 𝑉𝑐 −  3.45 𝑓 + 1.456 𝑎𝑝 + 0.04032 𝑉𝑐 . 𝑓 (5) 

In order to appreciate the goodness-of-fit, calculated R², adjusted R² and standard error of 
the estimate are summarized in Table 9. It is observed that the coefficients R² (i.e., the 
percentage of the variation in the response that is explained by the model) and R² adjusted 
(i.e., which represents R² when adjusted for the number of predictors in the model relative 
to the number of experimental observations; filament roughness criteria and temperature) 
are very satisfactory for all output model parameters. The standard errors of the 
regression (or standard errors of the estimate) indicated by (S) are also very satisfactory 
compared to the experimentally measured data.  

Table 9. R², R² adj. and s for output parameters 

 

It is accepted that common deviation sources between actually measured and statistically 
estimated data are diverse and they can be imputed to many circumstances proper to this 
study: (i) each experimental value used in the modeling is the result of an average value 
issued from 3 distinctive and consecutive measurements for the same test; (ii) in fact, the 
obtained statistical models are just approximation models and not interpolation functions; 
(iii) both uncertainties and engendered errors accumulated during testing may be in 
relation with the machine-tool condition, the chosen measuring instruments (roughness 
and temperature), the operator etc.; and finally, (iv) residual errors created when carrying 
out ANOVA analysis following the hypothesis of 95% confidence interval.  

The following Table 10 illustrates cutting regime parameters adopted in different studies 
devoted to polyethylene machining and typical limits for various outputs. It is observed 
that both feed rates and depths of cut are well positioned in specific intervals dictated by 
polymer thermal and structural properties which are a basis for the corresponding 
industrial standards. However, cutting speed is variable over a wide range as it greatly 
influences production objectives (material removal rate) and product quality. It is found 
that the majority of optimization studies indicate Vc < 200 m/min. limit. In comparison to 
turning, reducing Vc for the grooving process contributes to obtain acceptable properties 
for the machined filaments.  

 

Output model 
parameter 

R²  

(%) 

R² Adjusted  

(%) 
S 

T 98.76% 97.52% 0.6468 °C 

Ra 99.26% 98.01 0.01438 μm 

Rt 99.77% 99.39 0.00878 μm 
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Table 10.  Comparison of literature data for PE martials machining 

*: Min. Mw = 3.1x106 g/mol.; Chip formation study; **: based on optimized regime parameters of [13].  

3.3 Mechanical Properties Crosswise Pipe Wall 

In this second part, the outlines of a practical validation are considered in order to 
complete the procedure of manufacturing and testing filament specimens. At this stage, the 
primary objective was to obtain stress-strain behaviors and analyze few specific 
mechanical properties to get a first sense of the tendencies across the wall pipe.   

3.3.1 Assorting Test Specimens  

The matching process for specimens made out of the overall filament is summarized in Fig. 
7. Indeed, just after machining and recording the production parameters, the global 
filaments (chip) can be viewed in “rolled-up” (Fig. 7a) or “scrambled” (Fig. 7b) forms which 
are influenced by relieved internal stresses [21-23]. The latter is not particularly preferred 
as it increases the probability of filament entanglements and unwanted deformations 
during handling and storage. After identification of the yellow marks (external surface), 
dimensional measurements and examination of the 2 filament tips, the positions of the 
layers are identified and finally separated from each other (Fig. 7c). As the cumulative set 
of layers represents the pipe wall thickness; then, the length of one given layer is 
equivalent to the pipe diameter at that radial specified position.  

It is necessary to record the sequential order of each 120 mm long segment as it appears 
and in a clockwise direction to obtain the number of specimens per layer of material. For 
instance, in Figs. 7c-d, the operation provided 4 effective specimens and one residue (i.e.; 
specimen length < 120 mm). This operation is repeated for the next layer until all layers 
are completed. 

machining 
process 

Cutting parameters Output parameters Refs 

f  
(tr/min.)        

ap  
(mm)            

Vc 
(m/min) 

T  
(°C) 

Ra (μm)  

Turning 
Constant 
(0.254) 0.5–4 3–27.5 33–45 3.5–6.8 [6] 

Grooving, 
HDPE-80 

0.5 2 17.66 
Variability of (σ–ε) behavior 

across pipe wall [8] 

Turning,  
HDPE-100  

0.14 3 188 <40 2.25 [9] 

Turning, 
HDPE-100 

0.12 0.5 119 32 0.86 [10] 

Turning,  
UHMWPE 

0.025–0.3 
Constant 

(~0.4) 
160 – 400 

Max. advisable 
service T°: 93°C 

1.5–9 [11] * 

Turning, 
HDPE  

0.01 

1.47 50 Lowest surface roughness 

[21] 1 150 Highest material removal 

1.5 100 Largest chip thickness 

Turning, 
HDPE-100  

0.37–0.67 2–4 100–560 28.5–39.5 0.41–1.55 
[13] 

0.5 4 160 32 0.46 

Grooving, 
HDPE-100  

0.34–0.63 2–4 100–560 32.5–44.3 0.20–0.49 **This 
study 

0.4 4 137 36 0.223 



Mammeri et al. / Research on Engineering Structures & Materials 11(1) (2025) 73-96 

 

87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7. Steps for testing specimen cutting 

 

  3.3.2 Tensile Characterization  

Specimens subjected to monotonic traction show similar stretching behavior 
characterized by single or multiple necking zones as illustrated in Fig. 8. Initiation locations 
of drawn-out zones propagation direction remain aleatory. In some cases, one drawn zone 
begins around the specimen’s mid-span and at the same time, starts propagating towards 
both grips (Fig. 8a). In other cases, the opposite occurs and the necking begins on the side 
of the jaws and evolves towards the middle of the specimen, forming one or multiple 
“spindles” of unstretched material (Fig. 8b). 

 

Fig. 8. Photographs of filament behavior under monotonic traction 

Specimens  

per layer 

Typical  
initial  

filaments 

(a)
a 

(b)
a 

(c)
a 

One filament 
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In Fig. 9, a series of 25 tensile tests, carried out in the same laboratory conditions, is shown. 
They portray 3 different batches of successive layers located at average diameters of 196 
mm, 188.6 mm and 179.2 mm respectively for outermost (Fig. 9a), intermediate (Fig. 9b) 
and innermost (Fig. 9c) layers. Each batch can be regarded as a cylindrical envelope with 
a total thickness ≤ 4mm.  In all cases, stress-strain (σ‒ε) curves replicate global similarities 
including a relatively narrow elastic zone and a widened plastically drawn zone as it is 
typically observed for semi-crystalline polymers. Physically, the last zone associates a cold 
drawing part which occurs at relatively constant stress and a final phase including plastic 
hardening and a tremendous rise in polymer chain orientation.  

This behavior has already been observed in the literature for HDPE filaments and standard 
specimens in virgin and chemically aged conditions from engineering stress-strain curves 
[8,23-28]. Comparing behaviors of outer and inner layers (Figs. 9a, 9c), it is observed that 
the measured deformations at break increased significantly (from ~1100% up to ~1500%) 
and the elastic resistance is also gradually increasing (from ~25 MPa up to ~28 MPa). On 
the other hand, the cold drawing part (middle zone) has rather shrunk in favor of increased 
plastic hardening and chain orientation [12,29-32]. 
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Fig. 9. Stress-Strain curves: (a) outer, (b) middle and (c) inner pipe layers 

This suggests that the inner layers are much stronger than the outer layers. Undoubtedly, 
the pipe extrusion process is at the origin of these variations which were possible to reveal 
via such experimental methodology. Indeed, the abrupt cooling by intense water showers 
allows stored heat to be evacuated from the bulky mass of polyethylene while it is in the 
solidification phase. Also, this action does not allow material stress relaxation in a uniform 
manner, i.e., the internal layers remain sufficiently hot and experience slow cooling by 
natural convection as opposed to the external layers. These conditions favor embedding 
residual (internal) stresses and morphology variances in the pipe structure in terms of 
crystalline and amorphous parts [21-24,29-32].    

3.3.3 Mechanical Properties Variability  

The quantitative analysis of σ–ε curves makes it possible to extract several mechanical 
properties relating to resistance, elasticity and ductility. Table 11 shows the values of 
Young's modulus, elastic limit, yield strain and strain at break as a function of position in 
the pipe wall. In this case, 3 distinctive locations in the pipe wall are chosen with 
corresponding layer samples to elucidate differences. The values shown in Table 11 are 
averages of several tests for each layer as deduced from Fig. 9. Analyzing these results 
across the pipe wall (i.e., from outermost to innermost envelope), it appears that 
tendencies are manifested by an increase in E, σy and εf while εy is showing a manifest 
decline. When switching from one layer to the next one, it is possible to perceive the 
variation (or the progression) of illustrated properties from one layer to another within 
one given envelope. At this level, it is noted that this progression does not follow only one 
trend, as the averages of most measured values for the innermost envelope are effectively 
fluctuating. Also, the greatest dispersion of results is found for the strain at failure, which 
is predictable because of the large stretching values especially for the layers located on the 
pipe internal side. Usually, the structure is supposed to be much more crystalline and what 
remains from the positive residual stresses is added to the applied load.   

Fig. 10 depicts averaged properties for each of the 3 envelopes (outermost, midway and 
innermost). It is found that pronounced trends characterize these properties along the 
pipe radial direction. For both E and σy, the innermost layers are found to be more rigid 
and more resistant (Figs. 10a-b). These findings corroborate with the structural properties 
such as the degree of crystallinity and the morphology (e.g., lamellae thickness, tie-
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molecules density, etc.). On the other hand, as shown in Figs. 10c-d, the properties related 
to yield and failure strains are in opposite evolutions. The highest property variation 
between outermost and innermost envelopes is recorded for εf with +51.3% followed 
respectively by E (+40.1%), εy (-39,5%) and σy (+10.3%). 

Table. 11. Mechanical properties of HDPE tube through the wall 

Position in 
Pipe Wall 

Layer 
Nb 

Nb of 
specimens* 

E 
(MPa) 

σy 

(MPa) 
ɛy 
(%) 

ɛf 
(%) 

Outermost  

3 (4) 
573.75 
(±38.75) 

24.86 
(±28) 

27.03 
(±1.26) 

560.69 
(±30.75) 

4 (4) 
580.60 
(±31.75) 

25.15 
(±0.49) 

27.35 
(±1.14) 

801.40 
(±24.46) 

Midway 

10 (5) 
651.20 
(±38.64) 

26.42 
(±0.18) 

25.87 
(±1.04) 

1113.65 
(±83.35) 

11 (5) 
616.17 
(±8.75) 

26.36 
(±0.29) 

26.36 
(±0.29 

1050.38 
(±88.87) 

Innermost 

18  (2) 
1005.99 
(±1.11)  

28.45 
(±0.015)  

16.37 
(±0.37)  

1500** 
(-)  

19 (3) 
923.25 
(±86.22) 

28.19 
(±0.30) 

16.24 
(±0.38) 

1327.61 
(±101.14) 

20 (2) 
961.89 
(±38.00) 

27.05 
(±0.95) 

16.75 
(±0.25) 

1467.95 
(±543.97) 

 * Valid; **Maximum machine crosshead displacement reached.    

Furthermore, when the pipe wall thickness is conceived as 2 concentric envelopes: (i) an 

external one extending from outer-to-middle and, (ii) an internal envelope laying from 

middle-to-inner, the observed variations are quite different. Fig. 10 shows that the inner 

envelope (midway–innermost) presents the dominating variations for both E (+34.2%) 

and εy (-37.0%). Inversely, the highest variation for εf is associated with the outer envelope 

(outermost–midway) with 37.1%. In the case of yield stress, there is an equivalent 

contribution for both sides with roughly 5%. Although it is not easy to explain what 

happens during a traction test from the macromolecular point of view but polymer 

characterization techniques helped to disclose some understandings in the course of the 

last thirty years [31,32]. Some foremost conclusions on tensile behavior of polyethylene 
are reviewed in the following paragraphs.  

 
(a) 

0

200

400

600

800

1000

Outermost Midway Innermost

E
la

st
ic

 M
o

d
u

lu
s,

 M
P

a



Mammeri et al. / Research on Engineering Structures & Materials 11(1) (2025) 73-96 

 

91 

 
(b) 

 

 
(c) 
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Fig. 10. Evolution of (a) E, (b) σy, (c) εy and (d) εf as a function in pipe wall 
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transformations affecting the semi-crystalline structure. The strained structure shows a 

progressive crazing mechanism at the spherulitic level followed by a cavitation 

phenomenon and subsequently, intense fibrillation restricting conventional chain 

movements. They also explained that a rivalry opposes volume increase and chain 

compaction respectively generated by crystallinity diminution (narrowing of the ordered 

domain) and chain orientation especially occurring throughout drawing and strain 

hardening phases. It is understood that both homogenous and inhomogeneous processes 

characterize the HDPE structure. In the first mechanism, the spherulites’ dilatation is 

global (multidirectional) while for the following one, subsequent yielding occurs unevenly 
favoring the formation of crazes [30-32].  

At another level, the interlamellar connections known as tie-molecules usually work as 

draw back momentum towards the original material state upon unloading. They 

contribute in convening present loads from extended amorphous regions towards 

crystalline ones which undergo plastic deformation [32,33]. Se gue la [33] concludes that 

stress concentration on infinitesimal structural weaknesses lead to unexpected crazing 

mechanism which develops slow crack growth (SCG). Also, fragmented lamellae and 

unfolded polymer chains contribute to the fibrillar structure which constitutes drawn 

material which prolongs from the strain at yield location up to the onset of plastic strain 

hardening designated by arrow (A) in Fig. 9. This is one good reason to prefer the 

copolymerization process for HDPE as it favors the increase of intercrystallite tie-

molecules and hence, ameliorates the long-term pipe resistance. According to an in-situ 

investigation carried out on the strain hardening occurrence in PE, it was confirmed that 

it is the result of the highly stretched tie-molecules fraction bonding the well-ordered 
chains [34].   

5. Conclusion 

Although a lot of research studies on plastics and composites machining are available, very 
few of them investigated the grooving process of semicrystalline polymers. The practicality 
of this work lies in the manufacture of filament specimens to retrace the thermomechanical 
history of an extruded pipe from copolymerized HDPE resins. The following conclusions 
may be drawn:  

• Based of RSM, this study investigated the optimization of grooving regime to 
manufacture continuous polyethylene filaments from HDPE-100 gas pipe. The 
grooving operation is initiated from outer to inner pipe surface.  

• In order to preserve the filament integrity, more attention is paid to cutting 
temperature as a key limiting parameter in this process.  The effect of Vc is more 
pronounced as it explained 83.87% of total differences while the contribution of ap 
did not exceed the 5% threshold. As expected, Ra and Rt described a comparable 
behavior illustrated by one “decrease-increase” sequence with a minimum around 
300 m/min. It appears the 300 m/min cutting speed is an interesting point when 
searching for the lowest Ra and Rt values for a minimum feed rate. However, when 
considering cutting temperature, it is found that as Vc goes beyond this limit (Vc>300 
m/min), more heat is generated and becomes a detrimental factor for material 
integrity especially at greater feed rates. 

• The optimized solution (for a desirability ~1) is characterized by very satisfactory 
roughness criteria and cutting temperature. The latter is well below the 40 °C 
imposed by HDPE pipes standards. A cutting speed of 137 m/min is also acceptable 
as the process of filament grooving should be carried out meticulously in order to 
increase reliability of afterward measured mechanical and/or structural properties. 
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• In all tested cases, the stress-strain curves as a function of 3 radial pipe wall locations 
duplicated overall similarities comprising a narrow elastic zone and a widened plastic 
one (drawing and hardening phases) typically observed for semi-crystalline 
polymers. However, they revealed interesting variances in terms of mechanical 
properties which are in phase with structural explanations given in literature.    

• Young’s modulus, yield stress and strain at break increased from outermost to 
innermost layers which suggests that pipe inner layers are much more stiff, resistant 
and show significant ductility. Across the pipe wall, the increases of E, σy and εf are 
respectively +40.1%, +10.3% and +51.3%.  Inversely, εy decreased by more than 39% 
when moving towards the innermost layer. Such differences may imply a way to 
equilibrate the high failure strain and the larger drawing zone observed at innermost 
layers when compared to outermost ones.   

• Such variances need to be explained from the characterization of strained polymer 
layers (outermost, middle and innermost) as they undergo significant volume 
changes caused by localized polymer chain transformations that disturb the 
polyethylene semi-crystalline structure. In literature, it is proposed that spherulitic 
crazing, tie-molecules and cavitation mechanisms are behind the heterogeneous 
behavior of layers across the pipe wall during extrusion and cooling stages. 

• The proposed grooving procedure and the established filament testing protocol are 
found to be suitable to investigate mechanical heterogeneities and quantify the 
associated variances. Also, structural analyses can be carried out at very localized 
points or layers within the pipe wall.    
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Nomenclature: 

ap:   Depth of cut (mm) 
DL:   Degrees of freedom 
f:   Feed rate (mm/rev)  
F:  Fisher test 
HDPE:   High Density Polyethylene 
L:   Filament height bend (or curvature) (mm). 
P:   Error value compared at 5% 
PE:   Polyethylene  
P-value:   Probability value 
R2:   Determination coefficient  
R² Adjusted:  Response % variation explained by the model 
Ra:   Arithmetic mean roughness (μm)  
RSM:   Response Surface Methodology 
Rt:   Total roughness (μm) 
SDR:   Pipe diameter to thickness ratio (Standard Dimension Ratio) 
T:   Temperature (°C) 
Vc:   Cutting speed (mm/min) 
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Greek Letters:  
α:  Clearance angle (°) 
σy:                              Yield stress (MPa)   

ɛf:              Failure strain (%) 
ɛy:                                 Yield strain (%) 
γ:   Rake angle (°) 
κr:   Cutting-edge (or steering) angle (°) 
λ:  Cutting edge inclination angle (°). 
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 The study aimed to assess concrete characteristics and mechanical properties by 
incorporating pozzolan variations, heat treatments, and alkaline solution 
molarities. It focused on identifying the optimal pozzolan addition percentage 
for achieving maximum concrete strength. Specimens underwent heat 
treatments at 60°C, 90°C, and exposure to alkaline solutions with molarity levels 
of 6M for rice husk ash and 8M for palm shell ash (PSA). Compressive strength 
testing at 28 days revealed the most optimal strength of 25.80 MPa in concrete 
without heat treatment, with 10% Palm Shell Ash pozzolan addition. Non-
pozzolan concrete subjected to 1 day of 90°C heat treatment exhibited a strength 
of 21.99 MPa. The lowest strength observed in concrete without heat treatment, 
with 15% rice husk ash, resulting in 12.50 MPa. FTIR analysis focused on the 
chemical aspects of concrete, particularly changes in molecular structure due to 
different parameters. Composite concrete samples incorporating rice husk ash 
pozzolan and varying alkaline solution concentrations showed negligible 
differences. Further analysis found that mixing concrete with 15% Palm shell ash 
without heat treatment resulted in optimal compressive strength of 22.60 MPa, 
highlighting PSA's potential in increasing concrete strength. The research also 
emphasized the effect of temperature on concrete strength, with non-pozzolan 
concrete heated at 90°C for 1 day showing decreased strength. Comparison of 
pozzolan influence revealed that Rice Husk Ash tended to reduce concrete 
strength, especially at higher percentages, indicating a different response to 
pozzolan types. FTIR analysis identified chemical components in Rice Husk Ash 
(RHA) pozzolan concrete, laying the foundation for understanding pozzolan-
concrete matrix interaction. However, further analysis needed for accurate 
interpretation of FTIR results and understanding the mechanism behind 
pozzolan's influence on concrete strength.  
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1. Introduction 

The significance of mineral admixture concrete as a prominent new material globally for 
both new construction and rehabilitation purposes is evident. The studies indicate that 
mineral admixtures, including blast furnace slag, fly ash, and silica fume, contribute to the 
improvement of concrete strength and durability. Ongoing research over years has 
dedicated to exploring the use of mineral admixtures to enhance concrete properties. 
Additionally, economic advantages, such as lower cement requirements, and 
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environmental considerations, play a crucial role in the increasing utilization of mineral 
admixtures, [1-5]. 

The utilization of supplementary cementitious materials (SCMs) in concrete has gained 
significance due to reasons. Concrete, recognized as the second most utilized material 
globally, constitutes over 20% of ordinary Portland cement (OPC), raising environmental 
concerns owing to its association with approximately 8% of worldwide carbon dioxide 
emissions during manufacturing, [1-3]. In response to the escalating demand in the global 
construction industry, scholars and academics are actively exploring sustainable 
alternatives, [4-6]. 

Over the last few decades, there has been a notable shift towards incorporating 
supplementary cementitious materials (SCMs), which derived from industrial by-products 
or natural pozzolan materials, as partial substitutes for cement. These SCMs include fly ash 
(FA), ground granulated blast furnace slag (GGBS), silica fume (SF), metakaolin (MK), 
limestone, fine glass powder, among others, [7-9]. This strategic use of SCMs not only 
contributes to cost reduction in concrete production but also imparts technical advantages, 
[10-12]. The incorporation of SCMs in concrete shown to decrease the heat of hydration 
and enhance the overall durability of the concrete structure. 

The efficacy of curing practices for pozzolanic cement concrete is a focal point of concern, 
given the strong dependency of the pozzolanic reaction on proper curing, [13-14]. Over the 
last few decades, there has been a notable shift towards incorporating supplementary 
cementitious materials (SCMs), which derived from industrial by-products or natural 
pozzolan materials, as partial substitutes for cement. These SCMs include fly ash (FA), 
ground granulated blast furnace slag (GGBS), silica fume (SF), metakaolin (MK), limestone, 
fine glass powder, among others, [15-19]. 

Concrete is a highly popular construction material, frequently employed as a key 
component in building planning and design. This popularity stems from advantages it 
offers, such as high compressive strength, ease of manufacture and maintenance, the 
abundance of raw materials in nature, and economic feasibility. Sometimes, to achieve 
optimal quality in execution, admixtures, fibbers, or non-chemical construction materials 
can be added with proper proportions and employing appropriate mixing and execution 
techniques, enhancing the overall result, [20-23]. 

 

 

Fig. 1. Compound functional group test results on non-pozzolan concrete by FTIR [27] 
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The Fourier Transform Infrared (FTIR) analysis method utilized to elucidate the chemical 
aspects of concrete. This involves examining alterations in the molecular structure of 
concrete induced by various parameters, such as variations in pozzolan, heat treatment, 
and exposure to alkaline solutions, [24-26]. Figure 1 displays the results of FTIR testing on 
concrete without using pozzolan, which only reveals two chemical bonds: O-H and CH2. 
This limitation arises because non-pozzolan concrete involves solely a chemical reaction 
between the cement material and water, with no other chemical reactions occurring. In 
FTIR analysis, visible absorption bands provide insights into the chemical bonds within the 
sample. However, interpreting FTIR results for non-pozzolan concrete may be more 
constrained, often only serving to identify the presence of organic compounds or polymers 
in the concrete mixture. The research aims to comprehend the characteristics of concrete 
and its mechanical attributes. This entails examining the influence of varied factors, such 
as pozzolan variations, various heat treatments, and different molarity levels of alkaline 
solutions, on concrete properties. The primary objective is to determine the optimal 
percentage of pozzolan addition for achieving the highest concrete strength. 

The materials utilized in this investigation consist of Portland Cement, palm kernel shell 
ash pozzolan, and rice husk ash, with pozzolan addition percentages varying at 5%, 10%, 
and 15%. The study involves subjecting concrete specimens to different heat treatments 
at temperatures of 60°C and 90°C, which is expected to offer insights into the effects of heat 
on concrete mechanical properties. Compressive Strength Testing: The research includes 
conducting compressive strength testing at 28 days to evaluate the performance of 
different concrete mixtures. The goal is to determine the most optimal compressive 
strength under various conditions. Additionally, the study employs Fourier Transform 
Infrared (FTIR) analysis to focus on the chemical aspects of concrete. This involves 
examining changes in the molecular structure of concrete due to different parameters such 
as pozzolan variations, heat treatments, and alkaline solutions. 

Composite concrete, also known as fibre concrete, is a type of concrete reinforced by 
adding fibres to the concrete mixture. This reinforcement enhances strength, resistance to 
cracking, and overall mechanical performance. Commonly used fibres include 
polypropylene, glass, steel, or other types that provide additional support to concrete, [27-
29]. Overall, the aim of the study was to investigate factors that can affect concrete strength 
and then optimize them. By analysing variations in pozzolan use, heat treatment, and 
modulation of alkaline solutions, the study aims to provide a better understanding of how 
to improve concrete performance in construction applications. The differences between 
this study and previous studies. Research Variations: This study includes a wider range of 
additional variations in terms of the types of pozzolan used (such as rice husk ash and palm 
shell ash), different heat treatments, and different concentrations of alkaline solutions. 
This suggests a more comprehensive approach in analysing the influence of factors on the 
mechanical properties of concrete. 

• Research Focus: This study focuses more on finding out the optimal pozzolan variation 
in achieving optimal concrete strength. This suggests that the study has a clearer and 
more specific focus on identifying the most important parameters in improving 
concrete strength. 

• Use of FTIR Analysis: This study also uses FTIR analysis to examine the chemical 
aspects of concrete, especially changes in molecular structure due to different 
parameters. This suggests that the study broadens its scope for understanding the 
chemical interactions between pozzolan and concrete matrices. 

• Additional Findings: The study found that the addition of oil palm shell ash without 
heat treatment resulted in optimal compressive strength in concrete, while the 
addition of rice husk ash tended to reduce the strength of concrete, especially at a 
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higher percentage. This is an additional discovery that provides new insights in the 
selection of the right pozzolan to improve the quality of concrete. 

• Research Expansion: Nonetheless, the study also highlights the need for further 
analysis to interpret FTIR results more accurately and understand the mechanisms 
behind pozzolan's influence on concrete strength. This suggests that this study 
provides a foundation for advanced research in this topic. 

2. Methods and Mix Design 

2.1. Material Preparation  

The materials used to make normal-quality concrete include Portland Cement Composite 
(PCC), coarse aggregate (natural stone), fine aggregate (sand), shell powder, wicker fibre, 
and water. The cement chosen for this study is PCC cement. Laboratory examination of this 
cement not conducted because it adheres to standards. Visual inspection will only conduct 
on the cement bag to ensure there are no damages such as tears and no hard lumps present. 

Coarse aggregates derived from natural stone and fine aggregates derived from sand 
sourced from the KRUENG MEUREUBO River, Aceh Barat Regency. Inspection of coarse 
aggregates (natural stone) and fine aggregates (sand) as raw materials for concrete 
requires an examination of physical properties to meet planned standards. This 
examination includes aggregate properties such as specific gravity, absorption, bulk 
density, and sieve analysis. Figure 2 shows the process of making an alkaline solution with 
a molarity of M6, and 10M. 

 

Fig. 2. Preparation of alkaline solutions 

Pozzolan Variations is Palm shell ash and rice husk ash. Pozzolan addition percentages is 
5%, 10%, and 15%. The objective is to identify the optimum pozzolan content for optimal 
concrete strength. Heat Treatments, temperatures: 60°C and 90°C. Heat-treated specimens 
at 1 and 2 days. The goal is to assess the impact of different heat treatments on concrete 
properties. Alkaline Solutions, molarity levels 6M for rice husk ash and 8M for palm shell 
ash. The objective is to investigate the influence of alkaline solutions on concrete 
characteristics. FTIR Analysis, focus on chemical aspects and molecular structure changes. 
Parameters affecting the molecular structure include pozzolan content, heat treatments, 
and alkaline solutions. The objective is to understand the chemical variations in concrete 
due to different parameters. Composite Concrete Samples, incorporate rice husk ash and 
palm shell ash pozzolan with varying alkaline solution concentrations (0% to 15%). 
Negligible differences observed in bonding and compound types across concentrations. 
Image analysis demonstrates uniformity in bonding and compound types. 



Yusra et al. / Research on Engineering Structures & Materials 11(1) (2025) 97-111 

 

101 

Figure 3 shows the palm shell ash slag material to use as a binder, and Figure 4 displays 
Rice Husk Ash. Firstly, 'palm shell ash' refers to the ash from palm kernel burning, while 
'Rice Husk Ash' derived from burned rice husks. These materials used as binders in 
composite concrete. Here are their potential benefits and uses, palm shell ash Slag. This 
material can provide additional strength to concrete, making it more resistant to pressure 
and loads. Utilizing palm shell ash and slag as binders can aid in waste utilization and 
support recycling practices. Rice Husk Ash can help reduce pores in concrete, increasing 
material density and strength. The use of rice husk ash in composite concrete can reduce 
the need for conventional materials, thereby improving the energy efficiency of concrete 
production.  The use of these two types of ash as binders in composite concrete can offer 
economic and ecological advantages. However, it is crucial to note that the formulation and 
proportions of these ingredients must carefully considered to ensure the desired 
mechanical and functional properties of concrete. Laboratory tests and analysis also 
required to validate the performance of composite concrete using these materials. 

 

Fig. 3. Slag from burning palm shell ash 

 

Fig. 4. Rice Husk Ash 

Figure 4 shows the location of the rice processing plant, where Rice Husk Ash (RHA) waste 
observed utilized as a natural pozzolan in the production of composite concrete. This 
process involves incorporating an RHA binder and an alkaline solution, with sodium 
silicate serving as an activator. 
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2.2 Mix Design 

The research will employ a concrete mixture with a targeted strength of 20 MPa. The 
concrete mix design methodology follows the guidelines outlined in the American Concrete 
Institute (ACI) 211.1-22 standard. The standard specimen for testing will be cylindrical, 
with a diameter of 15 cm and a height of 30 cm, and it will contain aggregate with a 
maximum diameter of 19 mm. 

The design of the test specimens in this study includes evaluating the characteristics and 
mechanical properties of concrete with variations in the addition of pozzolan, different 
heat treatments, and variations in the molarity of alkaline solutions. The following outlines 
the design of the test specimens, including the materials used: Portland Cement, Palm Shell 
Ash, Pozzolan Rice Husk Ash, and aggregate. Pozzolan addition variations are set at 5%, 
10%, and 15%, while heat treatments are conducted at 60°C and 90°C. The alkaline 
solution has a molarity of 6M for rice husk ash and 8M for palm shell ash. Test specimen 
creation involves mixing concrete with varying percentages of pozzolan addition. Concrete 
specimens then created and grouped based on heat treatment conditions and alkaline 
solution concentrations. Detailed information about the test specimens provided in Table 
1. 

Table 1. Test specimen design 

Specimens Age of test Molarity Alkaline Thermal Curing 

Concrete 
Cylinder 

Day 
0 M 6 M 8 M Thermal 

I II III 0˚C 60˚C 90˚C 

CRHA 0% 
14 Days 3 0 0 0 1 D 600C 2 D 900C 
28 Days 3 0 0 0 1 D 600C 2 D 900C 

CRHA 5% 
14 Days 0 3 0 0 1 D 600C 2 D 900C 
28 Days 0 3 0 0 1 D 600C 2 D 900C 

CRHA 10% 
14 Days 0 3 0 0 1 D 600C 2 D 900C 
28 Days 0 3 0 0 1 D 600C 2 D 900C 

CRHA 15% 
14 Days 0 3 0 0 1 D 600C 2 D 900C 
28 Days 0 3 0 0 1 D 600C 2 D 900C 

Total 
specimens 

 6 18     

CPSA 5% 
14 Days 0 0 3 0 1 D 600C 2 D 900C 
28 Days 0 0 3 0 1 D 600C 2 D 900C 

CPSA10% 
14 Days 0 0 3 0 1 D 600C 2 D 900C 
28 Days 0 0 3 0 1 D 600C 2 D 900C 

CPSA 15% 
14 Days 0 0 3 0 1 D 600C 2 D 900C 
28 Days 0 0 3 0 1 D 600C 2 D 900C 

Total 
specimens 

   18    

 

For test specimens without the addition of pozzolan and alkali solution, there are 6 pieces. 
Evaluate specimens with the addition of rice husk ash (RHA) and using alkaline solution 
with a 6M molarity consist of 18 test specimens. Assess specimens with Palm Shell Ash 
(PSA) pozzolan and alkaline solution with an 8M molarity also consist of 18 test specimens. 
For more details, refer to Table 1, which shows variations in the addition of pozzolan, 
variations in heat treatment, variations in the heating period, as well as variations in 
heating temperature. 

In this study, Super Plasticizer used at a rate of 1% of the weight of cement, which amounts 
to 0.127 kg, for each variation with the addition of pozzolan, except for concrete with 0% 
pozzolan, where super plasticizer not added. The cement used in this study is Portland 
Composite Cement class 2. 
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Table 2. Mix design 

No Specimen 

Materials 

Cement 
(kg) 

Pozzolan 
(kg) 

Water 
(kg) 

Fine 
aggregate 

(kg) 

Coarse 
Aggregate 

(kg) 

Alkaline 
solution 

(kg) 

1 CRHA 0% 12.717 0 6.613 16.760 25.179 0.24 

2 CRHA 5% 12.717 0.64 6.613 16.478 24.717 0.24 

3 
CRHA 
10% 

12.717 1.27 6.613 16.170 24.255 0.24 

4 
CRHA 
15% 

12.717 1.91 6.613 15.682 23.793 0.24 

5 CPSA 5% 12.717 0.64 6.613 16.478 24.717 0.24 

6 CPSA10% 12.717 1.27 6.613 16.170 24.255 0.24 

7 CPSA 15% 12.717 1.91 6.613 15.682 23.793 0.24 

 Totals 89.190 7.63 46.29 113.426 170.709 1.68 
 

2.3 Compressive Strength Testing 

The Indonesian National Standard (SNI) is a set of technical guidelines published by the 
National Standardization Agency (BSN) in Indonesia. SNI 03-2834-2000 is the standard for 
testing the compressive strength of concrete in Indonesia, [30-33]. The following provides 
an explanation of concrete compressive strength testing based on SNI. The primary 
purpose of compressive strength testing of concrete is to determine its resistance to 
applied pressure, ensuring that the concrete used in construction meets established 
strength standards. Before the test begins, concrete specimens must be prepared in 
accordance with the provisions outlined in the SNI (National Indonesian Standard). This 
includes selecting the size and shape of the specimen to be representative of the structure 
or concrete work to evaluated. 

 

Fig. 5. Specimen setting for compression test [35] 

Concrete compressive strength testing conducted using a concrete compressive testing 
machine. The concrete specimen placed inside the testing machine and subjected to a 
gradually increasing load until failure occurs. The load measured and recorded during the 
test. Two types of specimens commonly used: concrete cylinders (with certain diameters 
and heights) and concrete cubes (with specific sides). SNI provides guidance on selecting 
specimen types based on specific project needs or conditions. Compressive Strength 
Measurement: Test results expressed in units of pressure (MPa) or N/mm², representing 
the maximum compressive strength a concrete specimen can withstand before failure. This 
value offers a reliable indication of concrete strength under certain conditions. SNI sets the 
minimum limit of compressive strength that concrete must meet to accept in construction 
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projects. If the compressive strength value of concrete meets or exceeds the limit, the 
concrete considered to meet the standard requirements. 

Test results reported in full, including information about the concrete specimen, test 
conditions, loads applied, and compressive strength values obtained. This report is useful 
for documenting and evaluating the quality of the concrete used. It is important to always 
refer to the latest version of the applicable SNI standard, as test requirements and 
procedures may change over time. Figure 5 shows the setting of the specimen in the 
compressive strength testing process [35]. 

Room conditions for the tested sample. This is important because room conditions can 
affect test results and data consistency. The examples of specifications that included in 
room conditions are. Temperature: For example, the room is set at a certain constant 
temperature, such as 25°C, to ensure consistency in the test. The relative humidity of a 
room can also be set to remain constant, for example, at 50% RH, to minimize the influence 
of humidity on the sample. If the test requires visual observation, the light intensity in the 
room should be set consistently to ensure uniform test conditions. In cases, such as testing 
materials under certain conditions, atmospheric pressure in the room can be set to meet 
the test requirements. Other factors such as ventilation, noise, and environmental 
contamination also need to consider and regulated if possible. 

2.4 FTIR Testing 

FTIR (Fourier Transform Infrared Spectroscopy) testing on geopolymer concrete is an 
infrared spectroscopic analysis method used to understand the chemical composition and 
molecular structure of geopolymer concrete, [36]. Geopolymer concrete, a type of concrete 
that utilizes geopolymer binders instead of conventional Portland cement, is examined 
through FTIR to provide insights into the chemical bonds between atoms in geopolymer 
concrete samples, [37]. 

FTIR spectrum analysis provides valuable insights into the chemical structure and 
composition of geopolymer concrete. Peaks in the spectrum offer clues about the chemical 
bonds and molecules present in the sample. FTIR results are instrumental in verifying the 
presence of the desired geopolymer in concrete, with specific peaks ensuring the proper 
formation of geopolymer bonds. By delving into the molecular structure and composition 
of materials, FTIR testing on geopolymer concrete contributes to a deeper understanding 
and aids in the development and refinement of geopolymer concrete performance, [38]. 

 

Fig. 6. Sample preparation for FTIR testing 

Here are the general steps involved in FTIR testing on geopolymer concrete. Sample 
preparation, geopolymer concrete samples crushed into a fine powder, as shown in Figure 



Yusra et al. / Research on Engineering Structures & Materials 11(1) (2025) 97-111 

 

105 

6. The concrete powder then placed on a transparent substrate suitable for FTIR analysis, 
such as glass or calcium fluoride. Spectrum measurement, the sample positioned inside the 
FTIR spectrometer. Infrared light directed to the sample, and the resulting infrared 
spectrum recorded. This process measures a series of intensified waves produced by 
chemical bonds in the sample. The resulting spectrum shows peaks associated with 
specific chemical bonds in the sample. These peaks identified and associated with specific 
components in geopolymer concrete, such as Si-O-Si (silica) bonds, Al-O-Si 
(aluminosilicate) bonds, and geopolymer bonds. 

3. Results and Discussion  

The research aimed to examine the attributes and mechanical behaviours of concrete in 
various scenarios, including changes in pozzolan levels, heat treatments, and alkaline 
solution concentrations. The primary focus was on determining the most effective amount 
of pozzolan addition for enhancing concrete strength. Portland Cement, palm kernel shell 
ash pozzolan, and rice husk ash utilized as materials, with pozzolan ratios set at 5%, 10%, 
and 15%. Figure 7 shows the condition of the composite concrete specimen after 
compressive testing, experiencing columnar cracking which means its strength is not too 
high because it undergoes heating for two days with a temperature of 900C. Where the age 
of testing at the age of 14 days. 

 

Fig. 7. Sample concrete after compression test 

After subjecting the specimens to different treatments, the compressive strength testing at 
28 days revealed notable findings. The most optimal compressive strength of 22.60MPa 
observed in concrete without heat treatment, with the addition of 15% palm shell ash 
(PSA) pozzolan. The compressive strength of non-pozzolan concrete subjected to 1 day of 
heat treatment at 90°C was slightly lower at 21.99MPa. On the contrary, the lowest 
compressive strength observed in concrete without heat treatment, with the addition of 
15% rice husk ash, resulting in a compressive strength of 12.50MPa. More details of 
compressive strength test results with pozzolan variations, differences in alkaline solution 
molarity, and heat treatment shows in Table 3 and Figure 8. 

Table 3 shows that the data include research results related to the strength of concrete 
containing various percentages of Concrete Rice Husk Ash (CRHA) and Concrete Palm Shell 
Ash (CPSA) under different concrete aging conditions (test life) and various thermal 
treatment conditions. The compressive strength of concrete measured in Megapascals 
(MPa). In the data matrix, the numbers represent the compressive strength of concrete 
under specific conditions. For example, on the 0% CRHA line with Thermal Curing II (60°C) 
and a test life of 14 days, the compressive strength of concrete is 19.84 MPa. In the matrix, 
general findings drawn. In general, the addition of CRHA (Residue High Alumina) shows a 
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decrease in concrete strength, especially at higher percentages. This observed in rows with 
CRHA percentages (5%, 10%, 15%) under various thermal treatment conditions. In 
general, the addition of CPSA shows variations in concrete strength, depending on the 
percentage and thermal treatment conditions. 

Table. 3 Compressive strength test results 

Specimens 
Age of 

test 
Molarity Alkaline Thermal Curing Strength (MPa) 

Concrete 
Cylinder 

Day 
I II III I II III I II III 

0 M 6 M 8 M 0˚C 60˚C 90˚C    

CRHA 0% 

14 
Days 

3 0 0 0 D 1 D 2 D 19.84 14.70 12.55 

28 
Days 

3 0 0 0 D 1 D 2 D 20.10 21.99 17.70 

CRHA 5% 

14 
Days 

0 3 0 0 D 1 D 2 D 15.55 18.10 19.80 

28 
Days 

0 3 0 0 D 1 D 2 D 17.27 20.11 21.20 

CRHA 
10% 

14 
Days 

0 3 0 0 D 1 D 2 D 12.20 8.90 15.60 

28 
Days 

0 3 0 0 D 1 D 2 D 16.70 15.50 17.80 

CRHA 
15% 

14 
Days 

0 3 0 0 D 1 D 2 D 12.60 17.40 20.02 

28 
Days 

0 3 0 0 D 1 D 2 D 12.50 15.60 18.70 

CPSA 5% 

14 
Days 

0 0 3 0 D 1 D 2 D 17.70 14.90 13.80 

28 
Days 

0 0 3 0 D 1 D 2 D 21.70 15.90 12.60 

CPSA10% 

14 
Days 

0 0 3 0 D 1 D 2 D 25.30 9.80 15.40 

28 
Days 

0 0 3 0 D 1 D 2 D 25.80 21.30 20.00 

CPSA 15% 

14 
Days 

0 0 3 0 D 1 D 2 D 17.80 16.80 11.30 

28 
Days 

0 0 3 0 D 1 D 2 D 22.60 17.50 19.10 

 

The optimal strength achieved in PSA pozzolan concrete with a 10% addition at the age of 
28 days, exhibiting a heat treatment rate of 25.8 MPa. Conversely, the lowest compressive 
strength was observed in non-pozzolan concrete at the age of 14 days, subjected to a heat 
treatment of 60°C for 1 day. In the case of RHA pozzolan concrete, the most favourable 
strength was attained at the age of 28 days with a two-day heat treatment, while the 
weakest strength occurred at the age of 14 days with a heat treatment of 60°C for one day, 
registering at 8.9 MPa. For PSA pozzolan concrete, the lowest compressive strength was 
recorded at a heat treatment of 60°C for one day, with a testing duration of 14 days. 

From Figures 1, 9 and 10 it can be seen that there are differences in compound functional 
groups Where in Figure 1, namely concrete without additional pozzolan there are only O-
H and CH2 compound bonds, while in figures 9 and 10 show the addition of compound 
functional groups, namely there are two O-H bonds, then the presence of C=O and CH3 
bonds, this shows that concrete with additions has additional compound functional groups 
that contribute strength to concrete with the addition of material Pozzolan. Pozzolan PSA 
is more suitable for addition to composite concrete because it has more calcium oxide 
content than RHA, so PSA is more concrete which proven from variations in heating tests 
resulting in PSA concrete decreasing in strength when heated. Conversely, in RHA there 
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are more silica elements so that it is more influential on the polymer process, this can be 
proven by heating variations, where RHA concrete experiences an increase in compressive 
strength when applied, although overall the compressive strength produced by RHA 
concrete does not increase too much compressive strength compared to PSA concrete. 

 

Fig. 8. Compressive strength relationship with age of testing, heat treatment and 
molarity of alkaline solutions 

 

Fig. 9. FTIR test results on RHA and PSA pozzolan concrete 

Fig. 9 show the wavenumbers of the test results from FTIR. In Figure 10 of RHA and PSA 
pozzolan concrete shows the occurrence of 5 groups of chemical compounds, namely O-H, 
O = H, C = O, CH3, and CH2. FTIR (Fourier Transform Infrared) testing is an infrared 
spectroscopy method used to analyse molecular structures based on the absorption of 
infrared light by molecules. The wavenumber recorded in FTIR test results can provide 
information about functional groups in a compound. 

Here are common interpretations of compound groups that shows in the FTIR results of 
pozzolan concrete RHA (Rice Husk Ash): O-H (Hydroxyl): The wavenumber range is about 
3200-3600 cm-1. Hydroxyl can come from water or from hydroxyl groups in organic 
compounds. O=H (Hydroxy Group): The wavenumber range is about 3000-3500 cm-1. This 
group can also refer to hydroxyl, especially hydroxyl bonded to oxygen atoms in 
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compounds. C=O (Carbonyl Group): The wavenumber range is about 1700-1750 cm-1. The 
carbonyl group derived from compounds such as ketones or aldehydes. CH3 (Methyl): The 
wavenumber range is about 2800-3000 cm-1. This indicates the presence of methyl groups 
in the compound. CH2 (Methylene): The wavenumber range is about 2800-3000 cm-1. This 
group indicates the presence of a carbon chain consisting of two carbon atoms. FTIR results 
reflecting the presence of these groups can provide information on the chemical 
composition and molecular structure of RHA pozzolan concrete. However, a more detailed 
and accurate interpretation requires a further understanding of the test conditions and the 
specific characteristics of the sample assessed. 

4. Conclusions 

The objective of the research was to evaluate the properties and compressive strength of 
concrete incorporating different proportions of pozzolan additives, namely palm kernel 
shell ash (PSA) and rice husk ash (RHA), under various thermal treatment conditions and 
concentrations of alkaline solution. From the results and distribution data, the following 
conclusions drawn: 

• Concrete without pozzolan, subjected to 1 day of heat treatment at 90°C, exhibited 
a slightly lower compressive strength of 21.99 MPa. 

• The lowest compressive strength observed in concrete without heat treatment, 
with the addition of 15% rice husk ash, recording at 12.50 MPa. 

• Pozzolan Effects: The addition of Concrete Rice Husk Ash (CRHA) led to a decrease 
in concrete strength, especially at higher percentages, under various thermal 
treatment conditions. 

• Concrete Palm Shell Ash (CPSA) addition showed variations in strength, depending 
on the percentage and thermal treatment conditions. 

• Optimal Conditions: The highest compressive strength 25.8MPa achieved in PSA 
pozzolan concrete with a 10% addition at the age of 28 days. 

• The weakest strength occurred in non-pozzolan concrete at the age of 14 days, 
subjected to a heat treatment of 60°C for 1 day. 

• FTIR Analysis: FTIR analysis revealed chemical compounds in RHA pozzolan 
concrete, including O-H, O=H, C=O, CH3, and CH2 groups. 

• Interpretations of wavenumbers suggested the presence of hydroxyl, hydroxy 
groups, carbonyl groups, methyl groups, and methylene groups in the RHA pozzolan 
concrete. 

• Detailed analyses, considering specific test conditions and sample characteristics, 
required for a more accurate interpretation of FTIR results. 

 

In summary, this study provides valuable insights into the impact of pozzolan addition, 
thermal treatment, and alkaline solution molarity on the characteristics and compressive 
strength of concrete, offering a foundation for future research in optimizing concrete 
mixtures for enhanced performance. Recommendations for Further Research: Further 
investigations needed to understand the specific mechanisms behind the observed effects 
of pozzolan on concrete strength. 

The novelty of this research lies in its comprehensive investigation into the properties and 
compressive strength of concrete incorporating various proportions of pozzolan additives, 
specifically palm kernel shell ash (PSA) and rice husk ash (RHA), under diverse thermal 
treatment conditions and alkaline solution concentrations. The key findings contribute to 
advancing the understanding of pozzolan effects on concrete performance in significant 
ways: 
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• Effect of Thermal Treatment: The study elucidates how different thermal treatment 
conditions impact concrete strength, highlighting variations in compressive 
strength under distinct temperatures and durations. 

• Pozzolan Influence: By analysing the effects of CRHA and CPSA additions on 
concrete strength, the research identifies trends in strength variations, particularly 
emphasizing the decrease in strength associated with higher percentages of CRHA 
addition. 

• Optimal Conditions: The identification of optimal conditions for achieving the 
highest compressive strength, notably 25.8 MPa in PSA pozzolan concrete with a 
10% addition at 28 days, offers valuable insights for concrete mixture optimization. 

• FTIR Analysis: The use of FTIR analysis to characterize chemical compounds in RHA 
pozzolan concrete unveils molecular changes, providing a deeper understanding of 
the interaction between pozzolan additives and the concrete matrix. 

• Recommendations for Further Research: The call for further investigations into the 
specific mechanisms behind observed pozzolan effects on concrete strength sets 
the stage for future studies aimed at unravelling the underlying mechanisms and 
optimizing concrete mixtures for enhanced performance. 

This research fills gaps in current knowledge by systematically examining the impact of 
pozzolan additives, thermal treatment, and alkaline solution molarity on concrete 
properties and compressive strength, laying a foundation for future endeavours in the field 
of concrete material science and engineering. 
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 The present paper investigates the valorisation of three local Algerian waste 
materials, namely Marble Powder (MP), Ground Granulated Blast Furnace Slag 
(GGBS), and Glass Fibre-Reinforced Plastic Waste (GFRPW), as mineral additions 
in Self-Compacting Concrete (SCC). A mixture design modelling approach was 
used to evaluate the impact of these waste materials and their interactions on 
the fresh and hardened properties of SCC. Experimental tests were performed, 
including slump flow, V-funnel, L-box, air content, and compressive strength 
tests. Regression models were developed to understand the behaviour of SCC 
based on the proportions of MP, GGBS, and GFRPW in both binary and ternary 
systems. The statistical analysis software Minitab was employed for the 
modelling. The results revealed that the combination of MP, GGBS and GFRPW in 
ternary systems has a synergistic effect on slump flow and L-box ratio. The 
highest slump flow value and L-box ratio were achieved at proportions of 
approximately 38% MP, 37% GGBS, and 25% GFRPW. The V-funnel time was 
affected by the proportions of the waste materials, decreasing with higher MP 
and GFRPW proportions and increasing with a higher GGBS proportion.  In 
GFRPW-based systems, a higher GFRPW proportion increased the air content, 
but combining GFRPW with GGBS significantly reduced it. Furthermore, the 
interaction between GGBS and GFRPW enhanced the development of the 28-day 
compressive strength, where the highest value of 54 MPa was reached at the 
combination of 32% GFRPW and 68% GGBS. After 90 days of curing, the SCC 
mixtures containing 100% GGBS exhibited the highest compressive strength 
value of 66 MPa. This study provides valuable insights for optimising the use of 
MP, GGBS, and GFRPW in SCC, potentially leading to more sustainable and cost-
effective concrete production. 

 
© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

Self-compacting concrete (SCC) is a modern form of concrete developed in Japan in 1988 
to improve the durability of concrete structures. It was a response to the durability 
problems that had arisen two decades after post-war reconstruction, where the focus on 
rapid project delivery had compromised the quality of construction (1). Prof. Hajime 
Okamura identified insufficient concrete compaction as a major cause of structural 
deterioration and proposed SCC as a solution (1). This new technology allows concrete to 
be placed into the formwork under its own weight without the need for vibration. As well 
as improving the durability of concrete structures, SCC has helped to address the shortage 
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of skilled labour in the construction industry. The SCC mix design necessitates a high 
cement content with a compatible rate of superplasticizer. This composition is essential 
for the concrete to achieve fresh properties, including segregation resistance, filling ability, 
and passing ability, that characterise SCC and contribute to its self-place ability. However, 
the adoption of this technology in the construction industry can increase the cost of 
concrete production and its carbon footprint (2). Many researchers have proposed the use 
of industrial by-products such as marble dust, granulated blast furnace slag, and glass 
fibre-reinforced plastic waste, as mineral additions in SCC. This approach offers several 
benefits,  such as material cost reduction, decreased environmental impact, and enhanced 
concrete performance.  

Marble is a metamorphic rock composed mainly of carbonate minerals such as dolomite 
and calcite. Valued for its durability, resistance, and wide range of colours, it has long been 
used as a building material and decorative element. The extensive global production of this 
stone has resulted in negative impacts on the environment and public health. Dust 
generated during the processing, cutting, and polishing of marble is collected and 
discharged near the manufacturing plants. The high alkalinity of these deposits reduces 
soil fertility and increases the risk of water contamination (3,4). In addition, the fine 
marble particles suspended in the air can cause respiratory, visual, and skin disorders (5), 
(6). To mitigate the environmental impact of MP, numerous researchers have attempted 
to use this waste material in the production of SCC. Meera et al. (7) analyzed the rheological 
and mechanical behavior of SCC containing up to 360 kg/m³ of MP. Most of the mixes were 
classified within the VS2/VF1 and VS2/VF2 categories of the EFNARC specifications.  The 
authors concluded that MP can be used in low-strength SCC up to 360 kg/m³ and in high-
strength SCC up to 230 kg/m³. Gupta et al. (2) conducted a study to investigate the use of 
marble waste (MP), silica fume (SF), and fly ash (FA) in different combinations for the 
design of high-performance self-compacting concrete (HPSCC). The addition of both MP 
and FA was found to enhance the fresh properties of HPSCC. The use of 10% MP combined 
with 15% FA and 5% SF exhibited the best mechanical performance and microstructure of 
HPSCC. Sadeek et al. (8) highlighted that the incorporation of MP without cement 
substitution enhances the mechanical performance of SCC. Mechanical strength showed an 
increase with higher incorporation rates of MP. Mahmood et al. (9) concluded that 
substituting 5% of fine aggregate with marble powder and 15% with rice husk ash resulted 
in optimum mechanical performance for both short and long-term applications in SCC. 

Blast furnace granulated slag is a by-product of iron production that is typically landfilled, 
causing environmental damage such as soil degradation and water pollution. Ground 
granulated blast furnace slag (GGBS) is a well-known material that, due to its latent 
hydraulic reactivity, is widely used as a partial substitute for cement in cement-based 
materials. Several studies have focused on its use in SCC and reported various results. 
Bayat et al. (10)found that substituting cement with up to 40% GGBS generates SCC mixes 
with reduced flowability, viscosity and passing ability. However, the incorporation of GGBS 
at 30% cement replacement optimized mechanical strength. Sara et al. (11) showed that 
the addition of GGBS as a cement substitute in self-compacting mortar based on recycled 
concrete sand reduced the demand for superplasticizers. The highest compressive 
strength was achieved at a cement substitution rate of 20%. By investigating the behaviour 
of SCC after replacing up to 60% of cement with GGBS, Mohammed et al. (12) reported that 
the mechanical strength increased, reaching an optimum value of 84 MPa at a substitution 
rate of 40% and a water/cement ratio of 0.26. According to Ofuyatan et al. (13), the use of 
GGBS results in a decrease in flowability and an increase in viscosity and passing ability. 
The SCC mixes exhibited optimum mechanical strength at 20% cement substitution.  

Glass Fibre-Reinforced Plastic (GFRP) is a composite material consisting of glass fibres 
immersed in a thermosetting resin. GFRP is known for its exceptional properties that 
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combine lightness with high mechanical and durability performance. These properties 
have facilitated its widespread adoption in various industries, including aerospace, 
construction, and automotive. The growing global market demand for composite materials 
has resulted in the accumulation of waste generated during their production, including 
machining, cutting, and polishing. The GFRP products are also expected to reach the end of 
their service life, leading to the accumulation of even larger quantities of this material. The 
accumulation of GFRPW is a significant challenge that requires sustainable waste 
management and recycling practices. Mechanical recycling is a promising approach for the 
management of GFRPW, as it is cost-effective and environmentally friendly [14]. This 
method involves shredding or grinding the waste into small pieces that can then be used 
as raw materials for new products. Other methods of recycling GFRW, such as chemical 
and thermal recycling, are also being explored, but are generally more expensive and 
energy-intensive (16). The incorporation of mechanically recycled GFRP powder in 
cement-based materials offers a promising solution for waste management in the 
construction sector, helping to mitigate the negative impact of this waste on the 
environment. Most studies on the incorporation of recycled GFRP powder as a replacement 
for fine aggregates in concrete and mortar have reported a loss of workability and a 
degradation of mechanical strength (17–21). However, recent research has shown that the 
use of a small amount of recycled GFRPW in cement-based materials can improve their 
mechanical performance. Asokan et al. discovered that oven curing allows the mechanical 
strength of GFRP powder-based concrete to develop (20). The same authors, in another 
study, found a significant improvement in mechanical strength when GFRPW is 
incorporated with a high dosage of superplasticizer (22). Farinha et al. also reported a 
continuous increase in the mechanical strength of mortar by substituting natural silica 
sand with GFRP powder obtained from the cutting process of floor elements (23). Tittareli 
and Moriconi (24) have used GFRP powder in SCC by replacing the calcareous filler at rates 
of 25% and 50%. The authors reported a considerable loss in mechanical resistance 
despite the improvement of some durability-related properties.  

The extensive investigation of the potential for recycling MP, GGBS and GFRPW  as 
alternatives to cement or fine aggregates has been the focus of numerous research efforts. 
These studies have mainly concentrated on the use of these waste materials alone or in 
combination with other mineral additions such as pozzolan (PZ) (25), fly ash (FA), and 
silica fume (SF)(2). However, to date, no studies have examined the simultaneous use of 
these wastes in SCC or other cement-based materials. 

The objective of this  work is to investigate the effect of combining the three types of waste 
(MP, GGBS, and GFRPW) in binary and ternary  systems on the fresh and hardened 
properties of SCC. The waste additions were ground to a consistent Blaine fineness of 4500 
cm²/g to eliminate the influence of this physical property on the concrete's performance. 
The fresh properties of SCC were evaluated through a series of tests, including slump flow, 
V-funnel time, L-box ratio, and air content. Additionally, the mechanical properties were 
assessed through compression tests after 28 and 90 days of curing. In this study, the 
mixture design method, a statistical approach, was employed to analyse the individual and 
combined effects of MP, GGBS, and GFRPW on the properties of the SCC under 
investigation. This approach provides a comprehensive understanding of the impact of 
these waste materials on the performance of SCC. 

2. Experimental Program 

2.1. Mixture Design Approach 

The mixture design method is a statistical modelling tool specifically tailored to analyse 
the behaviour of mixtures (blends). This approach is particularly valuable in construction 
materials such as concrete, where it enables the design of experiments, prediction of 
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concrete behaviour, and optimisation of the proportion of its components to achieve the 
best performance. The mixture plan is an experimental design characterised by a 
fundamental constraint indicating that the proportion of all the mixture components must 
add up to 100%. This constraint is expressed in equation (1), where Xi denotes the 
proportion of the constituent i (26). 

∑ 𝑋𝑖 = 1

𝑖=𝑛

𝑖=1

   (1) 

The mixture design of experiments is beneficial in understanding the relationship between 
the behaviour of a mixture, referred to as "response Y," and the proportion of its 
constituents Xi, termed factors. It is evident that the factors are non-independent, where 
the proportion of a specific component depends on the combined proportions of the other 
ingredients. The experimental programme can be defined based on the type of mixture 
design adopted. The simplex lattice, simplex centroid, and extreme vertex are traditional 
mixture designs that help determine the number of mixtures to be prepared with the 
proportions of their analysed constituents. Once the experiments have been conducted on 
these mixtures, the regression equation can be developed to describe the association 
between the response Y and the factors Xi. The regression equation provides insights into 
the impact of each constituent and their interactions on the behaviour of the mixtures. 
Furthermore, it enables the effective prediction of the mixtures' performance based on the 
proportions of their constituents. The validity of the regression equation is subsequently 
assessed using specific parameters, including the coefficients R2, R2adj, and R2pred, analysis 
of variance (ANOVA), and the distribution of errors between the experimental and 
predicted results (residuals) (27). This evaluation process is essential for determining the 
accuracy and reliability of the regression model in describing the data and making 
predictions.  

𝑌 =  𝐵1 × 𝑀𝑃 +  𝐵2 × 𝐺𝐺𝐵𝑆 + 𝐵3 × 𝐺𝐹𝑅𝑃𝑊 + 𝐵4 × (𝑀𝑃 ∙ 𝐺𝐺𝐵𝑆) +
𝐵5 × (𝑀𝑃 ∙ 𝐺𝐹𝑅𝑃𝑊) + 𝐵6 × (𝐺𝐺𝐵𝑆 ∙ 𝐺𝐹𝑅𝑃𝑊) + 𝐵7 × (𝑀𝑃 ∙ 𝐺𝐺𝐵𝑆 ∙ 𝐺𝐹𝑅𝑃𝑊)                          

  (2) 

In this study, a ternary system composed of MP, GGBS, and GFRPW was evaluated for its 
suitability as a mineral addition in self-compacting concrete. The traditional augmented 
simplex-centroid mixture plan, based on three factors, was employed, resulting in 10 
combinations to be processed, as illustrated in Fig. 1. The special cubic model of Scheffé 
was selected for the regression equation, which includes the individual factors MP, GGBS, 
and GFRPW, along with their binary and ternary interactions, as detailed in equation (2). 
The coefficients of the regression model (Bi) were calculated using the least squares 
method, which minimises the sum of the squares of the errors. These coefficients represent 
the contribution of the associated terms to the response variable “Y”. A high coefficient 
indicates a strong influence on the response, while a negative coefficient suggests an 
adverse influence on the variable "Y". The mixture design approach was applied in this 
investigation using the Minitab statistical software.  

2.2. Materials 

The used cement is a blended Portland cement of type CEM II/A-L 52.5 N, manufactured 
by the CILAS cement plant (Ciment Lafarge Souakri) in accordance with the European 
Standard EN 197-1 (Fig. 3(a)).  
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Three Algerian industrial by-products,  MP, GGBS, and GFRPW, were utilised as mineral 
additions in SCC. The MP was obtained from the El-Khroub quarry near the city of 
Constantine, whilst the GGBS was from the El-Hadjar steel factory in Annaba (Algeria). The 
GFRPW was recovered from the “Maghreb Pipe Industries” factory located in M’sila 
(Algeria), which specialises in the production of GFRP piping systems. This waste material 
is generated as a by-product of the GFRP pipe-cutting process. The cutting equipment 
includes a vacuum system that collects and stores the GFRP waste in bags (Fig. 2). The 
GFRP itself was produced using polyester thermosetting resin and E-glass fibres. The 
chemical composition of cement, MP, GGBS and GFRPW obtained with X-ray fluorescence 
(XRF) analysis is presented in Table 1.   

All the waste materials (MP, GGBS, and GFRPW) were ground separately using a ball mill 
until their Blaine-specific surface area reached 4500 cm2/g (Fig. 3(b), (c), (d)). Scanning 
electron microscopy (SEM) analysis was conducted to examine the morphology and 
surface texture of the waste particles after the grinding process. The marble particles were 
found to possess a relatively rounded shape with a smooth surface (Fig. 4 (a)), whereas the 

 
Fig. 1. Illustration of centroid-simplex augmented design with three factors: MP, GGBS 

and GFRPW 

 (a) (b) 

Fig. 2. (a) Cutting process of GFRP pipes with the vacuum system, (b) GFRPW Storage 
bags  
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GGBS consisted of angular particles with a rough surface (Fig. 4 (b)). The GFRPW was 
characterised by the irregular shape and size of its particles (Fig. 4 (c)). The physical 
properties and particle size distribution of MP, GGBS, GFRPW, and cement are presented 
in Table 2 and Fig. 5, respectively. 

Table 1. Chemical composition of Cement, MP, GGBS and GFRPW 

Table 2. Physical properties of MP, GGBS, GFRPW and Cement 

 

Three fractions of crushed natural aggregates were utilised in this work: gravel (3/8), 
gravel (8/15), and sand (0/4) obtained from the Kef-Azrou quarry located in Medea 
(Algeria), and dune sand of class (0/1) collected from Bou-Saada in southern Algeria. The 
physical characteristics and gradation curves of the fine and coarse aggregates are 
presented in Table 3 and Fig. 6, respectively.  

(a) (b) 

(c) (d) 

Fig. 3. (a) General aspect of Cement, (b) MP, (c) GGBS and (d) GFRPW  

Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 LOI 

Cement 19.47 4.89 2.97 64.58 1.63 2.28 0.74 0.12 - 2.97 

MP 0.06 - 0.01 55.73 0.12 0.07 - - 0.01 43.65 

GGBS 35.65 7.86 4.83 40.87 3.50 1.62 0.63 0.12 0.28 0.02 

GFRPW 33.44 8.29 0.24 11.85 1.56 0.08 0.06 0.42 0.25 44.32 

Materials MP GGBS GFRPW Cement Specifications 

Specific Gravity  2.72 2.92 1.77 3.09 EN 1097-7 

Blaine fineness (m2/Kg) 450  450 450 390 EN 196-6 
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A polycarboxylate-based superplasticizer, Sika ViscoCrete Tempo 12, with a specific 
density of 1.06 and a solid content of 30%, was used. 

Table 3. Physical characteristics of aggregates 

 

 

(a) (b) 
 

 

 

 

 

 

 

 
 
 

 
 
 

(c)  

Fig. 4. SEM observation of MP (a), GGBS (b), and GFRPW (c) 

Materials 
Gravel 1 
(8/15) 

Gravel 2 
(3/8) 

 Crushed Sand 
(0/4) 

Dune Sand 
(0/1) 

Specifications 

Specific Gravity  2.62 2.64 2.74 2.62 
EN 1097-6 

Coefficient of absorption 1.01 1.19 0.73 0.55 
Flakiness index 11.46 14.37 - - EN 933-3 

Sand equivalent (%) - - 60.78 75.75 EN 933-8 

Methylene Blue Value - - 0.17 1.83 EN 933-9 

Fineness Modulus 5.93 5.24 3.06 1.03 NF P 18-540 
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2.3. Mixture Proportions 

This study involves the preparation of 10 mixtures of SCC. The mineral addition, consisting 
of MP, GGBS, and GFRPW, was incorporated into the SCC mixtures at a proportion of 15% 
of the cement mass. The proportions of MP, GGBS, and GFRPW were determined according 
to the mixture design plan, as shown in Table 4. The quantities of the additional 
components, such as cement, gravel, sand, water and superplasticizer (SP), in the SCC 
mixture were kept constant, and their specific values are detailed in Table 5. 

2.4. Testing Procedure 

The experimental evaluation of the SCC mixtures included tests to assess their fresh and 
hardened properties. The tests conducted to evaluate the fresh properties included the 
slump flow (EN 12350-8), V-funnel time (EN 12350-9), and L-box (EN 12350-10) tests. 
The slump flow test was conducted by using a slump cone mould to contain the SCC 
mixture. The process involved filling the slump cone with the SCC sample without any 
compaction and lifting it vertically to allow the concrete to flow freely. After lifting the 

 

Fig. 5. The gradation curves of MP, GGBS, GFRPW and Cement 

 

 

Fig. 6. The gradation curves of Dune sand, crushed sand, gravel 1 and gravel 2 
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slump cone, the final diameter of the resulting concrete spread was measured in two 
directions (Fig. 7(a)). For the V-funnel test, the SCC sample was poured into a V-funnel 
apparatus until it reached the top. The trap door was then opened, and the time it took for 
the concrete to flow out was recorded. The L-box test involved the use of an L-shaped box 
apparatus consisting of a vertical section connected to a horizontal section through a 
control gate. To perform the L-box test, the SCC sample was initially poured into the 
vertical section. The control gate was then removed to allow the SCC to flow through the 
horizontal part. The heights of the concrete at the end (H2) and the beginning (H1) of the 
L-box horizontal section were measured after the fresh concrete flow ceased (Fig. 7(b)). 
The blocking ratio was calculated as H2/H1. The air void content of the fresh SCC mixtures 
was measured using an air meter (ASTM C 231), as shown in Fig. 7(c). SCC specimens were 
cast in cylindrical moulds measuring ɸ 100 x 200 mm and placed in a controlled chamber 
at 20±5°C for 24 hours. Following demoulding, the concrete specimens were immersed in 
water at 20±2°C. The compressive strength test (EN 12390-3) was carried out on the 
hardened concrete specimens after 28 and 90 days of water curing, as shown in Fig. 7(d). 
The results of these tests are detailed in Table 4. 

 

 

(a) (b) 

  

(c) 

 

(d) 

Fig. 7. (a) Tests for SCC: Slump flow, (b) L-box, (c) Air content, (d) Compressive 
strength 
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Table 4. Waste materials combinations and experimental results of prepared SCC 
mixtures 

Table 5. Quantities of SCC mixture constituents kept constant 

Materials Gravel 1 Gravel 2 
Crushed 

Sand 
Dune 
Sand 

Cement 
Mineral 

addition*  
Water SP 

Quantity 
(Kg/m3) 

297 445 868 96 400 60 206 2.76 

*(MP+GGBS+GFRPW) 

3. Statistical Analysis of Regression Models 

The regression models are established to evaluate the effect of MP, GGBS, and GFRPW 
proportions, and their interactions, on each of the SCC properties investigated. The 
analysis of variance (ANOVA) is a statistical method that helps to estimate and verify 
regression models through the P-value that determines the statistical significance of the 
model terms. A P-value less than 0.05 indicates that the model terms are significant, whilst 
a P-value greater than 0.05 identifies non-significant terms at a 95% confidence level. The 
presence of non-significant terms in the regression model can affect its descriptive and 
predictive quality. This work applies the stepwise elimination method to eliminate non-
significant terms from the developed models. In the stepwise regression process, terms are 
systematically added to or removed from the model based on their statistical significance. 
Table 6 shows the final form of all established regression models, along with their 
respective R2, R2adj, and R2pred coefficients. In regression analysis, the R2 and R2adj 
coefficients are used to evaluate the goodness of fit of the derived model with the 
experimental results, while the R2pred coefficient is used to assess the predictive capacity of 
the model for new observations that deviate from the initial dataset. The validation of the 
statistical models also involves residual diagnostics, which include analysing the residuals 
against the predicted responses, as presented in Fig. 8. A random distribution of residuals 
in these plots indicates that the data does not exhibit any systematic patterns, such as 
reliability, periodicity, or interference (28). This randomness provides evidence that the 
model is validated and can be considered appropriate for the given application. 

 

 

Mix. 
N° 

Waste materials 
combinations 

 
Fresh Properties 

 Compressive 
strength (MPa) 

MP GGBS GRPW 
 Slump Flow 

(mm) 
V-funnel time 

(s) 
L-box ratio 

(H2/H1) 
Air Content 

(%) 

 
Rc28 Rc90 

1 1 0 0  695 10 0.87 2.30  49.38 51.99 

2 0 1 0  700 23 0.86 3.00  51.02 66.12 

3 0 0 1  590 10 0.84 3.90  41.65 48.57 

4 1/2 1/2 0  690 14 0.86 2.10  48.72 49.82 

5 1/2 0 1/2  615 9 0.80 3.10  44.04 51.69 

6 0 1/2 1/2  625 18 0.78 2.30  53.29 61.73 

7 1/3 1/3 1/3  720 15 0.92 2.35  49.63 55.54 

8 2/3 1/6 1/6  730 12 0.91 2.00  50.67 51.77 

9 1/6 2/3 1/6  740 16 0.89 2.10  53.90 59.03 

10 1/6 1/6 2/3  650 10 0.85 3.20  45.58 53.72 



Djeddou et al. / Research on Engineering Structures & Materials 11(1) (2025) 113-138 

 

123 

 

 

(a) (b) 

(c ) (d) 

(e ) (f) 

Fig. 8. Residual plots for: (a)Slump flow, (b) V-funnel, (c) H2/H1, (d) Air Content, 
(e)RC28, (f) RC90 
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Table 6. Regression equations developed by the mixture design approach and respective square  

4. Results and Discussion 

4.1. Slump Flow 

The trace plot established by Minitab helps in understanding the individual effect of each 
component on the response value (28). According to the response trace plot of slump flow, 
illustrated in Fig. 9, it can be seen that the three components, MP, GGBS, and GFRPW, have 
a positive effect in a particular range where the slump flow value increases, followed by a 
negative effect where the slump flow value decreases. It can also be seen that the MP and 
GGBS have a similar effect on the slump flow value, which is demonstrated by the 
superposition of their corresponding curves. This behaviour can be explained by these two 
components having the same specific surface area. The amount of water required to 
lubricate the surface of GGBS and MP particles can be the same, making the MP- and 
GFRPW-based SCC mixes exhibit similar slump flow diameters (23). However, the curve 
corresponding to GFRPW shows a significant drop in slump flow value, even though its 
specific surface area is the same as that of MP and GGBS. Correia et al. (19) reported a 
similar observation, which was attributed to the irregularity and non-uniformity in size 
and shape of GFRPW particles as compared to the spherical and uniform particles of 
recycled stone slurry. Oliveira et al. (17)explained the increased water consumption 
resulting from the incorporation of GFRPW due to the irregular dimensions of its particles, 
as shown in Fig. 4(c). Zhou et al. (29) also highlighted the effect of GFRPW-particle size 
distribution on workability. The authors observed that GFRW, consisting of two dominant 
particle sizes, namely short glass fibres and angular resin particles, negatively affects the 
workability of mortar. As shown in Fig. 5, the GFRPW used in our study is dominated by 
two main particle sizes, which may explain the slump flow drop. Furthermore, the 
presence of cylindrical-shaped particles in GFRPW (Fig. 4(c)) results in a loss of 
workability and a reduction in slump flow diameter as the proportion of GFRPW increases 
(30). Hadigheh et al. (14) attributed the decrease in slump flow diameter observed with a 
higher GFRPW dosage to the conglomeration of fibrous and granular recycles, thus 
increasing the water demand. 

Response  Equation R2 R2adj R2pred 

Slump Flow 
(mm) 

691.3*MP + 701.3*GGBS + 573.0*GFRPW + 2190*MP*GGBS*GFRPW 92.71 89.06 76.19 

V-funnel (s) 9.14*MP + 22.14*GGBS + 9.81*GFRPW 90.27 87.49 82.02 

H2/H1 0.873*MP+0.860*GGBS + 0.837*GFRPW + 3.393*MP*GGBS*GFRPW 
−0.281*GGBS*GFRPW -̶ 0.216*MP*GGBS*GFRPW 

97.89 95.26 82.76 

Air content (%) 2.227*MP + 2.963*GGBS + 3.991*GFRPW – 4.517*GGBS*GFRPW 
–2.444*MP*GGBS 

95.09 91.16 75.15 

Rc28 (MPa) 49.19*MP + 51.18*GGBS + 40.60*GFRPW + 29.38*GGBS*GFRPW 91.32 86.97 75.28 

Rc90 (MPa) 51.83*MP + 66.01*GGBS + 48.45*GFRPW – 36.26*MP*GGBS + 
17.09*GGBS*GFRPW + 6.28*MP*GFRPW + 34.9*MP*GGBS*GFRPW 

99.78 99.34 92.94 
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The statistical model derived for the slump flow (Table 6) indicates that the latter is mainly 
influenced by the combination factor MP*GGBS*GFRPW in a ternary system (2190). It can 
be seen that the interaction between the three additions generates a synergistic effect on 
the slump flow. This effect better elucidates the observed increase in slump flow values 
shown in Fig. 9. Dada et al. reported similar behaviour in a ternary system combining 
marble powder, pozzolana, and cement. They explained the decrease in workability that 
followed the synergistic effect by an increase in the compactness of the mixes (31). The 
ternary contour plot in Fig. 10 illustrates the effect of MP, GGBS and GFRPW proportions 
on slump flow in ternary and binary systems. This figure shows that SCC mixes containing 
more than 0.5 GFRPW proportion in the GFRPW-GGBS and GFRPW-MP binary systems 
exhibited slump flow diameters of less than 650mm, which falls outside the range 
recommended by EFNARC (32). 

 

Fig. 10. Contour plot for Slump flow 

 

Fig. 9. Trace plot for Slump flow 
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For the MP-GGBS binary system, all SCC mixes produced slump flow values that met this 
recommendation. For the MP-GGBS binary system, increasing the MP content slightly 
increases the slump flow diameter. The optimum slump flow value is 742.69mm, 
corresponding to the mix proportions of 37% PM, 39% LA and 23% PV. 

4.2. V-funnel 

The V-funnel time allows the evaluation of the viscosity of SCC mixtures, where a high flow 
time reflects high viscosity and a low flow time indicates low viscosity. The results 
illustrated in Fig. 11 show that the addition of MP and GGBS in SCC mixtures leads to a 
decrease in the V-funnel time values. Several researchers have attributed the reduction in 
viscosity of MP-based cementitious systems to the thixotropic property of this mineral 
addition (2,33,34). Biricik et al. (34) stated that the incorporation of MP can diminish the 
thixotropy of cement-based materials due to its inert nature. The authors also reported 
that the smooth surface texture and rounded shape of the MP particles, as shown in Fig. 
4(a), can improve the flow behaviour. Spherically shaped particles with a smooth surface 
create a ball-bearing effect, allowing the particles to slide easily over each other, thus 
reducing interparticle friction.  

The GFRPW particles, characterised by their low specific gravity (Table 2), exhibit SCC 
mixtures with a high paste volume. The increase in cement paste volume helps to minimise 
the interaction and friction between the aggregate particles. Moreover, the addition of 
GFRPW causes an increase in the air content percentage, as shown in Fig. 12. According to 
Meko et al., the increase in air bubbles tends to decrease the friction between mortar and 
coarse aggregate (35). It is evident that the ability of MP and GFRPW particles to mitigate 
internal friction allows SCC mixtures to flow through the V-funnel more easily and quickly. 
Tittarelli et al. (18) also reported that the presence of surfactants at the surface of the 
polymer particles of GFRPW may allow for better dispersion, thus reducing the viscosity 
of cement paste. 

However, incorporating GGBS in the SCC mixes significantly increases the V-funnel time, 
as illustrated in Fig. 11. This behaviour can be explained by GGBS particles having a more 
angular shape and rough texture than MP particles, as shown in Fig. 4. Furthermore, the 
high specific gravity of GGBS particles (Table 2) contributes to decreasing the paste volume 
and, hence, increasing the internal friction of the SCC mixtures. Previous studies have also 
reported an increase in viscosity with the addition of GGBS (13,36,37). 

 
Fig. 11. Trace plot forV-funnel time 
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The statistical model derived for V-funnel time is presented in Table 6. The model indicates 
that the V-funnel time is only influenced by the individual factors MP, GGBS, and GFRPW. 
Bouziani et al. (26) obtained comparable results when assessing the impact of three types 
of sand on the V-funnel flow time of SCC mixtures. The statistical model derived for V-
funnel time was found to be independent of both ternary and binary interactions between 
the different sand types. 

The effect of MP, GGBS, and GFRPW proportions on V-funnel time in binary and ternary 
systems is illustrated in Fig. 12. This figure indicates that the V-funnel time increases with 
increasing GGBS proportion in the GGBS-GFRPW, GGBS-MP, and MP-GFRPW-GGBS 
systems. Several studies have observed similar trends when incorporating GGBS in 
combination with different mineral admixtures (37). The figure also revealed that a GGBS 
proportion higher than 0.2 resulted in SCC mixtures with V-funnel times greater than 12 s, 
which is the upper limit recommended by EFNARC (32). On the other hand, the SCC 
mixtures in the GFRPW-MP binary system exhibited V-funnel time values ranging from 9 s 
to 10 s, meeting the EFNARC recommendations. The V-funnel time values ranged from a 
maximum of 22 s for 100% GGBS to a minimum of 9 s for 100% MP. 

4.3. L-Box 

The L-box ratio (H2/H1) assesses the filling and passing ability of the SCC mixtures. The 
trace plot of the L-box ratio (H2/H1), illustrated in Fig. 13, indicates that each of the 
additions MP, GGBS and GFRPW increases the L-box ratio at low proportions and then 
decreases it at high proportions. It is important to note that there is a proportional 
relationship between the L-box ratios and the slump flow values; the L-box ratio increases 
as the slump flow value increases, and vice versa. Nutan et al. (38)identified a good 
correlation between the L-box ratio and the yield stress of SCC mixtures, indicating that 
the L-box decreases as the yield stress increases. However, the GFRPW curve does not 
exhibit a significant drop in the L-box ratio, as observed in the slump flow. The reason can 
be attributed to the decrease in viscosity, illustrated in the V-funnel trace plot, which 
prevents a significant drop in the L-box ratio (39).  

The statistical model of the L-box ratio indicates that the ternary combination 
MP*GGBS*GFRPW has the most significant influence, followed by the single factors MP, 
GGBS and GFRPW, respectively. The binary combinations GFRPW*GGBS and MP*GFRPW 
have a negative impact on the blocking ratio. 

 

Fig. 12. Contour plot for V-funnel time 
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From the contour plot of the L-Box ratio, illustrated in Fig. 14, it can be seen that all the 
blocking ratios in the MP-GGBS and MP-GFRPW binary systems fall within the range of 0.8 
to 1 recommended by EFNARC. It can also be seen that the interaction between 
GGBS*GFRPW and MP*GFRPW exhibits an antagonistic effect on the blocking ratio. 
Mohammed et al. reported a similar effect between GGBS and FA, attributing it to the 
interlocking mechanism between the two types of particles (12). In the GFRPW-GGBS 
binary system, the L-box ratio falls below 0.8 when the GFRPW and GGBS proportions are 
between 0.3 and 0.7. According to EFNARC, a blocking ratio below 0.8 indicates a risk of 
mixture blockage (32). The SCC mix proportions of 39% PM, 36% LA and 25% PV yielded 
the optimum L-box ratio of 0.93. 

4.4. Air Content  

The air content measured using the pressure method provides insight into the air voids or 
bubble content in the fresh concrete. The majority of air bubbles are formed during the 
concrete mixing process and get entrapped between colliding fine aggregates (40). It can 

 
Fig. 13. Trace plot for L-Box ratio 

 

Fig. 14. Contour plot for L-Box ratio 
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be seen from the trace plot in Fig. 15 that the air content has a low sensitivity to the MP 
content. The slight negative slope in the corresponding curve reflects the adverse impact 
of MP on air content. Different parameters can contribute to the negative effect of MP 
addition on the air content. Zeng et al. reported that the low viscosity of fresh concrete 
facilitates the escape of air bubbles during mixing and placing (40). Puthipad et al. also 
found that particles of spherical shape may promote the coalescence of fine air bubbles 
into larger ones, making their collapse easier (41,42). In addition, the slight decrease in air 
content can reflect the minor effect of MP particles on improving the compactness of the 
mixes (43–45). 

Fig. 15 also shows that the addition of GGBS decreases the air content within a specific 
range and then increases it at high proportions. This observation can be related to the effect 
of GGBS particles on the mix’s compactness. Initially, the GGBS particles probably fill the 
voids between the larger particles, making the mixes more compact and reducing the air 
content. Once the larger voids have been filled, the GGBS particles may start to create voids 
between each other, impairing the compactness of the mixes and increasing the air content 
(23,36). Moreover, the curve corresponding to GGBS demonstrates a good relationship 
between slump flow and air content of the SCC mixtures. O zcan et al. obtained a strong 
correlation between flow diameter and air content of non-air entrained concrete (46). It is 
well-known that low workability can generate a high amount of entrapped air due to 
improper placement of concrete mixes in the mould (46–48). 

The air content trace plot (Fig. 15) illustrates the significant positive effect of GFRPW 
proportion on the air content. Most of the studies conducted on GFRPW incorporation in 
cementitious systems reported similar observations [24] (18,21,23,49). Coppola et al. 
found an anomalous air entrapment in fresh concrete, which was mitigated by a defoamer 
(21). Dehghan et al. attributed the increase in air content to the morphology of the GFRPW 
fibres, which promotes air entrapment (50). It is worth noting that the addition of GFRPW 
contributes to the loss of workability, as shown in Fig. 9, which may explain the increase in 
air entrapment in the SCC mixtures. Oliveira et al. also demonstrated that the poor 
hydrophilicity of the GFRPW particles prevents water absorption and facilitates the 
formation of air bubbles inside the mixtures (17). In a recent study, Zhou et al. (29) found 
that the addition of GFPW triggers apparent expansion in fresh mortar. The researchers 
identified that the amine curing agent of the resin and metallic oxides in the GFRPW react 
in an alkaline solution, resulting in gas production and fresh expansion. The expansion 

 

Fig. 15. Trace plot for Air content 
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generated during mixing could potentially explain the increase in the air content of the SCC 
mixtures (29,51). 

The statistical model for air content (Table 6) indicates that the factors influencing air 
content are, in order of importance, GGBS*GFRPW, GFRPW, GGBS, MP*GGBS, and MP. The 
binary combination GGBS*GFRPW has the most significant impact on air content (-4.517). 
According to Ma et al., the pozzolanic reaction consumes the OH- ions in cement paste, 
potentially mitigating the fresh-state expansion reaction and reducing gas generation (51). 
The combined effect of GGBS in improving the mixture compactness and reducing the 
expansion reaction with its pozzolanic reactivity might explain the notable negative impact 
of the GGBS*GFRPW combination on air content. 

The contour plot, illustrated in Fig. 16, shows that increasing the GFRPW content in the 
binary system MP-GFRPW elevates the air content in the SCC mixes. The binary 
combination of GGBS with MP and GFRPW produces an antagonistic effect on the air 
content. As depicted in Fig. 15, the addition of GGBS enhances the compactness of the SCC 
mixes within a specific range before decreasing it.  

The highest air content percentage is 3.99%, recorded with 100% GFRPW. The highest air 
content percentage does not exceed the 5% allowed for SCC mixtures (51). It can be 
inferred that the addition of GFRPW contributes to the frost resistance of SCC (47). 
However, the lowest air content percentage is 1.93%, which was recorded with the 
combination of 65% MP and 35% GGBS. 

4.5. Compressive Strength 

Figs. 17 and 18 illustrate the trace plot of the compressive strength at 28 days (Rc28) and 
90 days (Rc90), respectively. It can be seen from Fig.17 that the addition of GFRPW leads 
to a decrease in the 28-day compressive strength, as indicated by the downward trend of 
the corresponding curve. This decrease in 28-day strength can be attributed to the increase 
in the air content resulting from the addition of GFRPW, as illustrated in Fig. 15. Similar 
observations have been reported by several authors (21,49). Corinaldesi et al. successfully 
mitigated a 10% loss in compressive strength in SCC mixes containing GFRPW by adding a 
defoamer that decreased air entrapment (49). The reduction in compressive strength can 
also be related to the lower strength of the plastic particles compared to that of MP and 
GGBS particles. Tittarelli et al. reported that replacing calcareous filler with GFRPW 

 

Fig. 16. Contour plot for Air content 
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impairs the mechanical performance of SCC  (24). Furthermore, the interaction zone 
between the GFRPW particles and the cement matrix may affect the concrete strength. The 
low hydrophilicity of GFRPW particles can lead to an accumulation of free water around 
their surface, which reduces the microstructure of their interaction zone with the cement 
matrix (52). Oliveira et al. attributed the loss of compressive strength to the weak bond 
between the polymer fraction of the GFRPW and the cement paste (17). Correia et al. also 
reported that the cylindrical shape of the GFRPW particles negatively impacts the 
interaction zone between the concrete’s components (19). Upon examining the SEM 
images of GFRPW-based concrete, Zhao et al. observed that the GFRPW fibres were pulled 
out rather than broken, indicating a weak bond between the fibres and the matrix (53). 

The negative effect of GFRPW on the 28-day compressive strength tends to decrease as the 
GFRPW proportion decreases. This tendency can be observed as the slope of the GFRPW 
curve decreases with the GFRPW content. A similar trend was observed by Correia et al., 
who reported a slight decrease in the 28-day compressive strength at low GFRPW 
incorporation rates(19).  

It is worth noting that the influence of GFRPW on compressive strength changes at a later 
age. According to the GFRPW curve shown in Fig. 18, this waste material has a positive 
effect on the 90-day compressive strength in a specific range. The reason for the increase 
in the 90-day strength can be attributed to the presence of the chemical components SiO2, 
CaO and Al2O3, which contribute to the hydration reaction and, thus, to the mechanical 
strength development (22).  As the increase in mechanical strength was observed after 90 
days of curing, it can be inferred that this behaviour is a result of the pozzolanic reactivity 
of GFRPW. Baturki et al. reported that GFRPW exhibits a high pozzolanic activity, which is 
mainly  controlled by its silicate content and fineness (54).  

However, beyond a certain threshold, the 90-day compressive strength decreases with 
increasing GFRPW content, as illustrated in Fig. 18. It is evident that a high proportion of 
GFRPW leads to the accumulation of more voids and poor interaction zones, which in turn 
weakens the concrete microstructure and reduces its strength. These results are in 
agreement with previous research (53,55). 

The trace plot curve corresponding to MP, illustrated in Fig. 17 and 18, shows that MP has 
a negative impact on both 28-day and 90-day compressive strengths. It can be noticed that 
the slope of the MP curves steepens with age. These observations corroborate the earlier 

 

Fig. 17. Trace plot for RC28 
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suggestions that MP is an inert mineral addition with no pozzolanic activity (2,39,43). The 
inert nature of the MP prevents its involvement in the hydration process, limiting its ability 
to contribute to the development of the concrete's mechanical performance (56). In 
addition, excessive fines can weaken the bond between the aggregates and the cement 
matrix in the interfacial transition zone (ITZ), decreasing the strength of concrete. Meera 
and Gupta attributed the decrease in the concrete compressive and splitting strength after 
the incorporation of MP to the presence of a large amount of fines (57).   

Fig. 17 and 18 also demonstrate that GGBS has a positive effect on compressive strengths 
at both ages. This influence becomes more pronounced at 90 days as the GGBS-related 
curve slope increases. According to Moula et al., GGBS particles act as nucleation sites for 
the formation and growth of hydrates, which enhances short-term strength and promotes 
the production of Portlandite for the long-term pozzolanic reaction (58). The trace plot 
curve related to GGBS, illustrated in Fig. 17, also shows a slight decrease in 28-day strength 
at high GGBS proportions. This result is consistent with that of air content. It is therefore 
possible to explain this loss of compressive strength by the increased porosity of the SCC 
mixtures. The loss in compressive strength was recovered after 90 days due to the long-
term pozzolanic reactivity of GGBS. The long-term pozzolanic reaction of GGBS produces 
more hydrated calcium silicates (C-S-H) at a later age, which reduces the size of capillary 
pores, densifies the microstructure, and develops strength (11). 

The statistical models for compressive strength at 28 days (Rc28) and 90 days (Rc90) are 
presented in Table 6. The factors influencing the compressive strength at 28 days are GGBS, 
MP, GFRPW and GGBS*GFRPW, respectively. The binary combination GGBS*GFRPW 
contributes to an increase in the 28-day compressive strength. It is evident that the 
significant influence of this parameter on reducing the air content (Table 6) enabled the 
development of compressive strength. O zcan et al. also reported an inverse relationship 
between 28-day compressive strength and air content (46), where the compressive 
strength increases as the air content of the fresh concrete decreases. 

For the 90-day compressive strength, the influencing factors in order of importance are, 
GGBS, MP, GFRPW, MP*GGBS, MP*GFRPW*GGBS, GGBA*GFRPW, and MP*GFRPW. It is clear 
that the interaction terms MP*GGBS*GFRPW and MP*GFRPW promote the development of 
the 90-day compressive strength. Several researchers have reported that the use of 
pozzolanic additions in combination with MP improves the mechanical performance of 
concrete [9]. Choudhary et al. found that despite the negative effect of MP on mechanical 

 
Fig. 18. Trace plot for Rc90 
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strength, the addition of FA improved the mechanical strength of SCC after 90 days of curing 
(2). However, the interaction term GGBS*MP has a negative influence on the 90-day 
compressive strength. Belaidi et al. obtained a reduction in compressive strength with the 
addition of PZ and MP (25). The authors stated that PZ incorporation causes a slow 
evolution of the compressive strength of MP-based concrete mixtures. 

The contour plot for compressive strength at 28 days is shown in Fig. 19. The figure shows 
that as the GFRPW content increases in the binary system MP-GFRPW, the compressive 
strength decreases. This behaviour can be attributed to the increase in air content in the 
SCC mixtures with increasing GFRPW proportion in the MP-GFRPW combination (Fig. 16). 
In the case of the GGBS-MP binary combination, the 28-day compressive strength improves 
with an increase in GGBS content due to the pozzolanic reactivity of this mineral addition, 
unlike the inert nature of MP. However, in the GGBS-GFRPW system, the increase in GGBS 
content increases the compressive strength to a maximum value of 54.19MPa, 
corresponding to the combination of 32% GFRPW with 68% GGBS, and then decreases it. 
These results are consistent with those for air content in the GGBS-GFRPW binary system, 

 

Fig. 19. Contour plot for RC28 

 

Fig. 20. Contour plot for RC90 
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where GGBS reduces the air content of SCC mixes before subsequently increasing it. The 
minimum 28-day compressive strength value is 40.60 MPa, corresponding to the 100% 
GFRPW proportion. 

Regarding the 90-day compressive strength, it can be seen from Fig. 20 that the effect of 
the mineral additions in both the binary and ternary systems change with time. Increasing 
the GGBS proportion in the GGBS-GFRPW binary system develops the compressive 
strength to a maximum value of 66.02 MPa, corresponding to the mix proportion of 100% 
GGBS, and shows no decreasing effect. This suggests that the long-term pozzolanic 
reactivity of GGBS contributes to the refinement of the capillary pores that negatively affect 
the 28-day strength. The interaction in the MP-GGBS binary system causes an antagonistic 
effect on the 90-day compressive strength. This behaviour is not consistent with the air 
content results, where the binary combination MP-GGBS shows the minimum air content 
percentage.  This implies that the air content of the fresh concrete is not the only parameter 
that can explain the development of concrete strength. As for the 28-day compressive 
strength, the minimum 90-day compressive strength corresponds to the proportion of 
100% GFRPW and is equal to 48.44 MPa. 

5. Conclusions 

The mixture design modeling approach was adopted in this study to evaluate the impact 
of combining three local waste materials, namely MP, GGBS, and GFRPW, as mineral 
additions on the performance of SCC. Based on the results obtained, the following 
conclusions can be drawn:  

• MP, GGBS, and GFRPW exhibited a similar effect on slump flow, with the slump flow 
value increasing within a specific range and then decreasing. When the proportion 
of GFRPW in the GFRPW-based binary systems exceeded 0.5, the SCC mixes 
produced slump flow values below the lower limit of 650 mm recommended by 
EFNARC. The interaction between the three components MP*GGBS*GFRPW 
promoted an increase in slump flow, reaching a maximum value of 742.69 mm at 
proportions of 37% MP, 39% GGBS, and 23% GFRPW. 

• GFRPW and MP had a similar decreasing effect on the V-funnel time, while GGBS 
demonstrated an increasing effect. When the proportion of GGBS exceeded 0.2 in 
the GGBS-based systems, the SCC mixtures resulted in V-funnel time values above 
12s, which does not meet the EFNARC recommendations. 

• MP, GFRPW, and GGBS had a similar effect on the blocking ratio, with the L-box ratio 
increasing within a specific range before decreasing. The ternary interaction 
MP*GFRPW*GGBS contributed to an increase in the L-box ratio, reaching a 
maximum value of 0.93 at proportions of 39% MP, 36% GGBS, and 25% GFRPW. 
However, the binary interactions GFRPW*GGBS and GFRPW*MP caused a decrease 
in the blocking ratio. In the GGBS-GFRPW binary system, when the proportion of 
GFRPW was between 0.3 and 0.7, the SCC mixtures had L-box ratios below the 
EFNARC recommended lower limit of 0.8. 

• GFRPW had a significant effect on increasing the air content of fresh SCC mixtures, 
with the maximum value of 3.99% recorded at a mixture proportion of 100% 
GFRPW. The interaction in the binary systems GFRPW-MP and GFRPW-GGBS 
resulted in a decrease in the air content. MP had a minimal impact on the air content, 
while GGBS initially decreased the air content within a specific range before 
increasing it.  

• Increasing the amount of GRPW resulted in a decrease in compressive strength at 
28 and 90 days, reaching a minimum value of 40.60 MPa and 48.44 MPa, 
respectively, for 100% GRPW. The interaction between GGBS and GFRPW gave a 
maximum 28-day compressive strength of 54.19 MPa for a mix containing 68% 



Djeddou et al. / Research on Engineering Structures & Materials 11(1) (2025) 113-138 

 

135 

GGBS and 32% GFRPW. The maximum 90-day compressive strength was 66.02 MPa 
for 100% GGBS. 
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 Passive damping devices are mostly preferred owing to their relatively lower 
cost, low maintenance, and stability over a wide range of frequencies during 
seismic events. Currently, these devices with temperature in-sensitive 
viscoelastic material are being explored. The paper aims to develop a prototype 
piston-cylinder based passive damper with silicone rubber particles and 
characterize it with varied amplitude and frequency of sinusoidal input. The 
device Silicone Rubber Particle Packed Damper, so developed, was then 
implemented in the benchmark building for seismic response control. Silicone 
rubber particles with lower hardness were produced through compressed 
molding technology to improve the damping efficiency of the device. The device 
was later converted to an Air Damping Device by removing silicone rubber 
particles for a natural comparison of efficacy. Hysteresis curves of devices, 
elliptical in shape, obtained through characterization were mathematically 
modelled using the Kelvin-Voigt model, and parameters were identified using 
multivariable linear regression to implement them with the benchmark building. 
Uncontrolled and controlled responses of benchmark building fitted with, both, 
damping devices were determined under strong motion (El Centro, Hachinohe) 
and pulse-type (Kobe, Northridge) seismic excitations. Seismic response 
parameters; peak displacement, peak interstorey drift, peak acceleration, and 
peak damper force was estimated. Each seismic response parameter yields 
substantial reduction for controlled benchmark building with Silicone Rubber 
Particle Packed Damper. The efficacy of damping devices was established by 
Performance Indices in terms of peak interstorey ratio, level acceleration, base 
shear, and control force. Though both passive damping devices were found 
effective in seismic response control of benchmark building, Silicone Rubber 
Particle Packed Damper outperforms Air Damping Device. The developed 
prototype damping devices are a low cost and easy to maintain. 
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1. Introduction 

Earthquakes, one of the natural disasters, are the most destructive force in nature as they 
disrupt infrastructure and human lives. In the last couple of decades, earthquakes 
contributed nearly about 8,10,000 fatalities, worldwide [1]. The recent past has seen a 
surge in the frequency of earthquakes, especially in seismically active areas, e.g., Japan 
(2024), Afghanistan (2023), Turkey (2023), and Italy (2016/17). Such earthquakes cause 
varied degrees of damage to buildings, public infrastructures, industrial and lifeline 
structures made from concrete, steel and precast materials that can be identified through 
field observations [2] and quantified by advanced imagery based techniques [3]. It 
becomes imperative to enhance the seismic resistance of buildings and structures by 
employing evolving structural control technologies and reducing seismic vulnerability. 
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Retrofitting strategies to improve the reduced stiffness of structural elements through 
jacketing, fibre wrapping, the addition of lateral load resisting elements and providing 
passive/active damper are other ways to safeguard buildings and structures from future 
Earthquakes [4]. Developed countries like the USA, Japan, Italy and New Zealand have 
proactive retrofitting strategies leading to improved seismic resistance for buildings, as 
evident in recent earthquakes [5].  In developing countries like India, many buildings are 
seismically vulnerable and at risk of strong earthquakes with the rapid increase in new 
construction projects [6].  

The earthquake induced structural vibrations can be controlled by modifying mass, 
stiffness, damping or shape and by externally supplying passive or active counter forces. 
Various methods of structural control have been implemented successfully, and efforts are 
going on to improve the efficiency of such methods utilizing the mechanical properties of 
diversified materials. These advanced structural control methodologies are broadly 
classified as Active, Passive, Hybrid and Semi-active control. Realizing improved structural 
seismic response of buildings with the implementation of these control devices, it is 
recommended that such devices are further improved on energy efficient approaches and 
reduced cost [7]. Owing to mechanical simplicity, reduced power requirement, and 
relatively higher controllable force capacity, a semi-active system forms an attractive 
alternative to an active control system  [8]. Numerous studies conducted have proved that 
such systems, when implemented appropriately, perform better than passive devices and 
yield at par with the performance of fully active systems. However, acceptance of such a 
system depends on important parameters like construction cost, long-term effect and 
maintenance along with improved performance. Additionally, structural systems are a 
combination of various structural elements and thus, integration of such innovative 
devices with structural systems becomes complex and challenging. In light of these, 
research efforts are still continued in developing new and modifying existing passive 
devices for improved seismic response of structures as they are relatively low-cost, offer 
less maintenance and ensure safety under seismic events owing to their robustness [9].  

Passive energy dissipation devices have been under development for many years, 
beginning with the 1990’s. The fundamental principle of these devices is to decrease the 
inelastic energy dissipation demand of the framing system of structures [10]. The most 
common passive devices used for seismic response control are viscous fluid dampers, 
friction dampers and metallic yield dampers, which are classified as rate-dependent and 
rate-independent devices. Since viscous damping offered by viscous damper is 
temperature sensitive and material proportion of friction damper tends to decrease and 
suffered to fatigue effect, there is a need to develop an innovative passive damper for 
seismic response control of the buildings. Out of these, rate-depended passive energy 
dissipation devices are in continuous mode of redevelopment with a major focus on the 
viscoelastic damper (VED). VED has mechanical properties sensitive to various 
parameters, such as temperature, strain amplitude, excitation frequency, amplitude, 
hardness, etc., and thus offers diversified damper configuration compared to other passive 
energy dissipating devices. The performance of VED is largely dependent on vulcanized 
viscoelastic materials (VEM) made from a composite material, including matrix, vulcanized 
system, filler system and anti-ageing system. VEM is required to satisfy specific 
requirements: (i) damping and loss factor, (ii) reduced heat generation with good heat 
dissipation, (iii) good working performance, (iv) large temperature range, and (v) good 
durability properties which are difficult to mate with. Current research work focuses on 
utilizing innovative VEMs which are less sensitive to temperature variation. Therefore, 
silicone rubber and Nitrile Butadiene Rubber (NBR) were developed and are being studied 
as potential alternatives to standard VEMs of VEDs [11]. It has been proposed through 
experiments that the Kelvin-Voigt model of viscoelasticity within certain conditions can 
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fairly depict the hysteresis behaviour of VEDs [10]. The model comprises of displacement 
and velocity components represented by a linear spring placed in parallel to a linear 
viscous dashpot, respectively, as shown in Figure 1(b) [10].  

Recently, Particle Impact Damper (PID) that use silicone rubber, Nitrile Butadiene Rubber 
etc., are gaining momentum that demonstrate enhanced stiffness and natural damping 
properties [12]. Owing to particle-particle, particle-wall friction and inelastic collision, the 
kinetic energy of the particle is dissipated, and thus, the vibration of vibration systems gets 
attenuated by particle damping devices [13], [14]. Out of various types of configurations of 
particle damper, piston-based particle damper converts mechanical energy of vibration to 
elastic energy as piston collide and press particles together. Piston-based particle dampers 
with and without glass and steel particles were tested under transient vibration by Bai et 
al. [15] revealed that energy dissipation was due to friction contact of particles while 
young’s modulus has little effect on damping. However, density has a greater effect on 
overall damping performance. 

A novel means of vibration attenuation using Vacuum Packed Particles (VPP) as energy 
dissipating material was proposed by Bartkowski et al. [14].  Three types of granular ball 
shaped grains of 3 mm diameters made up of polyethylene were tested under triangular 
constant loading function. A modified Bouc-Wen hysteresis model was fitted through 
parameter identification with experimental data that showed good agreement [14]. 
Toyouchi et al. [16] developed dual-chamber single rod type damper with elastomer 
particles to improve damping characteristics and damper force. A set of experiments were 
conducted on the damper with elastomer particles varying in diameters 3, 4 and 5 mm. 
Parametric studies were carried out in terms of Particle Packing Ratio (PPR), vibration 
frequency and material of particles of the damper, revealing that damping energy increases 
in the damper [16].   

It has been realized that particle dampers utilizing silicone rubber particles need to be 
studied beyond their experimental characterization as a potential seismic response control 
damping device, which has not yet been explored. The reported research studies used a 
few specific PPRs of the silicone rubber particle and hardness value. An independent 
experimental investigation on particle damper by fitting the PPR value to the existing study 
set will expand the data set of similar studies. Further, the use of a lower hardness value 
for silicone rubber particles than in previous studies may further improve the damping 
characteristics of particle dampers. The present paper aims to develop a prototype passive 
energy-damping device filled with silicone rubber particles of hardness value 23 and PPR 
0.67. The proposed damper was characterized to understand its hysteresis behaviour 
under cyclic excitations of varied frequencies and amplitudes. For an immediate 
comparison of the efficiency of the prototype Silicone Rubber Particle Packed Damper 
(SPPD), silicone rubber particles were removed from the cylinder converting the device to 
Air Damping Device (ADD). Later on, the efficacy of developed dampers in seismic 
response attenuation was studied by fitting the damper devices with three storey 
Benchmark building [17] at the ground storey only. The hysteresis behaviour of the 
dampers was studied. It was fitted well with the Kelvin-Voigt model, where two modal 
parameters, stiffness and damping co-efficient, were identified using the multivariable 
linear regression method. Seismic response parameters, peak displacement, acceleration, 
interstorey drift and damper force were evaluated. Performance Indices (PIs) related to 
interstorey drift ratio, level acceleration, base shear and control force were determined for 
strong and pulse-type seismic excitations.  



Koshti and Purohit / Research on Engineering Structures & Materials 11(1) (2025) 139-163 

 

142 

2. Development of Prototype Silicone Rubber Particle Packed Damper  

This section provides details of a prototype passive damping device developed for seismic 
response control application during the present study. It covers various parameters and 
aspects of design considered for the development of the device in the following two 
Subsections: Piston-based cylinder and elastomer damping material.   

2.1. Piston-based Cylinder 

A piston-based cylinder, typically employed in a variety of mechanical systems, was 
repurposed in the present study, firstly filled with ball shaped silicone rubber particles and 
secondly, without particles but filled with air to be used as seismic response control 
devices. It comprises a cylinder of 50 mm diameter and 2.7 mm thickness supported by a 
square accumulator of 63 mm × 63 mm dimensions with an air valve of diameter 8 mm at 
both ends of the cylinder. The cylinder with the accumulator is a single casting aluminum 
body with a screwing mechanism so the accumulator can be detached from the cylinder 
part. A piston has a 305 mm rod connected with a circular plate of 35 mm thickness and 
20 mm diameter at one end and is made of stainless steel. Overall assembly of the cylinder 
with an end framing system are made airtight.  

 
(a) 

 
(b) 

Fig. 1. Pistone based cylinder damper (a) schematic diagram (b) Kelvin-Voigt 
mathematical Model [10]  

Thus, air can only travel in and out of the cylinder through the air valve provided at each 
end, which acts upon the pressure-suction principle. The piston-based cylinder packed 
with silicone rubber particles with the central position of the piston is shown schematically 
in Figure 1(a). The mathematical model of the damper described in section 5 is shown in 
Figure 1(b). The device has a maximum peak-to-peak displacement amplitude of ±20 mm 
and is lightweight, having 2 kg weight with air and 2.2 kg weight with silicone rubber filled 
inside the cylinder. The device was developed with the aim of implementing it with the 
benchmark building problem [17] with negligible mass vis-à-vis storey mass. The device 
provides flexibility to carry out damping characteristic studies using a variety of 
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elastomers, nitrile butadiene rubber (NBR) and other materials under cyclic excitation in 
the laboratory, repetitively establishing the robustness of the piston-based cylinder device. 
The fabrication cost of a piston-based device is approximately INR 4725, and the same can 
be procured commercially at a reasonable price with respect to its fabrication cost. The 
device doesn’t require any additional accessories and preparation before using as a passive 
damping device for cyclic testing. 

2.2 Elastomer Damping Material 

Rubber, a class of viscoelastic materials, is a composite material comprising of matrix, 
vulcanization system and anti-ageing system. There are two types of matrices, currently 
widely used, natural rubber and synthetic rubber. As compared to natural rubber, 
synthetic rubber can be more effectively produced with controllable chemical and physical 
properties. The Vulcanization process includes melting of rubber in the mold with high 
pressure to convert elastomer into elastic and dimensionally stable form and to yield 
temperature independent physical properties. Figure 2 shows silicone rubber produced 
through a compressed molding process in a ball shape with 5 mm diameter by heating 
followed by cooling to form the shape. At a time, 56 nos. of silicone rubber particles can be 
produced with the mold fabricated from stainless steel material.  It also shows silicone 
rubber particles are consistent in dimension, weight and homogeneity. The weight of 
single silicone rubber particles was evaluated and reported in Table 1. The particle packing 
ratio, also referred as packing fraction [15] is defined as, 

PPR = 
Total mass of the Particles

Volume of the space in the container ×Density of the Particle 
 (1) 

 

(a) 

 

(b) 

Fig. 2. Compression molding process of silicone rubber particle production and 
silicone rubber particles 
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The PPR evaluated using Equation (1) was 0.65, which is different than the PPR considered 
in other research [14], [15] and, thus, adds value to the existing set of research outcomes. 
Additionally, these research studies have used elastomer particle damping material with 
durometer hardness values ~ 60, classified as harder than the hardness value of 23, 
indicating soft material for shore A scale of durometer, measured for the produced silicone 
rubber particle for the study. This will improve the damping characteristic of silicone 
rubber particles as soft particles will undergo relatively larger deformation under 
sinusoidal input to the damping device. The silicone rubber particle with lower density, 
when used to fill space in a piston-based cylinder shall not greatly increase the mass of the 
SPPD. 

Table 1. Physical and mechanical properties of silicone rubber particle 

Material 
Type 

Identification 
No. 

Diameter 
(mm) 

Density 
(g/cm3) 

  Particle 
Packing 

Ratio 

Durometer 
Hardness  
(Shore A) 

Tensile 
Strength 

(MPa) 

Silicone 
Elastomer 

KE-520 -U 5 1.06      0.67 23 11 

3. Characterization of Silicone Rubber Particle Packed Damper: 

A detailed experimental program was developed to characterize SPPD in terms of 
hysteresis behaviour under varying frequencies and amplitude of the sinusoidal dynamic 
input. Characterization studies were conducted in two phases: firstly, SPPD, with a Particle 
Packing Ratio of 0.65, was tested and secondly, silicone particles were removed from the 
piston-based cylinder and the volume of the space in the cylinder was left with the 
atmospheric air transforming SPPD to ADD. A specialized experimental test set-up 
comprising a dynamic loading frame with a hydraulic piston controlled by an electric 
stepper motor capable of varying frequency was prepared at the workshop laboratory by 
the mechanical engineering department. The loading frame is capable of imposing cyclic 
loading to the attached specimen in the forcing frequency ranges between 0.5 Hz to 3.5 Hz 
through adjustable variable drive depending upon amplitude ranges from 5 mm to 40 mm. 
A specialized attachment was fabricated to connect the piston of SPPD with the hydraulic 
piston of the dynamic loading frame. An instrumental layout for the measurement of force 
and displacement was prepared. A dynamic force transducer of capacity 500 kg was 
installed between the reaction beam of the frame and the bottom of the piston-based 
cylinder having piston attachment assemblies. A piezoelectric based accelerometer of 10 g 
capacity was attached with a reciprocating plate connected to the hydraulic piston of the 
frame. Both force and acceleration sensors were attached to the data acquisition system-
National Instruments (NI) for logging real-time force and acceleration data. The data 
acquisition system was connected to the computer system for compilation and post-
processing of the data. Acceleration measurement in real-time was integrated twice to 
measure displacement input to the SPPD. A bandpass filter was used to remove noises from 
the measurement.  A schematic diagram of the experimental set-up comprising of dynamic 
loading frame SPPD device, damper, force and acceleration sensors, data acquisition 
system and computer system is shown in Figure 3.  
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Fig. 3. Schematic diagram of experimental test set-up and instrumentation diagram for 
characterization of SPPD and ADD 

Three sets of displacement inputs were applied to the SPPD and ADD through the hydraulic 
piston of the dynamic loading frame, as shown in Table 2. 

Table 2. Details of sinusoidal displacement input used for characterization of passive 
damping devices 

Displacement Input  Amplitude (mm) Forcing Frequency (Hz) 

Sinusoidal  

~ 5 0.5, 1, 2, 3, 3.5 

~ 10 0.5, 1, 1.5, 2 

~15 0.5, 1 

 

It is evident from Table 2 that as the amplitude of displacement input increases, the forcing 
frequency applied decreases, and thus experiments related to few frequencies for 10 mm 
and 20 mm amplitude could not be performed. It should be observed that the amplitude of 
displacement is controlled by a proxy sensor attached to the main columns of the loading 
frame.  There are two proxy sensors for controlling peak-to-peak displacement amplitude 
with an adjustable knob to set the required displacement amplitude input. It was realized 
that achieving consistent displacement amplitude with different frequencies offers 
challenges as the proxy sensor controls peak amplitude when reciprocating the platform 
sensed by it while passing across it over its circular surface on covering some part of it to 
reverse the velocity of the platform. It was observed that with increasing frequency of the 
input displacement, the peak displacement amplitude set to a particular number was 
overshooted. Thus, despite center-to-center displacement between two proxy sensors, 
fixed displacement amplitude shows variation either higher or lower for different 
frequency inputs.  

The prototype SPPD device was developed with the objective to implement it for seismic 
response control of building structures. Therefore, it was decided to study the prototype 
SPPD under earthquake predominant ground motions comprising of strong motion and 
pulse-type seismic excitation to assess the efficacy of damping characteristics of the SPPD. 
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Two strong ground motions, El Centro and Hachinohe excitation and two pulse-type 
ground motions, Kobe and Northridge ground motions, were selected from the seismic 
excitations data set and the frequency content of each seismic excitation was evaluated 
through Fast Fourier Transform (FFT) analysis. Table 3 reports peak amplitude, 
acceleration, velocity and displacement along with predominant frequencies of the seismic 
excitations. It is evident that predominant frequencies across all seismic excitation ranges 
between 0.5 Hz to 7 Hz. Therefore, forcing frequencies of sinusoidal displacement inputs 
were applied between 0.5 Hz to 3.5 Hz, where the upper value of forcing frequency was 
driven by the maximum amplitude of displacement that aimed to be applied by the 
dynamic loading frame. Since the characterization of SPPD and ADD should be carried out 
under varying frequencies and amplitudes of the input sinusoidal displacement loading, 
various levels of frequencies and amplitude were considered for the present study, as 
defined by Table 3. In the very recent past piston-type cylinder dampers with viscoelastic 
material were developed, tested and implemented for vibration response control [14], 
[16]. However, most of these dampers were found to exhibit no/weak damper force while 
piston is pulled from its mean position. Additionally, most of these damping devices were 
used for mechanical and aerospace systems and implementation of such devices for 
seismic response control of building structures is yet to be explored. The present study, 
thus, focuses on developing low cost, low maintenance, easily replaceable and effective 
passive damping devices, SPPD and ADD, to be implemented with benchmark building to 
establish their effectiveness in seismic response control. 

Table 3. Details of seismic excitations with predominant frequencies 

Seismic 
Excitation 

Peak 
Acceleration 

(g) 

Peak Velocity 
(cm/sec) 

Peak 
Displacement 

(cm) 

Predominant 
Frequency 

(Hz) 
El Centro 0.32 31.50 14.13 1.95, 2.68, 6.71 

Hachinohe 0.23 25.63 7.42 1.04, 1.68, 2.15  
Kobe 0.34 27.67 9.69 2.93, 4.76 

Northridge 0.57 51.820 9.03 6.10 

4. Hysteresis behavior of SPPD and ADD 

Passive damping devices, SPPD and ADD, when tested under varying forcing frequencies 
and amplitude sinusoidal excitation, demonstrated a tilted elliptical hysteresis loop from 
its mean position, indicating energy dissipation capabilities due to particle-particle and 
particle-wall interaction. The hysteresis behavior of SPPD and ADD were studied in terms 
of parameters, frequency, amplitude, displacement, velocity and damper force under 
sinusoidal input. Peak displacement of the SPPD and ADD were plotted for steady-state 
conditions. A peak velocity plot was also plotted to understand the effect of the damping 
characteristic. Overall hysteresis behavior of SPPD and ADD was studied under four 
categories: (i) effects of frequency dependency, (ii) effect of amplitude dependency, (iii) 
effect of velocity dependency, and (iv) frequency-dependent damper force. 

4.1 Effects of Frequency Dependency 

Damper force produced by SPPD and ADD damping devices under three peak displacement 
amplitudes as indicated by Table 4 were derived for varying frequencies. Figure 4(a) to 
Figure 4(c) show the damper force vs displacement relationship of SPPD and ADD, 
respectively. It has been observed that, each damper device has energy dissipation 
capability as the damper force to displacement relationship yields a hysteresis loop. It is 
evident that damper force is a function of the forcing frequency of displacement input since 
damper force increases with an increase in forcing frequency. This is due to the elastic 
deformation of silicone rubber particles as the piston transfers the force through particle-
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particle interaction. An increase in damper force for each device for a given amplitude of 
displacement function can be verified from Table 4 as well. Further, it can be observed that 
the hysteresis loop grows with an increase in forcing frequency under a given amplitude 
of displacement input, indicating an increase in energy dissipation and, thus, improvement 
in damping.  

  
(a) 

  
(b) 

  
(c) 

Fig. 4. Hysteresis behavior of SPPD and ADD under variable frequencies of sinusoidal 
input (a) with displacement amplitude of 5mm (b) with displacement amplitude of     

10 mm and (c) with displacement amplitude of 20 mm 
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Comparing hysteresis loops of SPPD with ADD, it can be concluded that SPPD yields higher 
damper force and damping coefficient vis-à-vis ADD under each amplitude of displacement 
input. Hysteresis loops obtained for both SPPD and ADD show a force-displacement 
relation elliptical, very similar to those of viscous damping devices but with an inclination 
indicating that passive damping devices are dependent on displacement and velocity of the 
input motion. This attribute makes them more suitable for seismic response control of 
building structures as compared to the viscous dampers, which are only velocity 
dependent. On comparing hysteresis loops with those of reported results [16], it can be 
realized that level of force and energy dissipation capacities improve a lot.  

4.2 Effect of Amplitude Dependency  

In order to understand the effect of displacement amplitude on the damping force of SPPD 
and ADD, damper forces are plotted for various amplitudes under forcing frequencies,      
0.5 Hz to 1 Hz.  Figure 5(a) and Figure 5(b) show the damper force-displacement 
relationship for two forcing frequencies, 0.5 Hz and 1 Hz only since high amplitude limits 
the forcing frequency of the dynamic frame. It is evident that damper force is a function of 
the amplitude of displacement amplitude input since damper force increases. It can also be 
realized that SPPD yields a damper higher force as compared to ADD. While increment in 
the damper force for ADD was quite evident with an increase in displacement amplitude 
of the sinusoidal input, SPPD yield a similar slight, lower damper force for displacement 
amplitude of ~10 mm of the input.  

 
(a) 

 
(b) 

Fig. 5. Hysteresis behavior of passive damper devices under variable amplitudes of 
sinusoidal displacement input (a) SPPD with 0.5 Hz and 1 Hz frequencies (b) ADD with 

0.5 Hz and 1 Hz frequencies 

4.3 Effect of Velocity Dependency Study 

The velocity of the SPPD and ADD passive damping devices were plotted against the 
damping force, as shown in Figure 6(a) to Figure 6(c). It can be realized that stable 
hysteresis loops observed by the devices indicate that passive damper force is a function 
of the velocity since it increases with an increase in the velocity. Similar to the 
displacement damper force relationship, it can be seen that the width of the hysteresis loop 
increases with higher frequencies, which confirms the energy dissipation capabilities of 
dampers. It can be observed that with an increase in the forcing frequency of sinusoidal 
displacement input, the hysteresis loop starts deviating from its vertical portion at low 
velocity.   
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(a) 

  
(b) 

  
(c) 

Fig. 6. Hysteresis behavior of SPPD and ADD to input velocity under variable 
frequencies of sinusoidal input (a) with displacement amplitude of 5mm (b) with 
displacement amplitude of 10 mm and (c) with displacement amplitude of 20 mm 

4.4 Combined Force to Frequency Relationship 

In order to study the efficacy of both passive damping devices, SPPD and ADD in terms of 
their damper force generation capabilities, damper force is plotted against various forcing 
frequencies of the displacement input. Figure 7 presents a holistic view of damper force to 
forcing frequencies across all frequencies applied to SPPD and ADD. It is evident that SPPD 
yields higher damper force as compared to ADD across each forcing frequency and 
displacement amplitude except for ADD with ~ 20 mm displacement amplitude. It is clearly 
evident that both damper devices were found effective in generating a reasonable amount 
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of damper force. However, SPPD outperforms ADD and thus, expected to effectively control 
seismic parameters of building filled with SPPD. 

 

Fig. 7. Damper force produced by SPPD and ADD to various frequencies of sinusoidal 
displacement input 

5. The Kelvin-Voigt Hysteresis Model 

It was evident from Figure 4 to Figure 6 that the hysteresis behavior of both SPPD and ADD 
shows dependency on displacement and displacement rate (velocity) of the sinusoidal 
input. Therefore, the hysteresis loop obtained from a force-displacement and force-
velocity relationship can be represented by an idealized physical model comprising of 
spring and dashpot elements, as shown in Figure 1(b) subjected to displacement input, 
producing hysteresis damper force. The said model is popularly known as the Kelvin -Voigt 
hysteresis model, which gets activated at low displacement and can be fitted well with a 
linear system and, thus, produces a simplified damper model. The physical model depicted 
by the physical model as shown in Figure 1(b) has a component of the damper force, the 
restoring force, proportional to the displacement and another component of the damper 
force, the damping force, proportional to the velocity and therefore, the damper has the 
ability to store energy in addition to dissipation energy [10].   

Since the Kelvin-Voigt model is a linear combination of two independent variables, ‘K’ and 
‘C’, the multivariable linear regression method [18] was used to evaluate the variable. A 
computer program on the MATLAB platform was written to fit experimental data of force 
with respect to ‘K’ and ‘C’. Coefficient of determination, R2, was determined for each set of 
experimental data of force-displacement, and velocity was measured for both SPPD and 
ADD devices. In order to prove the efficacy of predictive variables ‘K’ and ‘C’, the 
experimental force-displacement relationship was fitted with the force-displacement 
relationship. A comparison of experimental data of force and predicted plot of force shows 
very good agreement, which is evident from Figure 8 as well as from the value of R2, which 
is tabulated in Table 4. Consistent high values of R2, i.e. very close to 1 obtained for varying 
amplitude and forcing frequencies, confirm that the Kelvin-Voigt model with predicted 
values of variables K and C are well optimized. There is barely any difference visible to 
force-displacement hysteresis loops for experimentally measured data to that predicted 
through multivariable linear regression analysis as shown in representative Figure 8(a) 
for SPPD with 5 mm amplitude and few forcing frequencies and in Figure 8(b) for ADD. It 
is evident from Table 4 the stiffness values predicted for SPPD vis-a-vis ADD are higher for 
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a lower amplitude of sinusoidal function and are observed to be decreasing with increasing 
frequency and amplitude of displacement input.  

However, the damping co-efficient, ‘C’, is found to increase with the amplitude and 
frequency of sinusoidal displacement inputs for SPPD air to ADD. It can be seen that, the 
hysteresis loop expands with an increase in amplitudes and forcing frequencies, indicating 
improvement in energy damping characteristics of the SPPD and ADD devices and thus, 
both energy dissipation damping devices are expected to be effective in controlling seismic 
response control of the building in which they are implemented.   

Table 4. Damper force under various frequencies and amplitudes of sinusoidal input with 
stiffness and damping parameters of the Kelvin-Voigt Model  

Types of 
Damper 

Forcing 
Frequency 

(Hz) 

Maximum 
Force 

Pmax (N) 

Minimum 
Force  

Pmin (N) 

Stiffness  
K  (N/m) 

Damping 
Coefficient      
C  (N.S/m) 

Coefficient of 
Determination 

R2  

5 mm Amplitude  

SPPD 
0.5 

154.19 -143.04 40309.41 8000.38 0.9933 

ADD 95.21 -93.51 28833.80 2477.95 0.9962 

SPPD 
1 

192.16 -196.96 29955.46 3046.04 0.9966 

ADD 114.28 -113.03 21488.60 1977.56 0.9998 

SPPD 
1.5 

191.28 -193.36 30126.35 5443.16 0.9985 

ADD 140.47 -141.10 26186.95 2031.12 0.9908 

SPPD 
2 

201.59 -207.05 27013.15 2297.59 0.9985 

ADD 152.53 -151.49 20968.58 1724.36 0.9993 

SPPD 
3 

223.56 -221.99 20638.51 1421.67 0.9987 

ADD 157.31 -161.83 18031.05 666.13 0.9995 

SPPD  
3.5  

228.10 -225.41 23210.95 1705.25 0.9991 
ADD 179.21 -180.50 20144.90 1170.42 0.9990 

10 mm Amplitude 

SPPD 
0.5 

150.07 -161.45 13766.50 2446.54 0.9938 

ADD 119.92 -110.91 14705.25 787.13 0.9964 

SPPD 
1 

183.06 -214.33 10068.90 1240.59 0.9984 

ADD 144.76 -153.77 13051.67 590.67 0.9992 

SPPD 
1.5 

183.96 -202.56 11285.20 1740.72 0.9900 

ADD 174.87 -170.85 13219.88 654.64 0.9951 

SPPD 
2 

197.18 -187.12 11867.58 770.02 0.9965 

ADD 188.67 -188.51 12651.02 498.91 0.9998 

20 mm Amplitude 

SPPD 
0.5 

205.67 -216.08 7848.79 1220.05 0.9981 

ADD 175.64 -165.92 12821.50 148.61 0.9985 

SPPD 
1 

240.43 -249.44 7076.47 1068.89 0.9896 

ADD 175.23 -213.38 12795.54 245.67 0.9993 
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(a) 

 
(b) 

Figure 8: Validation of the Kelvin-Voigt model with experimental data of the force-
displacement for sinusoidal displacement amplitude of 5 mm (a) SPPD (b) ADD 

6. The Benchmark Building: Problem Formulation 

The ASCE committee in 1997 developed a benchmark building problem to innovate 
various types of dampers for seismic response control and test them against set 
performance specifications. The present study considers the first generation three-storey 
benchmark building developed by Spencer et al. [19] as shown in Figure 9. The geometrical 
properties of the buildings were defined in terms of mass matrix, M and stiffness matrix, 
K. A Rayleigh damping, which is proportional to the mass and stiffness of the building, is 
defined as a damping matrix, C.  The building is a laboratory based scaled model subjected 
to seismic excitation at the base. The dynamic equilibrium equation for the said building 
model can be defined as,  

M ẍ(t) + C ẋ(t) + K x(t)= -M L ẍg(t) (2) 

where M is a mass matrix, C is a damping matrix, K is the stiffness matrix, L is the influence 
vector indicating force applied at each floor, x(t), ẋ(𝑡) and ẍ(𝑡) are displacement, velocity 
and acceleration of the mass. The Mass, stiffness and damping matrices are defined by 
Dyke et al. as,  

𝑀 = [
98.3 0 0

0 98.3 0
0 0 98.3

] 𝑘𝑔;                 𝑘 = [
12 −6.84 0

−6.84 13.7 −6.84
0 −6.84 6.84

] 𝑁/𝑚; (3) 

𝐶 = [
175 −50 0
−50 100 −50

0 −50 50
] 𝑁𝑠/𝑚;                 𝐿 = [

1
1
1

] 𝑁/𝑚; (4) 

𝐾𝑑 = [
19430 0 0

0 0 0
0 0 0

] 𝑁/𝑚;   𝐶𝑑 = [
2533 0 0

0 0 0
0 0 0

] 𝑁. 𝑠/𝑚; (5) 

The prototype passive, SPPD and ADD were placed at the ground storey of the benchmark 
building to control the seismic response of the building. The passive damping devices 
offered damper force as described by the Kelvin-Voigt model, and thus, the dynamic 
equilibrium equation stated by Equation (2) will be modified as,  

M ẍ(t) + C ẋ(t) + K x(t) + Fd (t) = -M L ẍg(t) (6) 
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Substituting Equation (2) into Equation (6), the dynamic equilibrium equation becomes,  

M ẍ(t) + (C + Cd) ẋ(t) + (K + Kd) x(t) + Fd(t) = -M L ẍg(t) (7) 

It is evident from Equation (7) that passive SPPD and ADD improve the damping and 
stiffness characteristics of the modified benchmark building with the damper. The natural 
frequencies of the benchmark building model under free vibrion were calculated as, 
ωni={5.46, 15.81, 23.64}, rad/sec. where i = 1, 2, 3. The modified natural frequencies of the 
modal building with damper at ground storey were found to be 
ωni={5.52, 15.90, 23.67}, rad/sec. Differential equations, representing modal benchmark 
buildings with and without passive damping devices; SPPD and ADD, represented through 
Equation (2) to Equation (7)  were subjected to two types of seismic excitation; strong 
motion and pulse-type. Seismic excitation defined as strong motion are; El Centro 
excitation (1940, NS component, 3.42 m/s2 PGA) and Hachinohe excitation (1968, 2.25 
m/s2 PGA), while pulse-type ground motion includes; Kobe excitation (1995, 8.18 m/s2 
PGA) and Northridge excitation (1994, 8.27 m/s2 PGA). 

  

Fig. 9. schematic diagram of first-generation benchmark building filled with passive 
damping devices; SPPD/ADD 

In order to evaluate the efficacy of the prototype passive damping devices, SPPD and ADD, 
seismic response parameters determined for controlled model building, i.e, model building 
fitted with SPPD or ADD at the ground storey, were compared with uncontrolled model 
buildings, i.e., model building without SPPD and ADD fitted to it. The evaluation was carried 
out through normalized Performance Indices as defined by Ohtori et al. [20], specifically, 
Peak Interstorey Ratio, J1, Level Acceleration, J2, Base Shear, J3 and Control Force J11. Out of 
four performance indices considered three indices; J1, J2 and J3 is related to the building 
response while J11 is related to control device. Each of these performance indices are 
defined as,  

J
1
=max {

𝑚𝑎𝑥
𝑡,𝑖

|𝑑𝑖(𝑡)|

ℎ𝑖

δmax }                     J
2
=max {

𝑚𝑎𝑥
𝑡,𝑖

|�̈�𝑎𝑖(𝑡)|

�̈�𝑎𝑖
max } (8) 

𝑥3(𝑡) 

 𝑥2 (𝑡) 

𝑥1(𝑡) 
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J3=max {
𝑚𝑎𝑥

𝑡
|∑ 𝑚𝑖�̈�𝑎𝑖(𝑡)𝑖 |

𝐹𝑏
max }         J11=max {

𝑚𝑎𝑥
𝑡,𝑙

|𝑓1(𝑡)|

𝑊
} (9) 

where di(t) is the interstorey drift of the above ground level, hi is the height of the stories, 

and δmax is the maximum uncontrolled interstorey drift given by 
|𝑑𝑖(𝑡)|

ℎ𝑖
 ,  ẍai(t)  and  ẍa

max 

are the absolute accelerations of ith level for controlled and uncontrolled buildings, 
respectively. mi is the seismic mass of the ith level. Fbmax is maximum uncontrolled base 
shear, f1(t) is the force produced by dampers, and W is the seismic weight of the modal 
building. 

7. Results and Discussion 

A modal building fitted with passive damping devices, SPPD and ADD, represented by 
Figure 9, was mathematically modelled as a lumped-mass system and dynamic equilibrium 
equations defined by Equation (2) to Equation (7) were derived. A Rayleigh damping was 
assumed for modal building and nonlinear hysteresis behaviour, as characterized under 
cyclic loading, described in section 3, and was linearized through the linear Kelvin-Voigt 
model. A detailed computer program on the MATLAB platform was developed to evaluate 
the seismic response of the benchmark building subjected to strong motion and pulse-type 
seismic excitation.  

Table 5: Validation of uncontrolled structural response with Dyke et al. and controlled 
structural response of benchmark building under El Centro seismic excitation  

Seismic 
Response 

Parameters 
Storey  

Uncontrolled 
Response 

Controlled Response 

Dyke 
et al. 

Present 
Study 

MR Damper Passive 
Off Case Dyke et al. 

SPPD ADD 

Peak 
Displacement 

(cm) 

1 0.54 
0.55 

(-0.02) 
0.21 

(–60.78) 
0.31 

(-43.64) 
0.41 

(-25.46) 

2 0.82 
0.87 

(6.00) 
0.36 

(–56.46) 
0.52 

(-40.23) 
0.68 

(-21.84) 

3 0.96 
1.00 

(4.00) 
0.46 

(–52.70) 
0.65 

(-38.10) 
0.84 

(-20.00) 

Peak 
Interstorey 
Drift (cm) 

1 0.54 
0.55 

(1.85) 
0.21 

(–60.78) 
0.31 

(-43.64) 
0.41 

(-25.46) 

2 0.32 
0.34 

(6.25) 
0.15 

(–52.04) 
0.22 

(-35.29) 
0.28 

(-17.65) 

3 0.20 
0.19 

(-5.26) 
0.10 

(–48.76) 
0.13 

(-31.58) 
0.16 

(-15.79) 

Peak 
Acceleration 

(m/s2) 

1 8.56 
8.33 

(-2.69) 
4.20 

(–50.93) 
4.32 

(-48.13) 
5.43 

(-34.78) 

2 10.30 
10.21 

(-0.87) 
4.80 

(–53.40) 
6.31 

(-38.19) 
8.47 

(-17.03) 

3 14.00 
13.44 

(-4.00) 
7.17 

(–48.79) 
9.03 

(-32.78) 
11.21 

(-16.54) 
Damper 

Force (N) 
   258.00 277.11 164.73 

 

The numerical solution of Equation (6) was obtained through Newmark-beta numerical 
integration with the linear acceleration method. The solution was obtained for a time step 
of 12 seconds, ensuring stability and the accuracy of the numerical solution. Seismic 
response parameters, peak displacement, peak interstorey drift, peak acceleration and 
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peak damper force was evaluated for controlled building. The efficacy of passive damping 
devices, SPPD and ADD considers as passive control devices were evaluated through 
seismic response performance indices J1, J2, J3 an J11. Uncontrolled model building under 
strong motion (El Centro, Hachinohe) and pulse type (Kobe, Northridge) seismic excitation 
was solved first, and seismic response parameter peak displacement, peak intestorey drift, 
and peak acceleration were determined. The results were validated by comparing them 
with results represented by Dyke et al. [17] for El Centro seismic excitation. Table 5 
summarize seismic response parameters of uncontrolled model building by Dyke et al. and 
simulation results from the present study with percentage difference provided in the 
parenthesis. It is evident that results from the present study show close agreement with 
results for El Centro excitation of Dyke et al. and thus validate numerical simulation carried 
out through a computer program. 

Seismic response parameters of controlled benchmark buildings fitted with SPPD and ADD 
obtained under seismic excitation are represented in Table 6 with percentage difference 
in the parenthesis w.r.to uncontrolled response. It is evident that passive damping device, 
SPPD and ADD, both effectively reduces seismic response parameters. It can be seen that a 
controlled building with SPPD yields a substantial reduction in each seismic parameter, 
while it is moderate for ADD-fitted model building. Peak displacement of the roof floor is 
found to be reduced by 38.10% and 20% controlled building with SPPD and ADD, 
respectively. Similarly, peak acceleration of the roof storey yields a reduction of 32.88% 
and 16.54%, respectively. Peak interstorey drift at the first storey shows a reduction of 
43.64% and 25.75%, respectively. It can be proved that a double side silicone rubber filled 
piston-based cylinder, SPPD, device yields better seismic response performance vis-à-vis 
air filled piston-based cylinder, ADD. This is attributed to elastic deformability and low-
hardness silicone rubber. SPPD device can produce damper force of the order 277.11 N 
which is 68.22% higher as compared to ADD.  

Figure 10(a) to Figure 10(d) show the peak displacement response of uncontrolled and 
controlled buildings for each storey under all seismic excitations considered in the study. 
It can be observed that the SPPD device yields a substantial reduction in peak displacement 
at every storey for each seismic excitation. While displacement response shows substantial 
(~36%-~59%) reduction for El Centro, Hachinohe and Kobe seismic excitations, it is 
moderate (~13% to 20%) for Northridge seismic excitations since it is of relatively high 
PGA and consists of a shallow band of earthquake frequencies. It can further be realized 
that the SPPD device outperformed ADD in terms of peak displacement seismic response 
performance. Maximum reduction in peak displacement response (~58%) was obtained 
by a controlled building filled with SPPD and ADD under strong motion type Hachinohe 
seismic excitation. 

Peak interstorey drift for the uncontrolled and controlled model building was determined 
under each seismic excitation and is plotted through Figure 11(a) to Figure 11(d). It is 
evident that peak interstorey drift at the first floor shows a substantial reduction under 
each seismic excitation since SPPD and ADD were provided on the ground floor only. It is 
apparent that the reduction in peak interstorey drift in upper stories lowered as compared 
to the first storey. Peak intestorey drift of controlled building with SPPD, at first storey, 
reduced by 43.64% and 59.68% under El Centro and Hachinohe seismic excitations, 
respectively and by 40.82% and 20.37% under Kobe and Northridge seismic excitation, 
respectively. Controlled building with ADD yields a reduction in peak interstorey drift by 
25.46%, and 40.32% under El Centro and Hachinohe seismic excitation, respectively and 
by 21.77% and 11.11% under Kobe and Northridge seismic excitations. It can be realized 
that the trend of reduction in this seismic response parameter for different seismic 
excitations storey-wise is very similar to these peak displacements for different seismic 
excitations. 
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

Fig. 10. Peak displacement structural response of uncontrolled and controlled 
benchmark buildings with SPPD and ADD under seismic excitation (a) El Centro (b) 

Hachinohe (c) Kobe (d) Northridge 

The peak acceleration response of controlled buildings with SPPD and ADD follows similar 
results in terms of storey-wise reduction as that of peak displacement and peak interstorey 
drift response parameter. Figure 12(a) to Figure 12(d) demonstrate the storey-wise peak 
acceleration response of uncontrolled and controlled modelled buildings with passive 
damping devices. The controlled building attached with SPPD yields a reduction in peak 
acceleration at each storey under both strong motion and pulse-type seismic excitations. 
Peak acceleration at the roof storey of the controlled building yields a reduction of 48.13% 
and 59.32% for El Centro and Hachinohe seismic excitation, respectively. The same 
reduces by 44.32% and 22.23% for Kobe and Northridge seismic excitation, respectively. 
On the other hand, ADD fitted with controlled buildings shows a reduction in peak roof 
acceleration of 34.78%, 39.78%, 21.51% and 10.94% for El Centro, Hachinohe, Kobe and 
Northridge seismic excitation, respectively. Seismic response parameters, peak 
displacement, peak interstorey drift, peak acceleration along with peak damper force of 
SPPD device and ADD of uncontrolled and controlled buildings are reported in Table 6 for 
all seismic excitations, except El Centro seismic excitation, which is available in Table 5. 
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

Fig. 11. Peak interstorey structural response of uncontrolled and controlled 
benchmark buildings with SPPD and ADD under seismic excitation (a) El Centro (b) 

Hachinohe (c) Kobe (d) Northridge 

It is evident from Table 6 that SPPD offers a higher amount of damper force as compared 
to ADD and, thus, performs better in reducing seismic response parameters. The SPPD 
warrants a reasonably small amount of damper force under all seismic excitation, except 
Kobe excitation, where the required damper force is relatively higher. ADD could generate 
lower damper force vis-à-vis SPPD and, thus, becomes relatively less effective in 
controlling seismic response parameters. It should be noted that the force generated by 
SPPD of the present study yields a damper force of the same order or higher when 
compared with another dual-chamber single-rod-type damper with identical PPR but with 
higher hardness of silicone rubber [16] which produces force only on the compression 
side. The efficacy of passive damping devices, SPPD, and ADD, in improving seismic 
response control of benchmark building has been proved through performance indices 
defined by Equation (8) and Equation (9) as defined by Ohtori et al. Out of the total 
performance indices defined [20], only four important PIs most relevant to passive 
damping devices considered are Peak Interstorey Ratio J1, Level Acceleration, J2, Base 
Shear, J3 and Control Force, J11. Table 7 summarizes numerical values for PIs J1, J2, J3 and J11 
under all seismic excitations of the study. It can be observed from the table that both 
damping devices show good seismic control in terms of parameters represented by PIs as 
each PIS value < 1. 
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

Fig. 12. Peak acceleration structural response of uncontrolled and controlled 
benchmark buildings with SPPD and ADD under seismic excitation (a) El Centro (b) 

Hachinohe (c) Kobe (d) Northridge 

The lower value of PI- J1 reveals that the peak interstorey drift of the benchmark building 
gets better controlled by both SPPD and ADD passive devices. However, the relatively 
higher value of PI- J2 indicate that controlling peak acceleration of benchmark buildings 
under Northridge seismic excitation is a challenge due to the high PGA and low duration of 
the earthquake. Base shear PI-J3 depicts a similar understanding as lateral load acting on 
the benchmark building is higher with respect to weight, thus leading to a higher J3 value. 
The lower value of PIs J1, J2 and J3 for SPPD as compared to ADD establishes better efficiency 
of the former over the latter. The same can be reflected in PI-J11, where values are higher 
for SPPD vis-à-vis ADD. The relatively lower value of PI-J11 for each passive damping 
device; SPPD and ADD indicate that effective seismic control of benchmark building is 
achieved with a very low value of the damper fore, which means a handy, low-weight 
prototype damping device is enough for the seismic control. Peak seismic response 
parameters, peak displacement, peak interstorey drift, peak acceleration and peak damper 
force reported in Table 6 and performance indices as shown in Table 7 established well 
that controlled buildings filled with both passive damping devices, SPPD and ADD perform 
well vis-à-vis uncontrolled building. A time history response of controlled benchmark 
building under all seismic excitation considered in the study are plotted in Figure 13 and 
Figure 14. 
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Table 7. Seismic response Performance Indices for controlled benchmark building under 
seismic excitations 

Seismic 
Excitation  

Damper 
Type 

Performance Indices Peak Damper 
Force (N) 

J1 J2 J3 J11 

El Centro 
ADD 0.4692 0.8346 0.7686 0.0569 164.733 

SPPD 0.3568 0.6722 0.5956 0.0958 277.107 

Hachinohe 
ADD 0.3755 0.6149 0.6071 0.0507 146.793 

SPPD 0.2585 0.4179 0.415 0.0738 213.423 

Kobe 
ADD 0.4939 0.7971 0.8207 0.1718 497.003 

SPPD 0.3735 0.6066 0.5998 0.2557 739.874 

Northridge 
ADD 0.5628 0.9333 0.9117 0.0630 182.351 

SPPD 0.5055 0.8451 0.8109 0.1134 328.132 

 

However, this quantity of controlled benchmark buildings should be plotted with respect 
to real-time to ensure that passive damping produces the damper force but also remains 
stable through the presence of seismic excitation. It can be seen that controlled benchmark 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 13. Roof displacement time history response of uncontrolled and controlled 
benchmark building under seismic excitation (a) El Centro (b) Hachinohe (c) Kobe     

(d) Northridge 
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buildings with SPPD and ADD yield good displacement control under strong motion and 
pulse-type seismic excitation throughout the time span as compared to uncontrolled 
displacement response. The Peak roof displacement of uncontrolled response occurs at 
0.96, 9.8, 2.24 and 0.96 sec for El Centro, Hachinohe, Kobe and Northridge seismic 
excitation, respectively, while the same occurs at 0.96, 2.52, 1.78 and 0.84 sec for 
controlled response for SPPD. It is evident from Figure 13(a) to Figure 13(d) that the 
controlled building shows much reduced displacement (almost stopped vibrating) after 7 
sec under pulse-type seismic excitation. However, through nicely controlled, displacement 
of controlled benchmark building sustained under strong motion type seismic excitation, 
especially, Hachinohe seismic excitation. A similar trend of roof acceleration time history 
response was achieved for controlled benchmark building under all seismic excitations, as 
reported in Figure 14(a) to Figure 14(d). Peak roof acceleration of uncontrolled response 
occurs at 0.98, 9.8, 2.4 and 1.06 sec for El Centro, Hachinohe, Kobe and Northridge seismic 
excitation, respectively, while the same occurs at 0.96, 2.50, 2.24 and 0.84 sec for 
controlled response for SPPD. It is evident that both SPPD and ADD passive damping 
devices are effective in controlling roof acceleration of controlled buildings as compared 
to uncontrolled buildings under each seismic excitation considered for the study.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 14. Roof Acceleration Time History Response of Controlled Model Building to 
Seismic Excitation (a) El Centro (b) Hachinohe (c) Kobe (d) Northridge 

8. Conclusions 

Prototype passive damping devices; SPPD, ADD were developed and characterized under 
varied amplitude and frequency of sinusoidal displacement inputs. Both devices 
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demonstrate a stable hysteresis loop of elliptical shape, ensuring the presence of 
viscoelastic properties. Hysterics behaviour was modelled using the Kelvin-Voigt model. 
SPPD and ADD were fitted at the ground storey of the benchmark building and were 
subjected to strong ground motion and pulse-type seismic excitations. Seismic response 
parameters, peak displacement, peak interstorey drift, peak acceleration and peak damper 
force of controlled benchmark building was evaluated. The efficacy of passive damping 
devices was established through PIs; J1, J2, J3 and J11. Time history response of roof 
displacement and roof acceleration were plotted over entire seismic events considered for 
the study. 

Major outcomes derived from the present study are summarized as follows. 

• Characterization of SPPD and ADD under sinusoidal input with varied amplitude 
and frequency exhibits stable hysteresis behaviour, ensuring good damping 
dissipation characteristics over wide frequencies.  

• Parameter identification of the Kelvin-Voigt model by a multivariable linear 
regression approach yields very good agreement with experimental data of 
hysteresis curves for SPPD and ADD. 

• The SPPD outperforms ADD by yielding a substantial reduction (> 31%) in peak 
seismic response parameters of the benchmark building when fitted at the ground 
storey under strong motion and pulse-type seismic excitations. However, under 
Northridge (pulse-type) seismic excitation the reduction is moderate (>13%). 

• The PIs; J1, J2, J3 and J11 evaluated for controlled benchmark building establish the 
efficacy of the SPPD. Though relatively higher than the SPPD, ADD also yields good 
controlled PIs except J11, which yields a lower value due to the relatively lower 
damper force produced. 

• The Time history response of a controlled benchmark building fitted with SPPD and 
ADD shows a consistent reduction of roof displacement and roof acceleration over 
entire seismic events, demonstrating the effectiveness and stability of the damping 
devices. 

• The damper force produced by SPPD and ADD ranges from ~150 N to ~739 N under 
various seismic excitations, establishing its potential for full-scale implementation. 

Seismic response parameters were evaluated for the benchmark building fitted with the 
SPPD with a particular value of the PPR. Effective seismic response control of the 
benchmark building with different PPR values for the SPPD using the same or different 
hardness values of silicone rubber particles may be explored. The proposed passive 
damping devices, SPPD and ADD may be scaled-up for full-scale implementation. 
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 The utilization of composite materials as alternatives to Ordinary Portland 
Cement (OPC) is essential in mitigating the environmental impact of cement 
production. This study investigates the potential of industrial by-products rich 
in silica and alumina, such as fly ash (FA), alccofine (ALC), and nano silica (CNS), 
to partially replace OPC in concrete. Tetranary blended nano concrete (TBNC) 
compositions, incorporating 25% FA, 10% ALC, and varying proportions of CNS 
(0%, 0.5%, 1%, 2%, and 3%), were examined for their compressive strength in 
M30 and M60 grade concrete following a 90-day curing period. Results 
demonstrate the significant influence of CNS on compressive strength of TBNC. 
To validate these findings, Response Surface Methodology (RSM) was employed 
for mathematical modeling and statistical analysis, predicting compressive 
strength values and comparing them with experimental data. This research 
underscores the viability of utilizing industrial by-products in concrete 
production, thereby promoting sustainable construction practices. 
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1. Introduction 

Utilization of concrete is increasing every year with increase in the infrastructure. Concrete 
manufactured by using Ordinary Portland Cement (OPC) is widely used throughout the 
world because of availability and flexibility in easy operation [1]. The production of OPC 
requires a substantial amount of thermal energy and emits a large quantity of greenhouse 
gases, such as carbon dioxide (CO2), which have severe environmental consequences and 
contribute to global warming [2,3]. OPC production has been reported to be liable for about 
3% and 9% of worldwide energy consumption and anthropogenic emission of CO2, 
respectively [4,5]. So, there is a need to search for the alternate materials, which can help 
to reduce the usage of OPC and produce sustainable construction materials in construction 
industry. The solution to this problem is to utilizing the industrial by-product which 
process pozzolanic nature as supplementary cementations materials (SCMs) in concrete 
[6]. The solid waste generated from industries creates disturbance in environment due to 
air pollution, land filings and pollutes the ground water by leachate. The by- products such 
as Fly Ash (FA), Rice Husk Ash (RHA), Ground Granulated Blast Furnace Slag (GGBS), Red 
mud (RM), Alccofine (ALC), Silica Fume (SF), Metakaolin (MK) etc., which are pozzolanic in 
nature can be used as SCMs [7,8]. Blending different types of pozzolans with cement 
improves the properties (durability and mechanical) of concrete [9,10]. The most 
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important effects of Pozzolan admixture enhances the microstructure of concrete or 
cement paste by altering the interfacial transition zone (ITZ) and reducing pore structure 
via pozzolanic reaction [11,12]. In the present study, industrial by-products of pozzolanic 
nature, such as FA and ALC, are substituted for cement in concrete. By substituting these 
materials for cement in concrete, pollution-causing gas emissions from the cement 
production process will be reduced.  

Moreover, the introduction of nanoparticles like colloidal nano silica (CNS) presents an 
opportunity to enhance concrete properties further [3]. CNS, with its high pozzolanic 
nature, can accelerate pozzolanic reactions within concrete, resulting in improved 
mechanical and physical properties. By incorporating CNS into concrete mixes, we can 
achieve greater strength and durability while reducing environmental impact [5]. Several 
studies have investigated the impact of nano-sized silica on the compressive strength, 
tensile strength, and flexural strength of concrete [9-12]. Research indicates that the 
addition of nano-sized silica particles improves the packing density of concrete mixtures, 
resulting in higher compressive strength [10]. Furthermore, nano-sized silica enhances the 
ITZ between cement paste and aggregates, leading to increased bond strength and 
improved mechanical properties [11]. Moreover, nano-sized silica has been found to 
enhance the durability of concrete by reducing permeability and increasing resistance to 
chloride ion penetration, sulfate attack, and alkali-silica reaction [13,14]. The fine particles 
of nano-sized silica fill in the pores and capillary voids within the concrete matrix, 
effectively reducing water ingress and preventing the ingress of deleterious substances 
[15]. Pervious research studies suggest that nano-sized silica can act as a viscosity-
modifying admixture, improving the workability and flowability of concrete mixtures. This 
property is particularly advantageous in high-performance concrete and self-compacting 
concrete applications. Furthermore, investigations into the hydration kinetics of nano-
sized silica in cementitious systems have revealed its role in accelerating cement hydration 
and promoting the formation of additional calcium silicate hydrate (C-S-H) gel. This 
accelerated pozzolanic reaction contributes to early strength development and improved 
long-term mechanical properties of concrete [9-15]. 

In this study, we focus on investigating the combined effects of 25% FA, 10% ALC, and 
varying amounts of CNS on the compressive strength of Ternary Blended Nano Concrete 
(TBNC) for M30 and M60 grade concrete over a 90-day curing period. By examining the 
influence of these materials on concrete strength, we aim to contribute to the development 
of sustainable construction practices and the utilization of industrial waste. Additionally, 
we have employed Response Surface Methodology (RSM) to develop regression equations 
for the compressive strength of M30 and M60 grade concretes separately. RSM helps to 
model and optimize complex processes, such as concrete strength development, by 
analyzing the interactions between multiple variables [16]. In RSM utilizing the design of 
experiments (DOE) method, several mathematical models have been developed and 
employed. One common model is the quadratic model, which assumes a second-order 
relationship between the independent variables and the response [17]. By utilizing RSM, 
we can gain insights into the optimal combination of materials to achieve desired concrete 
properties, thereby enhancing the efficiency and effectiveness of this research. The 
relevance of the static approach lies in its ability to provide precise and reliable data on the 
performance of concrete mixtures over time [16,17]. By subjecting the TBNC specimens to 
a consistent curing environment, we can accurately evaluate the long-term effects of 
incorporating FA, ALC, and CNS on concrete strength. This method allows us to capture the 
gradual development of concrete strength and assess the durability of the composite 
material. Moreover, the static approach enables us to systematically investigate the 
individual and combined contributions of FA, ALC, and CNS to the mechanical properties 
of TBNC. By maintaining a stable testing environment throughout the curing period, we 
can isolate the effects of each material and analyze their synergistic interactions on 
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concrete strength. The static approach facilitates the comparison of different concrete mix 
designs and helps identify optimal combinations of supplementary materials for achieving 
desired performance characteristics [16]. This structured methodology enhances the 
reliability and reproducibility of findings, ensuring robust conclusions regarding the 
efficacy of TBNC in sustainable construction practices. The static approach serves as a 
fundamental tool in this research, allowing for a detailed and structured analysis of the 
influence of supplementary materials on the compressive strength of TBNC. Through this 
approach, we aim to provide valuable insights into the development of sustainable 
concrete mixtures and contribute to the utilization of industrial waste in construction 
applications [16,17]. 

2. Research Significance 

The primary challenge in modern construction lies in attaining the requisite strength of 
standard concrete, predominantly reliant on OPC. However, the surge in industrialization 
has led to the accumulation of non-engineered industrial waste, posing detrimental effects 
on the environment and ecosystems. The main aim of the present research is to explore 
the alternative building materials with industrial solid waste, potentially beneficial for the 
construction sector. This study investigates the potential of utilizing pozzolanic industrial 
solid waste as a cementitious supplement, offering a sustainable alternative to OPC. By 
advocating for the incorporation of industrial waste as admixtures or partial cement 
replacements, efforts are directed towards reducing cement consumption and addressing 
environmental contamination attributed to industrial byproducts. In particular, our 
research explores the effects of a composite mixture comprising FA, ALC, and CNS on the 
compressive strength of M30 and M60 grade concrete. By examining the influence of these 
materials on concrete strength, we aim to contribute to sustainable construction practices 
and mitigate the environmental impact of industrial waste. The adoption of RSM in our 
study serves to enhance the efficiency and effectiveness of our research. RSM allows for 
the modeling and optimization of complex processes, such as concrete strength 
development, by analyzing the interactions between multiple variables. In the context of 
our research, the RSM model enables us to systematically investigate the combined effects 
of fly ash, alccofine, and colloidal nano silica on the compressive strength of M30 and M60 
grade concrete. By utilizing RSM, we can develop regression equations that provide 
insights into the optimal combination of materials to achieve desired concrete properties. 
Overall, the use of RSM facilitates a comprehensive understanding of the relationship 
between input variables and concrete strength, enabling us to optimize concrete mixtures 
for enhanced mechanical performance while minimizing environmental impact. 

3. Materials 

This research utilizes OPC of 53-grade as the binder in the experimental setup. Coarse and 
fine aggregates serve as filler materials, supplemented with super-plasticizers, specifically 
poly-carboxylic ether. The OPC utilized adheres to the standards set by the Bureau of 
Indian Standards (IS) with reference to IS: 12269-2013 [18]. The OPC exhibits a specific 
gravity of 3.12, fines of 6.50%, and initial and final setting times of 50 minutes and 420 
minutes, respectively. The fine and coarse aggregates undergo testing according to IS: 383-
1970 [19]. The angular shaped locally available crushed stone was used coarse aggregates, 
20 mm downgraded, feature a specific gravity of 2.78, fineness modulus of 7.2%, and water 
absorption of 0.86%. Meanwhile, the fine aggregates, 4.75 mm downgraded and falling 
within the II grading zone as per IS 383-1970 [19], exhibit a specific gravity of 2.68, 
fineness modulus of 2.7%, and water absorption of 1.02%. Low calcium FA (Class F type) 
is sourced from the Vijayawada Thermal Plant in Andhra Pradesh, aligning with the 
specifications outlined in IS 3812-2013 [20]. This FA boasts a specific gravity of 2.3 and a 
fines modulus of 1.19%. ALC-1203, obtained from Ambuja Cement Ltd in Goa, conforms to 
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American Society for Testing and Materials (ASTM) C989-1999 [21] and possesses a 
specific gravity of 2.9. ALC is characterized as an ultrafine slag material and glass-based 
SCM sourced from steel or iron industries. Notably, ALC comprises fine solid glass spheres 
of non-crystalline polymorph or amorphous silicon dioxide. The high specific surface area 
of ALC particles exerts a significant influence on both the fresh and hardened state 
properties of concrete, as documented in various studies.  In the study, scanning electron 
microscope (SEM) analysis was conducted to examine the morphology and microstructure 
of fly ash and alccofine particles used in our composite concrete. The SEM images revealed 
essential insights into the characteristics of these materials. The chemical properties of FA 
obtained from SEM and Energy Dispersive X-ray Analysis (EDAX) are given below and in 
figure1, the figure 1 revealed that the elemental characteristics in terms of weight 
percentage and atomic percentage. The analysis discerns four major elements, with 
distinctive compositions as follows: 

 
1. C K (Carbon): 

• Weight Percentage: 59.2% 

• Atomic Percentage: 68.02% 
2. O K (Oxygen): 

• Weight Percentage: 31.9% 

• Atomic Percentage: 27.6% 
3. Al K (Aluminium): 

• Weight Percentage: 2.7% 

• Atomic Percentage: 1.4% 
4. Si K (Silicon): 

• Weight Percentage: 6.07% 

• Atomic Percentage: 2.9% 

 

 

Fig. 1. SEM and EDAX image of FA 

From figure 1, the SEM images revealed essential insights into the characteristics of these 
materials. For fly ash, the SEM observations indicated an amorphous structure, with 
spherical particles ranging in size from 0.5 µm to 70 µm. This spherical morphology is 
consistent with previous research findings [30,31] and is known to contribute to improved 
packing density and reduced water demand in concrete mixtures. The predominant 
presence of Carbon and Oxygen, comprising 59.2% and 68.02% in weight and 31.9% and 
27.6% in atomic percentages, respectively, highlights their significant role in the elemental 
composition of the FA. Aluminum and Silicon are found in lower concentrations, with 2.7% 
and 1.4% in weight and 6.07% and 2.9% in atomic percentages, respectively as shown in 
figure 1. These chemical properties elucidate the elemental composition of FA, offering 
valuable insights into its potential impact on concrete properties and its suitability for use 
as a supplementary cementitious material. The data provided by EDAX contributes to a 
comprehensive understanding of the composition of FA, essential for informed decisions 
in concrete mix design and sustainable construction practices [22,23]. 

The chemical properties of ALC derived from EDAX are given figure 2, delineating the 
elemental characteristics in terms of weight percentage and atomic percentage. From the 
figure 2, the SEM analysis revealed an amorphous structure with angular particles, with 
sizes ranging from 0.5 µm to 30 µm. This angular morphology is advantageous for 
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enhancing the pozzolanic activity of ALC, promoting better interfacial bonding with 
cementitious materials and resulting in enhanced mechanical properties of concrete 
[22,23] and the EDAX analysis reveals the composition of five major elements as follows. 
The predominant presence of Carbon and Oxygen, comprising 45.6% and 57.6% in weight 
and 35.2% and 33.3% in atomic percentages, respectively, underscores their substantial 
role in the elemental composition of ALC. Aluminium, Silicon, and Calcium are found in 
comparatively lower concentrations, emphasizing the multifaceted composition of ALC. 
These chemical properties offer insights into the elemental composition of ALC, crucial for 
understanding its potential impact on concrete properties. The presence of Calcium 
suggests its pozzolanic nature, contributing to enhanced durability and strength 
characteristics in concrete. The data provided by EDAX facilitates informed decision-
making in concrete mix design, particularly when incorporating ALC as a supplementary 
cementitious material in construction practices. These SEM observations provide valuable 
insights into the microstructural characteristics of FA and ALC, which are essential for 
understanding their influence on the properties of composite concrete [22,23]. 

1. C K (Carbon): 

• Weight Percentage: 45.6% 

• Atomic Percentage: 57.6% 
2. O K (Oxygen): 

• Weight Percentage: 35.2% 

• Atomic Percentage: 33.3% 
3. Al K (Aluminium): 

• Weight Percentage: 4.01% 

• Atomic Percentage: 2.2% 
4. Si K (Silicon): 

• Weight Percentage: 6.3% 

• Atomic Percentage: 3.4% 
5. Ca K (Calcium): 

• Weight Percentage: 8.6% 

• Atomic Percentage: 3.2% 

 

  

Fig. 2. SEM and EDAX image of ALC 

CNS, procured from Bee-Chems Chemicals in Kanpur, boasts a specific gravity of 1.21, 
particle size ranging from 10-20 nm, and a surface area of 150-180 m²/g. A high-range 
water-reducing admixture primarily composed of poly-carboxylic ether, in accordance 
with ASTM-C494 [24] standards, is employed throughout the study. In the study, nano-
sized silica, particularly in colloidal form, plays a critical role in enhancing the performance 
of composite concrete. The fine particles of CNS help densify the concrete microstructure, 
filling voids and pores, thereby improving packing density, reducing permeability, and 
enhancing mechanical properties [11]. Additionally, CNS promotes better adhesion 
between the cement paste and aggregates, leading to improved bond strength and overall 
mechanical performance of the concrete [12]. Through our research, we aim to elucidate 
the significant role of colloidal nano silica in composite concrete and its incorporation 
method, contributing to the advancement of sustainable and durable construction 
materials. The concrete preparation utilizes portable tap water available on the university 
premises, featuring a pH value of 7-8, adhering to the recommendations outlined in IS 456-
2000 [25]. 
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4. Mix Design 

M30 and M60 grade of mix designs were prepared as per the guidelines given in IS: 10262-
2009 [26] and American Concrete Institute (ACI) 211.4R-2008 [27] respectively. The 
design mix of 1:2.06:3.63 with w/c ratio 0.43 was adopted for casting of M30 grade of 
concrete and for M60 grade the design mix of 1:1.6:2.19 with w/c ratio 0.30 was adopted. 
The details of mix design and proportions are given in Table 1. The OPC was partial 
replaced by combination of 25% FA, 10% ALC and with varying amounts of CNS (i.e. 0%, 
0.5%, 1%, 2% and 3%). The quantity of all ingredients of concrete was determined 
according to the design ratio of the mixes. The CNS is incorporated by first mixing it with 
water to form a stable suspension, ensuring uniform dispersion throughout the concrete 
mix. Once dispersed, nano silica contributes to improving various aspects of concrete 
properties. Its high surface area facilitates enhanced pozzolanic activity, reacting with 
calcium hydroxide in the cement paste to form additional C-S-H gel, thus enhancing 
strength and durability. The ingredients were mixed thoroughly until the mix obtained 
uniform colour. The cubes of 100x100x100 mm were filled with concrete and vibrated 
with the help of table vibrator. The specimens were allowed for air curing for 24 hrs and 
de-moulded. They are allowed for 7-, 28-, 56- and 90-days curing periods and tested for 
compressive strength. 

Table 1. Details of mix design and proportions 

GC MN 
OPC 

(kg/m3) 
FA 

(kg/m3) 
ALC 

(kg/m3) 
CNS 

(kg/m3) 
CNS 

content 

Fine 
Aggregate 
(kg/m3) 

Coarse 
Aggregate 
(kg/m3) 

Water 
(kg/m3) 

M30 

C1 350.2 - - - - 721.5 1273.8 150.59 

T0 236.4 87.5 26.3 - 0% 721.5 1273.8 150.59 

T0.5 235.2 87.5 26.3 1.18 0.5% 721.5 1273.8 150.59 

T1 234.06 87.5 26.3 2.37 1% 721.5 1273.8 150.59 

T2 231.7 87.5 26.3 4.73 2% 721.5 1273.8 150.59 

T3 229.33 87.5 26.3 7.10 3% 721.5 1273.8 150.59 

M60 

C2 540.1 - - - - 625.5 1180.8 162.03 

S0 364.5 135.02 40.5 - 0% 625.5 1180.8 162.03 

S0.5 362.7 135.02 40.5 1.8 0.5% 625.5 1180.8 162.03 

S1 360.9 135.02 40.5 3.6 1% 625.5 1180.8 162.03 

S2 357.3 135.02 40.5 7.3 2% 625.5 1180.8 162.03 

S3 353.7 135.02 40.5 10.9 3% 625.5 1180.8 162.03 

GC- Grade of Concrete, MN- Mix Notation, C1- M30 Grade Conventional Concrete 
T0 - M30 grade blended concrete mix containing 25% FA, 10% ALC and 0% CNS 
T0.5 - M30 grade blended concrete mix containing 25% FA, 10% ALC and 0.5% CNS 
T1 - M30 grade blended concrete mix containing 25% FA, 10% ALC and 1% CNS 
T2- M30 grade blended concrete mix containing 25% FA, 10% ALC and 2% CNS 
T3- M30 grade blended concrete mix containing 25% FA, 10% ALC and 3% CNS, 
C2 – M60 grade Conventional Concrete mix,  
S0 - M30 grade blended concrete mix containing 25% FA, 10% ALC and 0% CNS 
S0.5 - M30 grade blended concrete mix containing 25% FA, 10% ALC and 0.5% CNS 
S1 - M30 grade blended concrete mix containing 25% FA, 10% ALC and 1% CNS 
S2- M30 grade blended concrete mix containing 25% FA, 10% ALC and 2% CNS 
S3- M30 grade blended concrete mix containing 25% FA, 10% ALC and 3% CNS 
CNS content - Percentage by weight of cement 
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5. Experimental Setup 

The prepared specimen is mounted on the lower platen of a compression testing machine, 
ensuring proper alignment to prevent eccentric loading as per the guidelines provided in 
IS 516:2018 [28]. A compressive load is at 1.4N/mm2/minute applied gradually to the 
specimen at a specified rate until failure occurs, which is typically characterized by visible 
cracking or crushing. Throughout the test, data on applied load and deformation are 
continuously recorded. After testing, the data are analyzed to determine the compressive 
strength of the concrete specimen, providing valuable insights into its structural 
performance and integrity. 

6. Results 

6.1 Compressive Strength (CS) 

The compressive strength results of M30 grade and M60 grade blended concrete with 
combination of 25% FA, 10% ALC and varying percentages of CNS (0%, 0.5%, 1%, 2% and 
3%) at a curing period of 7, 28, 56 and 90 days are shown in Figure 3 and Figure 4. 

Form the Figure 3 and Figure 4 it is noticed that a minor improvement in compressive 
strength is achieved with combination of 25% FA, 10% ALC and 0% CNS (T0 and S0 mixes), 
the strength increased by 9.8%, 7.08%, 7.07%, 7.04% and 12.8%, 9.03%, 8.9%, 8.5% for 
the ages of 7, 28, 56 and 90 days respectively, in comparison to the M30 grade and M60 
grade conventional concrete mixes C1 and C2, which is attributed to the reason that the 
concrete matrix gets densified due to the plugging of pores by ALC  particles [12]. The 
compressive strength is further enhanced significantly with CNS, The compressive 
strength of T0 – T3 mixes containing 0.5%, 1%, 2% and 3% CNS is increased by 20.6%, 
26.8%, 23.9%,14.1% and 9.8%, 14.09%, 12.17%, 8.78%, for the ages of 7 and 28 days 
respectively, in comparison to the M30 Grade conventional concrete mix C1.  

 

Fig. 3. Compressive Strength of M30 Grade of concrete 

Whereas for M60 grade of concrete, the compressive strength of S0 – S3 mixes containing 
0.5%, 1%, 2% and 3% CNS is increased by 21.5%, 25.1%, 23.5%, 20.9% and 13.7%, 17.5%, 
16.3%, 12.8%, for the ages of 7 and 28 days respectively, in comparison to the conventional 
concrete mix C2. The enhancement in the initial age (7 day) compressive strength of 
blended concrete is due to accelerated hydration reaction in concrete on the addition of 
CNS [29,30]. In hydration process CNS helps in accelerating the pozzolanic reaction by 
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formation of more Calcium Hydroxide (CH) resulting in quick hydration of tricalcium 
silicate (C3S) and Dicalcium silicate (C2S) resulting in formation of more C-S-H which helps 
in formation of denser matrix in concrete structure resulting in high improvement in early 
age strength [31]. In the hydration reaction, the nucleation effect by nano silica accelerates 
the consumption of C3S, which results in release of more CH [32]. The better dispersion of 
CNS particles with cement showed enhancement in compressive strength for all the 
blended mixes. The enhancement of compressive strength continued till the CNS 
concentration increased up to 1% and reduces slightly for 2% and 3%. The reason for the 
decrease in compressive strength may be due to the separation of particles because of 
excess number of nano particles or due to the higher potential of agglomeration, due to 
poor dispersion of nano particle in mixture leads to effect of pore structure of concrete 
resulting in strength decrement [33]. The later age (i.e. 56 and 90 days) compressive 
strength showed a negligible change for 28 days compressive strength which is because of 
accelerated heat of hydration process, moreover, the addition of micro and nano sized 
SCM’s are responsible for the development of denser microstructure. It is also noticed that 
most of the hydration process gets completed at 28 days curing period which becomes very 
slow and will continue over time, thus showing minimum variations in compressive 
strength at a curing period of 56 and 90 days [34]. 

 

Fig. 4. Compressive Strength of M60 Grade of concrete 

6.2 Design of experiments (DOE) by Response Surface Method (RSM): 

In our study, RSM was utilized to assess the compressive strength (CS) of TBNC through a 
structured DOE. RSM, a statistical tool widely employed in industry and research, 
facilitated mathematical modeling and statistical analysis to predict the validity of 
experimental CS values. We adopted a second-order polynomial equation, as opposed to a 
linear model, to comprehensively evaluate the input variables responses. The response can 
be represented by the equation mentioned below equation 1. 

y = F (£1, £2, £3……..£k) + ε (1) 

Where the input variables are represented by £1, £2, £3…£k, approximate response 
function is denoted by F and static residual error is denoted by ε, in the present analytical 
study for evaluating the input variables response, the second order polynomial equation 
was used instead of the linear polynomial. In this study experimental design, was mainly 
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focused on one response variable, CS, and two independent variables: Curing Period (CP) 
and Colloidal Nano Silica Percentage (%CNS). Through regression analysis conducted 
using MINITAB software, we obtained coefficient values to construct a quadratic 
prediction model equation, as per equation 2. This equation allowed us to predict CS based 
on varying CP and %CNS combinations. Subsequently, DOE was employed to evaluate the 
goodness of fit of our model, assessing its effectiveness in representing the observed data 
accurately. Additionally, RSM facilitated the development of response surface graphs and 
residual plot graphs, aiding in visualizing the relationships between CP, %CNS, and CS. This 
systematic approach enabled us to optimize TBNC formulations and enhance our 
understanding of the factors influencing its compressive strength. 

Z = A + BX1 + CY1 + DX12 + EY12 + F X1 Y1 (2) 

In the equation X1 represents the %CNS, Y1 represents the CP and Z represents the CS. By 
RSM analysis the following polynomial regression equation 3 is obtained for M30 grade of 
concrete 

CS = 23.39 + 3.99 %CNS + 0.851 CP - 1.266 %CNS x %CNS - 0.006436 CP x 

CP + 0.0001%CNS x CP 
(3) 

By RSM analysis the following polynomial regression equation 4 is obtained for M60 grade 
of concrete: 

CS = 48.36 + 7.94 %CNS + 0.830 CP - 2.325 %CNS x %CNS- 0.00603 CP x CP + 

0.0011 %CNS x CP 
(4) 

Table 2. Experimental and predicted values by using RSM regression expression for m30 
grade of TBNC 

%CNS CP CS (Actual) 
CS 

(Predicted) 
Residual 

Error 
R2 

(Actual) 
R2(Predicted) 

0 7 26.7 29.03326 -2.33326 

90.62% 
 
 
 

82.28% 
 
 
 

0.5 7 29.3 30.71313 -1.41313 

1 7 30.8 31.76004 -0.96004 

2 7 30.1 31.95497 -1.85497 

3 7 27.7 29.61806 -1.91806 

0 28 46.3 42.18122 4.11878 

0.5 28 47.5 43.86229 3.637712 

1 28 49.3 44.91039 4.389606 

2 28 48.5 45.10772 3.392276 

3 28 47.1 42.77321 4.326791 

0 56 47.9 50.88107 -2.98107 

0.5 56 49.1 52.56374 -3.46374 

1 56 51.03 53.61344 -2.58344 

2 56 50.2 53.81397 -3.61397 

3 56 48.6 51.48265 -2.88265 

0 90 48.8 47.87722 0.922781 

0.5 90 50.1 49.56183 0.538174 

1 90 51.9 50.61347 1.286529 

2 90 51.2 50.81788 0.382121 

3 90 49.5 48.49044 1.009558 
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The actual CS and predicted CS by RSM for M30, M60 grades and their residual errors are 
represented in Table 2 and Table 3 respectively. From the RSM analysis the regression 
coefficient (R2) of CS (Actual) is 90.62%, CS (Predicted) is 82.28% and   for M30 grade of 
TBNC concrete and the R2 of CS (Actual) is 90.19% and R2 of CS (Predicted) is 82.45% for 
M60 grade of TBNC concrete. 

Table 3. Experimental and Predicted values by using RSM regression expression for M60 
Grade of TBNC 

%CNS CP 
CS 

(Actual) 
CS 

(Predicted) 
Residual Error R2(Actual) R2(Predicted) 

0 7 52.1 53.88003 -1.78003 

 
 
 
 
 
 
 
 

90.19% 

 
 
 
 
 
 
 
 

82.45% 

0.5 7 56.1 57.27344 -1.17344 

1 7 57.8 59.50422 -1.70422 

2 7 57.1 60.47791 -3.37791 

3 7 55.8 56.8011 -1.0011 

0 28 70.3 66.88768 3.412317 

0.5 28 75.1 70.29297 4.807034 

1 28 77.6 72.53562 5.064377 

2 28 76.8 73.53306 3.266938 

3 28 74.5 69.88 4.620001 

0 56 71.8 75.96168 -4.16168 

0.5 56 76.7 79.38279 -2.68279 

1 56 79.3 81.64128 -2.34128 

2 56 78.3 82.67039 -4.37039 

3 56 76.06 79.049 -2.989 

0 90 74.2 74.27442 -0.07442 

0.5 90 79.3 77.71477 1.585234 

1 90 82.03 79.99248 2.037516 

2 90 80.9 81.06004 -0.16004 

3 90 78.5 77.4771 1.022897 

 

6.2.1 Residual Plots form RSM Analysis 

From the RSM analysis, Normal probability plot and 3D response surface plots were 
obtained. The figure 5 represents the normal probability plot and figure 6 represents the 
3D response surface plots for M30 and M60 grade of TBNC.  

  

Fig. 5. Normal probability plot for M30 grade and M60 grade of TBNC from RSM 
analysis 
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The points which are present nearer to the reference line indicates low error and the points 
far from the reference line indicate more error. From the figure 5 it is is clearly seen that 
the CS plot was approximated well in a line and the points are closer to the reference line. 
It can be concluded that the percentage of residual error is less and the probability 
between percentage and residual values is satisfied. From this analysis it can be concluded 
that the obtained CS results are in acceptable range for both M30 and M60 grade of TBNC. 

Figure 6 depicts a 3D response surface plot with CS vs %CNS and CP from the developed 
model. The surface plot's curvature suggests that the CS of TBNC mix is highly dependent 
on its CNS concentration. Development in CS with the progression of curing age is usual, 
however in TBNC, high early age strength is achieved, and the graphical depiction does not 
indicate a sharp rise in terms of curing age. 

  

Fig. 6. Normal probability plot for M30 grade and M60 grade of TBNC from RSM 
analysis  

From the RSM analysis it is clearly seen that the percentage of residual error is less than 
5%, So that it can be concluded that the obtained results confidence level is about 95% for 
both M30 and M60 grade of TBNC [16]. In the study, it was aimed to investigate the 
synergistic effects of incorporating nano-sized silica alongside industrial pozzolanic 
materials, namely FA and ALC, in concrete mixes to enhance mechanical properties while 
reducing environmental impact. Through rigorous experimentation and analysis, we 
evaluated the compressive strength of composite concrete mixes containing varying 
concentrations of nano-sized silica over a 90-day curing period. The findings demonstrated 
that the addition of CNS in combination with FA and ALC led to significant improvements 
in compressive strength compared to traditional concrete mixes [17]. This result aligns 
with previous literature suggesting that nano-sized silica enhances the mechanical 
properties of concrete by improving packing density, enhancing bond strength, and 
reducing permeability [16,17]. Furthermore, the study contributes to the advancement of 
sustainable construction practices by highlighting the efficacy of utilizing industrial by-
products as supplementary cementitious materials. By linking the results to the research 
objectives and relevant literature, we emphasize the potential of incorporating nano-sized 
silica in concrete formulations to achieve high-performance and environmentally friendly 
construction materials [16,17]. 

7. Conclusions 

The combination of constant percentages of FA and ALC quantity showed moderate 
enhancement in compressive strength of concrete at all ages. With 25% FA, 10% ALC and 
1% CNS showed better enhancement in compressive strength at all ages form both M30 
and M60 grade of TBNC concrete. CNS helped to accelerate the hydration reaction which 
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helped the TBNC to improve early strength gaining capacity. At early age the strength had 
improved about 26.8% for M30 grade and 25.1% for M60 grade when compared with 
conventional concrete mixes for 7 days curing period, not only the early age enhancement 
the CNS helped to improve the long-term strength property also the strength enhancement 
was about 14.09%, 14.08%, 13.72% for M30 grade and 17.5%, 16.94%, 16.8% for M60 
grade when compared with conventional concrete mixes for 28-, 56- and 90-days curing 
period. Incorporation of CNS in blended concrete can be considered as an effective way for 
enhancing the overall performance of the concrete. The better dispersion of CNS particles 
with cement showed enhancement in compressive strength for all the blended mixes. The 
enhancement of compressive strength continued till the CNS concentration increased up 
to 1% and reduces slightly for 2% and 3%. The decrease in CS may be attributable to the 
separation of particles as a result of an excess of nanoparticles or to a higher potential for 
agglomeration as a result of poor dispersion of nanoparticles in the mixture, which has an 
effect on the pore structure of concrete, resulting in a decrease in strength. The 
experimental CS was predicted using the RSM approach in order to forecast the CS values, 
and the residual error was found to be within an acceptable range, indicating a valid 
prediction. The replacement of cement in TBNC with a combination of FA, ALC, and CNS 
led to the development of high-strength TBNC concrete. This subsequently leads to the 
development of TBNC by combining several SCMs that may contribute to cost savings and 
sustainability 
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 The study aimed to test how variations in fiber length affect the behavior of 
microstructures in concrete, as well as to characterize and analyze their 
mechanical properties. This research covers several specific objectives, 
including understanding the influence of different fiber lengths on micro and 
macrostructural aspects of concrete, assessing the mechanical properties of 
reinforced concrete with fibers of various lengths, and examining the 
relationship between fiber length and the mechanical performance of concrete. 
The results showed that the addition of rattan fibers in concrete can increase or 
even reduce tensile strength depending on the length of the fibers and their 
material characteristics. The addition of rattan fibers with a length of 30 mm 
results in a significant increase in tensile strength, while longer or shorter fiber 
lengths do not yield equally favorable results. Analysis of the chemical 
composition of concrete shows that the elements oxygen (O), calcium (Ca), and 
silicon (Si) predominate, with the addition of carbon (C), iron (Fe), aluminum 
(Al), magnesium (Mg), and Sulphur (S) elements in concrete with rattan fibers. 
Morphological observations using SEM on concrete, both with fibers and without 
fibers, provide an in-depth understanding of the structure of concrete surfaces 
microscopically.  
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1. Introduction 

Concrete is a widely utilized construction material due to its exceptional compressive 
strength, ease of production and maintenance, raw material availability, and cost-
effectiveness [1,2]. When supplemented with admixtures, fibers, or alternative materials, 
concrete can achieve enhanced properties, contributing to superior final outcomes [3-7]. 
Composite concrete, often referred to as fiber concrete, involves reinforcing concrete 
through the addition of fibers to the mixture. This reinforcement bolsters strength, crack 
resistance, and overall mechanical performance [8]. Commonly employed fibers such as 
polypropylene, glass, steel, among others, augment both tensile and compressive strength, 
acting as supplementary reinforcement to mitigate cracking and fortify concrete [9,10]. 

Fiber-reinforced composites have garnered significant attention in various industries due 
to their exceptional mechanical properties and versatility in applications. Among the 
myriad of fibers utilized in composite manufacturing, rattan fibers stand out for their 
unique characteristics and potential contributions to composite material properties [11]. 
However, understanding the effects of different fiber lengths, particularly rattan fibers, on 
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the structural and chemical properties of composites requires comprehensive 
investigation. 

Effect of Fiber Length on FTIR Analysis. Fourier Transform Infrared Spectroscopy (FTIR) 
serves as a powerful tool for analyzing the chemical composition and molecular structure 
of materials [12]. Literature studies suggest that varying fiber lengths can influence the 
FTIR spectra of composite materials [13]. Rattan fibers, with their distinct chemical 
composition and arrangement, may exhibit nuanced spectral signatures that elucidate 
their role in composite structures [14] . 

Impact on Macro and Microstructure. Macro and microstructural characteristics play 
pivotal roles in determining the mechanical behavior and performance of composite 
materials [15]. The arrangement and alignment of fibers, influenced by their length, 
significantly impacts structural integrity and overall properties. Investigations into the 
macro and microstructure provide insights into the interfacial interactions between fibers 
and matrix, thereby facilitating the optimization of composite design and fabrication 
processes [16]. 

Despite the evident significance of studying the effects of fiber length, particularly rattan 
fibers, on FTIR analysis, macro, and microstructure, a comprehensive examination remains 
scarce in the existing literature. This knowledge gap underscores the need for further 
research to elucidate the intricate relationships between fiber characteristics and 
composite properties, thereby unlocking the full potential of rattan fibers in composite 
applications [17]. Fiber concrete exhibits notable resistance to cracking, attributed to the 
control of small cracks induced by factors like drying, temperature fluctuations, or 
structural loads [18]. Its application is prevalent in earthquake-resistant construction, as 
fibers mitigate vibrations, averting severe structural damage during seismic events [19]. 
Certain fiber types, like polypropylene, offer increased strength without a significant 
weight increase, facilitating material transportation and manipulation [20]. Moreover, 
fibers such as glass or polymer variants provide corrosion resistance, enhancing durability 
in aggressive environments [21]. 

The utilization of composite concrete offers extensive design flexibility, permitting 
intricate architectural designs [22]. Indonesia, endowed with extensive forest resources 
covering over half of its territory, notably produces rattan, prized for its lightweight nature 
and exceptional tensile strength, [23]. Incorporating rattan into concrete holds promise for 
enhancing flexibility and durability in both compressive and tensile strength. Rattan fiber, 
commonly integrated into concrete mixtures, is recognized as 'micro reinforced concrete' 
or 'fiber concrete’ (FC) [24]. The inclusion of rattan fiber reinforces concrete, reducing 
cracks induced by shrinkage or temperature changes and enhancing resistance to 
environmental and chemical pollutants [25]. Furthermore, rattan fibers improve 
concrete's tensile strength, elasticity, and resistance to vibrations and earthquakes, 
thereby preventing structural damage. They also increase bending strength, rendering 
concrete more resilient to loads and deformations while reducing overall structure weight, 
consequently conserving energy during construction and transportation processes 
[26,27]. 

The length of fibers significantly influences concrete's performance, impacting aspects like 
tensile strength, crack resistance, and durability. Short fibers are adept at controlling 
micro-cracking, while long fibers span larger cracks, collectively enhancing concrete's 
durability against dynamic loads [28]. Scanning Electron Microscope (SEM) and Energy 
Dispersive X-ray Spectroscopy (EDS) analyses offer insights into fiber distribution, 
chemical composition, and interaction with concrete matrices, aiding in evaluating 
mechanical performance and guiding concrete formulation improvements [29-33]. 
Additionally, Fourier Transform Infrared Spectroscopy (FTIR) facilitates the identification 
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of concrete components, quality assessment, and pollution monitoring, crucial for 
optimizing composite concrete performance [34]. By varying fiber lengths, the study aims 
to enhance mechanical properties, targeting increased strength, ductility, and crack 
resistance, aligning with engineering specifications for superior structural performance 
[35]. 

In the study, we will explore the influence of fiber length variations, particularly rattan 
fibers, on various structural aspects of concrete, including FTIR (Fourier Transform 
Infrared Spectroscopy) analysis, macrostructure, and microstructure. Rattan fibers have 
become an attractive additive in concrete, but the influence of fiber length on the 
mechanical properties and structure of concrete is still not fully understood. By combining 
FTIR techniques with macro- and microstructural analysis, this study aims to provide in-
depth insights into how rattan fiber length affects the chemical and physical characteristics 
of concrete, as well as how it relates to its mechanical performance. One of the novelties 
offered by this article compared to previous ones is the focus on the influence of variations 
in rattan fiber length on the behavior of concrete microstructure. The article not only 
covers the characterization of the mechanical properties of concrete with fiber additions 
but also examines how the distribution of fibers within the concrete matrix and the overall 
structure change with varying fiber lengths. This provides a deeper understanding of how 
the micro composition of concrete reacts to changes in fiber length. 

The novelty discovered in this study lies in the observation of maximum compressive 
strength in concrete mixes utilizing a fiber length of 30 mm. Typically, prior research has 
shown that the highest compressive strength was achieved when fibers with lengths 
ranging from 2 to 2.5 mm were used, as documented by [36]. Additionally, this study 
presents a novel finding regarding the emergence of compound functional groups, with 
distinctions between non-fiber concrete and rattan fiber concrete. The incorporation of 
clam shell ash at a 4% dosage resulted in a significant enhancement of compressive 
strength. Despite the relatively low cement content in the samples, a substantial increase 
in compressive strength was achieved through the combination of 30 mm rattan fibers and 
a 4% addition of clam shell ash.  

2. Materials and Testing Method  

2.1. Materials 

Materials used to make normal-quality concrete include Portland Cement Composite 
(PCC), coarse aggregate (natural stone), fine aggregate (sand), shell powder, rattan fiber, 
and water. The cement chosen for this study is PCC cement. Laboratory examination of this 
cement will not be carried out because it adheres to standards. Visual inspection will only 
be done on the cement bag to ensure there is no damage such as tears and no hard lumps 
present. Portland cement composite is a mixture of materials consisting of Portland 
cement and other additives such as fillers, additives, or fibers to improve the performance 
of concrete.  

The Chemical and Physical Properties of Portland Cement Composite are as follows. One 
of the main properties of Portland cement is its ability to react with water, forming strong 
hydration. This hydration process produces products such as calcium silicate hydrate 
(CSH) and calcium hydroxide (CH), which give strength and hardness to concrete. The 
chemical composition of Portland cement is mainly composed of cement clinker, which 
contains tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), and 
tetra calcium alumina ferrite (C4AF). The relative proportions of each of these minerals can 
affect the performance and properties of the resulting concrete. Portland cement 
composites generally contain silica, which plays an important role in forming CSH during 
the hydration process. Silica can also increase concrete's resistance to corrosion and 
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chemical attack. Portland cement composite also contains an additive, pozzolan. In the 
past, PCC was known as Portland Pozzolan Cement (PPC); this type of cement is also 
referred to as Type II cement [37].  

Portland cement has a relatively high density, ranging from 3.10 to 3.25 g/cm3, depending 
on the composition and manufacturing process. Portland cement composite exhibits a 
hardness that is not excessively high when compared to Type I cement or Portland Cement 
(PC) after the hydration process is complete, yet it provides the mechanical strength 
necessary for construction applications. The optimum hardness period of PCC cement 
(Type II cement) is slower compared to PC cement (Type I cement). Concrete made from 
Portland cement composite tends to have varying porosity, depending on the composition 
of the mixture and the casting method [38]. This porosity can affect the physical and 
chemical properties of concrete, such as resistance to chemical attack and water 
permeability. 
 
Clam shell ash, a common additive in concrete production, has varied physical and 
chemical traits. It typically presents as fine powder with diverse particle sizes based on 
production methods. Its low density facilitates even distribution within concrete mixtures. 
The ash's porous nature enhances concrete permeability and moisture absorption. Rich in 
calcium carbonate, derived from shellfish, it may contain other minerals. Its reactive 
properties influence cement hydration, fostering additional hydration products for 
concrete enhancement. The ash's calcium carbonate content can elevate concrete pH, 
impacting its chemical behavior. Table 1 details clam shell ash's chemical composition. 

Table 1. Chemical composition of CSA [39] 

Oxides SiO2 AL2O3 Fe2O3 CaO MgO SO3 K2O Na2O P2O5 Cl Sr LOI 

CSA 
(%) 

6.95 2.59 2.40 81.60 3.07 1.20 0.30 0.00 0.55 0.20 0.50 0.77 

 

Coarse aggregates derived from natural stone and fine aggregates derived from sand will 
be sourced from the KRUENG Nagan River, Nagan Raya Regency. Inspection of coarse 
aggregate (natural stone) and fine aggregate (sand) as raw materials for concrete requires 
an examination of physical properties to meet planned standards. This examination 
includes aggregate properties such as specific gravity, absorption, bulk density, and sieve 
analysis. 

 
Fig. 1. Particle size distribution of aggregates 
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The shells used will be obtained from UJONG BAROH Village, Johan PAHLAWAN District, 
West Aceh Regency. The next step involves cleaning and drying the shells, after which they 
will be crushed until they reach a powder form with a size that can pass through sieve 
number 200. Figure 1 shows the granular gradient used in this study. The rattan fiber to 
be used will be sourced from the SIEMEULUE Regency area. After obtaining the rattan, the 
material will undergo a drying process to reduce water content. Next, the rattan will be cut 
into short segments and then split to obtain fiber strands with a thickness of about ± 1 mm. 
Afterward, the fibers will be cut to the planned lengths of 20 mm, 30 mm, and 40 mm. 
Figure 1 shows the rattan fiber material used in this study. The length of rattan fiber mixed 
into fresh concrete has different lengths, namely 20 mm, 30mm and 40 mm with an 
average diameter of 1 - 2 mm. 

 

(a) 

 

(b) 

Fig. 2. (a) Rattan fiber, (b) clam shell ash 

Shell ash is a solid remnant resulting from the burning of clam shells. The chemical 
properties of clam shell ash may vary depending on the type of shellfish used and the 
combustion process applied. Here are some common chemical properties of clam shell ash: 
Mineral Content: Shell ash generally contains minerals such as calcium carbonate (CaCO3) 
which is the main component of clam shells. In addition, shell ash can also contain small 
amounts of other minerals such as silica (SiO2), alumina (Al2O3), and iron oxide (Fe2O3). 
Calcium oxide (CaO) is the main component produced from the burning of calcium 
carbonate in the shell of the shell. The CaO content in the shell ash of the shells can 
contribute to the hydraulic binding properties in the concrete mixture. Silica Content, some 
types of shell ash also contain silica (SiO2), which is a common component in pozzolanic 
materials. Silica in the ash of clam shells can provide pozzolanic reactivity, which can 
increase the strength of concrete. The chemical properties of shell ash are also affected by 
the carbonate content that remains in the shell of the shell that has not yet fully burned. 
This residual carbonate can affect the chemical properties and reactivity of shell ash shells 
in the concrete mixture. Heavy Metal Content although in small amounts, clamshell ash can 
also contain heavy metals such as lead (Pb), cadmium (Cd), and mercury (Hg) that can 
affect the environment and human health if not managed properly. An understanding of 
the chemical properties of shellfish ash is important in its use as an additive in concrete 
mixtures. By understanding the chemical composition of clam shell ash, engineers can 
design optimal concrete mixtures by improving the performance and durability of concrete 
and minimizing negative impacts on the environment and human health. 



Yusra et al. / Research on Engineering Structures & Materials 11(1) (2025) 179-197 

 

184 

In the study, to obtain the gradation value of the aggregate, it was obtained from sieve 
analysis data which was carried out by filtering the aggregate using a set sieve / sieve. Data 
obtained from sieve analysis is used to see the granular arrangement of aggregates used in 
concrete mixtures. The results of the calculation of sieve analysis and Fineness Modulus 
can be seen in Table 2.  

Table 2. The value of the modulus fineness (FM) of the aggregate.  

No. Type of Aggregates 
Modulus Fineness Reference 

FM (%) ASTM 

1 Coarse Aggregate (8-12 mm) 5.983 5.5 – 8.5 

2.2 – 3.1 2 Fine Sand (0-2 mm) 3.1 
 

From Table 2, the calculation of the value of Fineness Modulus against coarse aggregate is 
5.983%. The Fineness Modulus value of coarse aggregate (coarse aggregate) meets ASTM 
requirements, which ranges from 5.5 - 8.5%. While the calculation of the Fineness Modulus 
value for fine sand, which is 3.1%, has met ASTM [26] requirements, which ranges from 
2.2 - 3.1%. 

2.2. Mix Design 

This research will use a concrete mixture with a plan quality   of 20 MPa. The concrete mix 
planning method refers to the method issued by the American Concrete Institute, [40]. The 
standard specimen to be used is cylindrical with a diameter of 15 cm and a height of 30 cm, 
with a maximum aggregate diameter of 19 mm. The planning process for a 20 MPa concrete 
mix starts with determining the slump test value, followed by calculating water quantity 
based on slump test and maximum aggregate. Then, the Cement Water Factor (w/c) is 
determined for concrete quality. Cement weight is found by subtracting pre-calculated 
water amount from w/c. Coarse aggregate amount is calculated based on maximum 
aggregate diameter and fine aggregate's fineness modulus. Fine aggregate quantity is 
determined from total concrete weight minus water, cement, and coarse aggregate. The 
study focuses on comparing concrete non fiber (CNF) with concrete containing rattan fiber 
(RF) of 20 mm, 30 mm, and 40 mm lengths, each at 0.5% fiber ratio, and 4% clam shell ash 
added to cement weight. 

Table 3. Material composition for each test specimen variation  

No Material 
24 Specimens 

Total Unit 
CNF 

RF 20 
mm 

RF 30 
mm 

RF 40 
mm 

1 Cement 14.9 14.9 14.9 14.9 59.7 Kg 

2 Water 7.7 7.7 7.7 7.7 30.966 Kg 

3 Coarse Aggregate 41.4 41.4 41.4 41.4 165.8 Kg 

4 Fine Aggregate 26.2 26.2 26.2 26.2 105.1 Kg 

5 
Clam Shell Ash 

(4%) 
0.0 0.6 0.6 0.6 1.8 Kg 

6 
Rattan Fibre 

(0,5%) 
0.0 75.0 75.0 75.0 225.0 gr 

 

The implementation of this research will be made a total of 24 test objects with a 
cylindrical shape (Ø 15 cm, T = 30 cm), the test specimens will be carried out by 
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distinguishing the length of rattan fiber as an added material, namely concrete without 
fiber, fiber concrete 20 mm, fiber concrete 30 mm, and fiber concrete 40 mm. The mix 
design is for 24 test specimens, there are 4 specimen’s variations, namely CNF, CRF 20mm, 
CRF 30mm and CRF 40 mm, each variant is made with 3 tests for compressive tests and 3 
pieces for concrete split tensile strength, the total number of test objects is all 24 pieces. 

2.3. Compressive Strength  

The concrete compressive strength testing scheme (concrete cylinder), and to carry out 
concrete compressive strength testing will follow several stages as follows. The specimen 
will be placed on the press centrally in a vertical position. The press will be run with 
constant load additions ranging from 2 to 4 kg/cm2 per second; Loading will be carried out 
until the specimen is destroyed, and the maximum load that occurs during the specimen 
inspection is recorded, [44,45]. 

2.4. Scanning Electron Microscope-EDS (SEM-EDS)  

SEM testing, among other techniques, can be utilized to ascertain information about 
surface properties, particle shape and size, as well as particle distribution and 
arrangement. Our scanning electron microscope (SEM) equipped with energy-dispersive 
X-ray spectroscopy (EDS) (ZEISS EVOMA10) facilitates such testing [41]. SEM-EDS 
(Scanning Electron Microscope-Energy Dispersive X-ray Spectroscopy) is a test equipment 
used to test material samples, including composite concrete samples.  

Here are some of the uses of the SEM-EDS test equipment in testing composite concrete 
samples. Surface Morphology Analysis: SEM offers high-resolution views of composite 
concrete surface structures, aiding in crack, porosity, and phase distribution identification. 
Integrated with SEM, EDS enables chemical element identification and mapping on sample 
surfaces, facilitating the understanding of chemical element distribution and phase 
distribution. EDS permits the chemical composition analysis of composite concrete 
samples, ensuring material quality and performance. SEM-EDS aids in identifying material 
phases in composite concrete samples, enhancing understanding of material 
microstructure and properties. Thus, SEM-EDS significantly contributes to the 
characterization of composite concrete, enhancing understanding of its structure, 
composition, and properties, [1,8,9, 10,18,29,30,42] 

2.5. FTIR  

FT-IR is used to determine functional groups in materials through the study of molecular 
interactions, which are demonstrated by the transmission of infrared light in various 
forms. This study focuses on the effect of treatment on the functional groups of composite 
concrete and fibers, as well as differences in the expression of functional groups in 
conventional concrete,  [31-33]. The specimens used in the Fourier Transform Infrared 
Spectroscopy (FTIR) test will be taken from cylindrical specimens with additional 
variations of rattan fiber and shell powder that have been used in compressive strength 
and tensile strength tests, in the form of small flakes. The application of FTIR Analysis for 
fiber concrete testing involves sample preparation with KBr pellet making. The sample is 
refined with mortar to homogenize it. A small amount of sample is then placed into the 
barn, and KBr powder is added in a ratio of 1:10. The sample and KBr powder are ground 
until homogeneous, after which the mixture is inserted into the KBr pellet dies. The KBr 
pellet dies are then closed and pressed using a mini-Press KBr pellet. The formed KBr pellet 
is inserted into the sample holder in the FTIR. The FTIR test scheme can be seen in Figure 
3., and to carry out the FTIR test, several stages must be followed as follows: Concrete 
samples are cleaned from contaminants or dust that may affect test results. The FTIR 
Spectrometer is turned on, and the system is allowed to reach stable operating conditions, 
ensuring that all optical components and instrument detectors are in good condition. The 
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concrete sample is placed on the IR (infrared) glass, ensuring that it is flat on the IR glass 
to produce accurate test results. FTIR spectrum measurements are then performed by 
directing infrared light onto the concrete sample. After the measurement is complete, the 
FTIR analysis software will identify the chemicals and main components in the concrete 
sample. 

 

Fig. 3. Infrared absorption area, [34]  

 3. Results and Discussion 

3.1 Sump test 

In normal concrete, slump testing is carried out which aims to determine the viscosity of 
the concrete mixture. This factor is due to the addition of fiber to the concrete mixture.  

The data obtained from the results of the slump test in each casting of each fiber variation 
are shown in Figure 2. From these data, the value of the concrete mortar slump ranges 
from 7.5 cm – 10 cm, which means that it is in accordance with the height of the planned 
slump. 

 

Fig. 4. Slump test results graph  

Fig. 4 shows that the shape of the slump has a difference. In this study, the resulting high 
slump test showed that the value of the slump value was influenced by the percentage of 
fiber mixed into the concrete mortar. The graph below shows that the lowest slump values 
are in 30 mm and 40 mm 2 rattan fibers, while in normal concrete without the addition of 
rattan fibers and shell ash produces the highest slump values of 9 cm. This shows that the 
higher the length of rattan fiber used, the higher the water absorption of concrete. 

 

 

4.4 Compressive Strength Test Results 
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3.2 Strength of Concrete 

After the specimen is removed from the soaking bath following the treatment process, tests 
can be performed as shown in Fig. 5. Then, the specimen is left for 24 hours until it reaches 
a surface dry state. After that, the specimens are weighed to determine the weight per 
specimen. Next, compressive strength testing is performed on the test specimen using a 
pressure testing machine. Normal concrete compressive strength testing is carried out 
according to the planned life, which is 28 days concrete life. Data on concrete compressive 
strength test results at 28 days of age, compressive strength graphs can be seen in Figure 
4. 

 

Fig. 6. Stress-strain relationship of rattan fiber concrete with variations in fiber length  

Based on Figure 6, it can be observed that composite concrete using a 40 mm fiber length 
exhibits greater deformation compared to both non-fiber concrete and fiber concrete 
variations with 20mm and 30mm fiber lengths. This indicates that fiber concrete with a 
length of 40mm displays more ductility compared to fiber concrete with shorter fiber 
lengths, despite the compressive strength of the former being 40mm lower than that of the 
latter. According to Figure 6, the obtained compressive strengths are as follows: CNF 
22.120MPa, CRF 20mm 23.488MPa, CRF 30mm 31.011MPa, and CRF 40mm 19.085MPa. 
This suggests that the optimum strength of fiber concrete is achieved with a 30mm CRF 
fiber length.  

 

Fig. 7. Split tensile strength of CRF with variations in fiber length 
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In Fig. 7 above, the results of tensile strength tests conducted on fiber concrete at the age 
of 28 days are presented. Tensile strength is a measure obtained by breaking a concrete 
cylinder into two parts with a force applied perpendicular to its long axis. The tensile 
strength of each specimen is measured in units of N/mm². Additionally, there is a column 
showing the increase in tensile strength from one specimen type to another, calculated in 
units of N/mm² and as a percentage. Here is a discussion of the tensile strength data 
provided. CNF (Concrete Non-Fiber), Tensile strength 2.265N/mm2. No change in strength 
compared to CNF (0%). CRF 20 mm (Concrete with 20 mm rattan Fiber), Tensile strength 
2.218 N/mm2. Decrease of -2.1% compared to CNF. CRF 30 mm (Concrete with 30 mm 
Steel Fiber), Tensile strength 2.501N/mm2. Increase of 9.4% compared to CNF. CRF 40 mm 
(Concrete with 40 mm Steel Fiber): Tensile strength 2.076N/mm2. Decrease of -9.1% 
compared to CNF. Conclusion: Adding steel fibers to concrete can increase or decrease 
tensile strength depending on fiber length and material characteristics. 30 mm steel fibers 
significantly increase tensile strength, while longer or shorter fibers do not yield similar 
results. From the discussion above, it can be concluded that the addition of steel fibers in 
concrete can increase or even reduce tensile strength depending on the length of the fibers 
and their material characteristics. In these cases, the addition of 30 mm steel fibers results 
in a significant increase in tensile strength, while longer or shorter fiber lengths do not 
yield equally good results. 

3.3 SEM-EDS Analysis 

The findings of the study suggest that incorporating rattan fibers into concrete can result 
in either an increase or decrease in tensile strength, depending on the fiber length and 
material characteristics. Specifically, the inclusion of 30 mm rattan fibers notably enhances 
tensile strength, while longer or shorter fiber lengths do not produce similarly favorable 
outcomes. Furthermore, chemical composition analysis of the concrete reveal’s variations 
upon the addition of rattan fibers, indicating changes in elemental composition. 
Morphological observations conducted using Scanning Electron Microscopy (SEM) offer 
detailed insights into the microscopic structure of concrete surfaces, both with and without 
fibers. 

Fig. 8.a shows the results of the chemical composition of sample (a) non-fiber concrete.  
The data provided has the weight percentage (Wt.%) of the various elements in the sample. 
Where describe the result as follows. Chemical analysis shows that Oxygen (O) has a weight 
percentage of 43.9%, Calcium (Ca) is 32.8%, Silicon (Si) has two entries, namely 9.9% and 
0.9%, Carbon (C) is 5.0%, Iron (Fe) is 3.1%, Aluminum (Al) is 2.5%, and Magnesium (Mg) 
is 1.8%. This chemical composition indicates that Oxygen, Calcium, and Silicon are the most 
dominant elements in non-fiber concrete samples. 

 
(a) Non-Fiber concrete 
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Figure 8.b illustrates the distribution of chemical elements in a concrete specimen with 
rattan fibers, shown in weight percentages. Oxygen dominates at 43.9%, followed by 
Calcium at 32.8%, Silicon at 9.9%, Carbon at 5.0%, Iron at 3.1%, Aluminum at 2.5%, 
Magnesium at 1.8%, and Sulphur at 0.9%. These proportions suggest the presence of oxide, 
calcium-rich, silicate, organic, iron-containing, aluminum-rich, magnesium-containing, and 
Sulphur-containing compounds, respectively. This data provides insight into the sample's 
chemical composition, aiding further analysis to identify specific minerals or compounds. 

 
(a) Non-Fiber concrete 

 
(b) Fiber concrete 

Fig. 9. SEM-EDS test results of non-fiber concrete (At%). 

Fig. 9.b visualizes the percentage composition of elements in a sample. Oxygen (O) 
dominates with 59.9%, followed by Calcium (Ca) at 17.8%, Carbon (C) at 9.1%, Silicon (Si) 

 
(b) Fiber concrete 

Fig. 8. SEM-EDS test results of concrete base the weight percentage (Wt.%) 
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at 7.7%, Aluminum (Al) at 2.0%, Magnesium (Mg) at 1.6%, Iron (Fe) at 1.2%, and Sulphur 
(S) at 0.6%. The diagram shows the relative proportions of each element with sectors 
proportional to their percentage composition. Figure 9.b depicts composition Map spectra, 
showing the relative proportions of chemical elements in a sample. Data highlights the 
percentages of elements: Oxygen (O): 43.9%, Calcium (Ca): 32.8%, Silicon (Si): 9.9%, 
Carbon (C): 5.0%, Iron (Fe): 3.1%, Aluminum (Al): 2.5%, Magnesium (Mg): 1.8%, Sulphur 
(S): 0.9%. These visuals provide insight into element distribution, with Oxygen (O) being 
the highest, followed by Calcium (Ca), and so on. Figure 10 shows the difference between 
CNF concrete and fiber concrete with the addition of clam shell ash (CSA), the amount of 
element C (Carbon) is higher in concrete with the addition of CSA. In Figure 9, fiber 
concrete has a higher oxygen and carbon value compared to non-fiber concrete.  

 
Fiber concrete 

Fig. 10. Micromorphological form of concrete by SEM 

Fig. 10 shows the hydration results of cement. There are MgO, CSA, CH, and micropores 
measuring 5 microns. The fiber concrete microstructure with quite a lot of pores marked 
in black in the figure.  There is a matrix shape of cement and CSA and sand, but the number 
of white fibers is not too visible. Calcium Silicate Hydrate (CSH), This compound is formed 
during the hydration process of Portland cement, which is the main component of 
concrete. CSH provides strength and durability to concrete. Also formed during hydration 
of Portland cement, CH is a byproduct of chemical reactions and contributes to the 
performance of concrete. Magnesium Oxide (MgO), Also present in some composite 
concrete mixtures, MgO can affect the chemical and physical properties of concrete, 
especially in the context of resistance to chemical attack and mechanical strength. 

 
(a) Non-Fiber concrete 

 
(b) Fiber concrete 

Fig. 11. Micromorphological form of CNF structure (a), CRF (b)   

Fig. 11.a shows CH compounds that occur due to imperfect cement hydration process. Fig. 
10 and 11 shows SEM analysis revealing the surface structure of concrete materials on a 
microscopic scale. With high resolution, SEM scanning enables detailed observation of 
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surface structures such as pores, cracks, and aggregates, providing important insights into 
the quality and strength of concrete. The microstructure of non-fiber concrete, including 
pore size, can be observed. Pore size and particle size in non-fiber concrete are visible 
through SEM analysis within the range of 20 microns. Morphological differences between 
non-fiber concrete and fiber concrete, especially with the addition of shell ash, are evident. 
In Figure 11, rattan fibers are shown attached to the concrete matrix, contributing to 
strong tensile strength in concrete. Concrete with rattan fiber exhibits greater tensile 
strength compared to other concrete variations. In Figures 11.a and 11.b, shows the 
difference in crystal shape between non-fiber concrete and fiber concrete. In fiber concrete 
with added shell ash, the distance between particles is smaller compared to non-fiber 
concrete. The denser condition of fiber concrete to which shell ash is added is visibly 
apparent on the surface than in the SEM Image. Figure 11 depict Morphological Analysis at 
magnifications of 1000, and Fig. 10 5000 times, respectively. SEM analysis unveils the 
surface structure conditions of concrete materials on a microscopic scale. With high 
resolution, SEM scanning facilitates detailed observations of surface structures such as 
pores, cracks, and aggregates, offering crucial insights into the quality and strength of 
concrete. Microscopic conditions of non-fiber concrete structures, including the cement 
paste matrix and cement-sand matrix, can be observed. Pore sizes and elements in non-
fiber concrete become visible through SEM analysis in the 100-micron range. In Figure 9.a, 
many small grains seem to separate from each other, possibly due to the addition of shell 
ash in concrete, as indicated in Figure 9.b. The SEM analysis in Figure 8.b reveals the 
surface characteristics of the fiber concrete material at the microscopic level, including 
pore size. SEM analysis can detect pore and particle sizes in non-fiber concrete up to 20 
microns. In the figure, smaller pores are visible compared to non-fiber concrete, suggesting 
that fiber material may be filling these pores in concrete. 

 
(a) Non-Fiber Concrete 

 
(b) Fiber Concrete 

Fig. 12. The form of distribution of chemical elements in concrete 

Based on Fig.9, and Figure 12.a, the chemical elements in non-fiber concrete are dispersed 
as follows: Oxygen (O): 59.9%, mainly found in oxide compounds like Calcium Oxide and 
SiO2. Calcium (Ca): 17.8%, associated with compounds like calcium silicate and calcium 
hydroxide. Carbon (C): 9.1%, typically in carbonate or organic form. Silicon (Si): 7.7%, 
mainly in silicate compounds like SiO2. Aluminum (Al): 2.0%, found in compounds like 
aluminum oxide. Magnesium (Mg): 1.6%, present in various minerals in aggregates. Iron 
(Fe): 1.2%, derived from compounds like iron oxide. . Sulphur (S): 0.6%, likely in sulphate 
form. Figure 12 shows the distribution of chemical elements in non-fiber concrete visually, 
while Figures 12.a and 12.b provide further details. Additionally, in Figure 6.b, 
representing fiber concrete with clam shell ash, Carbon (C) distribution surpasses that of 
non-fiber concrete. Figure 4.b illustrates the spectra of composition maps, indicating the 
proportions of chemical elements within a given sample. The data showcases the 
percentages of elements as follows: Oxygen (O) constitutes 43.9%, Calcium (Ca) comprises 
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32.8%, Silicon (Si) accounts for 9.9%, Carbon (C) represents 5.0%, Iron (Fe) constitutes 
3.1%, Aluminum (Al) contributes 2.5%, Magnesium (Mg) makes up 1.8%, and Sulphur (S) 
is at 0.9%. These visuals offer insights into the distribution of elements, with Oxygen (O) 
being the most abundant, followed by Calcium (Ca), and so forth. 

3.4 FTIR Result 

Based on Fig. 13 and Table 3, FTIR data from various types of concrete with and without 
rattan fiber, differences in absorption patterns indicate variations in the type and 
concentration of compounds present in the concrete. For instance, in concrete containing 
20 mm rattan fiber, an absorption peak at 3.525.54 cm-1 suggests the stretching of O-H 
bonds, typically associated with the presence of carboxylic acids. Conversely, in concrete 
without rattan fibers, an absorption peak at 3.590.86 cm-1 indicates the presence of O-H 
stretch bonds, potentially suggesting the existence of phenols or alcohols. 

 

Fig. 13. Compound groups in concrete 

Table 4. Test results of functional groups of rattan fiber concrete compounds  

Concentrate 
(%) 

Absorption 
Area (cm- 1) 

Compound 
Type 

Bounds And Types 
of Functional 

Group 
Intensity 

CRF 20 mm 

3,525.54 
carboxylic acid 

monomer 
O-H Stretching Medium 

1,651.00 Alkene C=O Stretching Capricious 
1,420.00 Alkane CH4   Bending Strong 
894.38 Alkene C=O Stretching Strong 

CRF 30 mm 
3,590.91 

phenol, alcohol 
monomer 

O-H Stretching Capricious 

3,500.08 
carboxylic acid 

monomer 
O-H Stretching Medium 
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1,638.24 Alkene C=O Stretching Capricious 
1,420.12 Alkane CH4   Bending Strong 
988.35 Alkene C=O Stretching Strong 

CRF 40 mm 

3,564.10 
hydrogen bond 
alcohol, phenol 

O-H Stretching Capricious 

1,650.97 Alkene C=O Stretching Capricious 
1,420.12 Alkane CH4   Bending Strong 
989.03 Alkene C=O Stretching Strong 

CNF 

3,590.86 
hydrogen bond 
alcohol, phenol 

O-H Stretching Capricious 

1,637.55 Alkene C=O Stretching Capricious 
1,424.42 Alkane CH4   Bending Strong 
992.07 Alkene C=O Stretching Strong 

 

Based on Table 4, it can be inferred that 30mm CRF fiber concrete exhibits stronger 
compressive strength compared to normal concrete, as it possesses 5 bond compounds as 
opposed to CNF fiber concrete, which only has 4 bonding compounds. Similarly, other 
variations of fiber concrete exhibit only 4 compound bonds. Regarding the condition of 40 
mm CRF concrete, it is anticipated to have lower compressive strength than other concrete 
variations due to the excessive length of the fiber, resulting in many areas of concrete being 
filled with fiber beyond the standard 20mm fiber length, leading to reduced compressive 
strength. However, it boasts advantages in tensile strength with greater deformation than 
other concrete variations. For a more comprehensive study, the author plans to continue 
the research by conducting tests on the pure bending strength of fiber concrete. The data 
are interpreted in Figure 13 and Table 4, all based on the guidelines in Figure 3  Infrared 
absorption area [34]. 

4. Conclusions 

This study presents significant findings regarding the effect of rattan fiber length 
variations on the mechanical properties, characterization, and microstructure of concrete. 
Based on the test results and discussions that have been presented, several conclusions 
can be drawn to provide a deeper understanding of this topic. 

• First, from the results of the slump test, the addition of rattan fiber to concrete 
affects the slump value, where the highest slump value occurs in normal concrete 
without the addition of rattan fiber, while the lowest slump value occurs in concrete 
with the addition of 30 mm and 40 mm rattan fibers. This shows that the longer the 
rattan fiber used, the higher the water absorption by concrete.  

• Furthermore, from the results of the compressive strength test, it was found that 
concrete with a fiber length of 30 mm has optimal compressive strength compared 
to other concrete. Despite having lower compressive strength than fibreless 
concrete, concrete with a fiber length of 30 mm shows a significant increase in 
compressive strength compared to concrete with a longer or shorter fiber length. 

• Later, in terms of tensile strength, it was found that the addition of steel fibers to 
concrete can increase or decrease tensile strength depending on the length of the 
fibers and material characteristics. Steel fibers with a length of 30 mm significantly 
increase the tensile strength of concrete, while fibers with longer or shorter lengths 
do not give the same results. 

• In terms of chemical characterization, composition analysis shows that the chemical 
composition of concrete changes with the addition of rattan fibers. Rattan fibers 
enrich concrete with elements such as oxygen, calcium, silicon, carbon, iron, 
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aluminum, magnesium, and sulfur, all of which affect the chemical properties and 
reactivity of concrete. 

• In microstructural analysis using SEM, significant differences were found between 
concrete microstructures with and without rattan fibers. Rattan fibers fill the pores 
of concrete and improve aggregate distribution, which can affect the overall 
physical and mechanical properties of concrete. 

• In addition, the results of FTIR analysis show that variations in the absorption 
patterns of the spectrum show differences in the types and concentrations of 
compounds present in concrete. This suggests that the addition of rattan fibers can 
also affect the overall chemical properties of concrete. 

Based on the FTIR testing data presented, this scientific work highlights several novelties 
that can be a significant contribution to materials research. Here are some identifiable 
points of novelty: 

• Analysis of Differences in Absorption Patterns: In the FTIR test, there are 
differences in absorption patterns between CRF (Concrete Rattan Fiber) fibers with 
lengths of 20 mm, 30 mm, and 40 mm, and CNF (Concrete non-fiber) fibers. This 
indicates that fiber length has a significant influence on the chemical properties of 
the resulting material. This diversity of absorption patterns indicates that each type 
of fiber has unique chemical characteristics. 

• Functional Group Identification: FTIR data shows the presence of various functional 
groups detected in each type of fiber. For example, carboxylic acid monomer groups 
were detected in 20 mm and 30 mm CRF fibers, as well as hydrogen bond alcohol 
and phenol in 40 mm CRF and CNF. The determination of these functional groups 
provides further understanding of the chemical composition of the fibers used in 
this study. 

• Absorption Intensity: The level of absorption intensity in each functional group can 
also provide additional insight into the quantity or concentration of each compound 
involved. For example, the intensity of the medium in the carboxylic acid monomer 
group on 20 mm CRF fibers indicates a significant concentration of these 
compounds in the material. 

• Comparison Between Fiber Types: Through the analysis of FTIR data, this scientific 
work makes it possible to compare chemical responses between different types of 
fibers, such as CRF of different lengths and CNF. Differences in absorption patterns 
and functional groups detected between fiber types can provide valuable 
information about the potential uses of each fiber in specific material applications. 

This research provides a deeper understanding of the effect of rattan fiber length on the 
mechanical properties, characterization, and microstructure of concrete. The results of this 
research have important implications for the development of more efficient and 
sustainable construction materials in the future. Therefore, for follow-up studies, it is 
recommended to continue the research considering aspects such as environmental 
durability, dimensional stability, and long-term performance of concrete with rattan fiber. 
Thus, greater progress can be achieved in the field of construction materials engineering. 
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 A promising solution for semi-active vibration control of different dynamic 
systems is to use magnetorheological (MR) dampers. In the present study, the 
investigation focuses on developing a novel single and multi-coil self-powered 
magnetorheological (MR) damper system using electromagnetic induction (EMI) 
for seismic mitigation. The conventional MR dampers, which rely on external 
power sources, can be unreliable and impractical in earthquake-prone locations. 
Thus, the EMI device connected to the MR damper can be used as an effective 
and alternative power source for the MR damper, results in a self-powered 
system. The proposed energy-harvesting system is an MR damper placed above 
the top of the piston. The coil is wound around the piston, and the outer casing 
with a ferrite magnet is fixed. As the mechanical energy of the piston is converted 
into electrical energy, its self-tuning capacity is a perfect fit for structural 
vibration control applications. The MR damper is subjected to cyclic and time-
history loading. At a maximum amplitude of 15 mm, the damper generated 
1767.8 N for cyclic loading and -1780 N for earthquake loading, the El Centro 
earthquake 1940 is considered for the study. By placing EMI, the mechanical 
energy is converted into electrical energy and powers the damper to avoid 
external power. The experimental results showcase enhanced damping forces 
and adaptability, thereby establishing it as an innovative and effective it can be 
alternative to conventional MR dampers for vibration control in future. 
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1. Introduction 

Indeed, the progress in earthquake engineering has led to the development of control 
systems for structures and infrastructure, focusing on monitoring and minimizing the 
impact of seismic vibrations. A key technological innovation is the use of self-powered 
Magnetorheological (MR) dampers, which can convert vibrating energy into electrical 
energy, making them highly favored semi-active damping devices. Li et al. [1] explored the 
development of self-powered MR dampers aimed at enhancing reliability and reducing 
costs in remote locations by converting vibration energy into electricity. Bui et al. [2] 
designed a washing machine damper utilizing magnets to convert machine vibrations into 
electricity, effectively minimizing vibration, while investigating electromagnetic 
parameters and energy conversion efficiency in vehicle suspension systems. Gao et al. [3] 
developed self-powered MR dampers, showcasing their potential in reducing installation 
space and costs. Hu et al. [4] introduced MR dampers with self-powered capabilities, 
eliminating size, cost, and energy consumption concerns. Taking it a step further, Hu et al. 
[5] combined energy harvesting with automatic vibration detection, providing an 
innovative solution. Wang et al. [6] introduced methods for tackling cable vibration. 
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Jamshidi et al. [7] presented a self-powered MR damper that generates electricity from 
movement, significantly reducing vibration. Dyke et al. [8] explored an adaptive damper 
harvesting vibration energy for more autonomous and efficient structures, integrating 
vibration sensors and a small power source to automatically adjust building dampers. Chen 
et al. [9] proposed an MR damper combining energy harvesting, sensing, and damping, 
making it smaller, cheaper, and self-powered for various applications. Zhu et al. [10] 
replaced conventional dampers with energy-harvesting linear electromagnetic dampers 
for vibration mitigation, emphasizing their effectiveness in energy storage and 
performance. Wang et al. [11] advocate for the substitution of conventional dampers with 
energy-harvesting linear electromagnetic dampers, highlighting their dual advantages of 
dissipation and power generation. Wang et al. [12] developed a self-sensing MR damper 
with improved control and sensing capabilities for cost-effective and intelligent vibration 
control applications. Choi et al. [13] discussed the self-powered MR damper utilizing 
vibration energy to enhance vibration isolation in structures. Lam et al. [14] investigated 
the MR damper with built-in sensors for real-time control of building vibrations. Lai et al. 
[15] integrated an IRDS sensor into commercial dampers, optimizing their performance 
for self-sensing purposes in advanced vibration control applications. Chen et al. [16] 
developed a self-powered MR damper integrating energy harvesting, sensing, and 
damping for benefits such as lower cost, smaller size, and higher reliability. Choi et al. [17] 
developed an energy-harvesting vibration control system based on an electromagnetic 
device, demonstrating its efficiency in reducing structural responses. Sapinski et al. [18] 
introduced a self-energized MR damper with an internal vibration power generator, 
eliminating the need for external power sources for vibration control. Chen et al. [19] 
demonstrated a self-energized MR damper with multifaceted design potential, offering 
significant benefits in areas such as robotics, prosthetics, and vehicle suspension. Cruze et 
al. [20] evaluated six MR fluids, incorporating different carrier liquids and carbonyl-iron 
(CI) particle ratios, for their rheological performance. Notably, MRF 80 outperformed the 
retail MRF 132 DG in damping, showcasing a peak force of 0.536 kN in cyclic load tests with 
a 1-mm annular gap. This suggests its potential for applications requiring precise and 
adaptable damping forces across diverse fields. Utami et al. [21] evaluated the 
performance variation of MR fluid under extended cyclic stress. The investigation revealed 
a substantial increase in the damping force of the MR damper, both in on and off modes, 
growing by 44% for the on-state condition and 90% for the off-state condition after 
170,000 operational cycles. Changes in magnetic particle sizes and shapes within the MR 
fluid were attributed to an inadequate grasp of technology (IUT) and a viscosity decrease 
due to oxidation during extended operation. Wang et al. [22] explored the impact 
mitigation potential of magnetorheological fluids (MRFs) under magnetic fields using 
rheological analysis with a speed-controlled capillary magneto rheometer. The study 
demonstrated consistent shear-thinning behavior and correlated viscosity uniformity 
across various excitation levels with the strength of the magnetic field, enhancing the 
technical application of MRFs in impact mitigation. Daniel et al. [23] conducted a study on 
the sedimentation rates of grease, lubricant oil, and silicone oil as three base fluids for MR 
fluids. Results indicated that MR fluid with silicone oil exhibited the lowest sedimentation 
rate, emphasizing the crucial role of base fluid selection in maximizing MR fluid 
performance for real-world applications. Xu et al. [24] conducted a study comparing three 
control strategies for MR damper-equipped building structures: bi-state, modified bi-state, 
and intelligent control. The results indicated that while bi-state control might lead to 
parameter overruns, the modified strategy mitigated this issue. Intelligent control, which 
integrated neural network prediction, effectively reduced earthquake responses, 
emphasizing the efficacy of intelligent strategies for optimal MR damper performance in 
reducing dynamic responses. Xu et al. [25] developed a novel real-time control approach 
using MR dampers for earthquake mitigation in structures. They established the Bingham 
model for MR dampers and demonstrated their efficacy in reducing seismic responses 
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through numerical analysis. Results showed that the proposed real-time control method 
outperformed traditional approaches. It was aided by the highly efficient Levenberg-
Marquardt algorithm for training the control neural network, highlighting the 
effectiveness of MR dampers and innovative real-time control strategies in earthquake 
hazard mitigation. Yang et al. [26] investigated the dynamic characteristics of three-coil 
MR dampers, revealing full hysteresis curves and significant energy dissipation capacity, 
with damping force saturation beyond 1.2 A excitation current. Energizing all coils 
enhanced damping force amplitude and saturation, while the proposed modified 
micromodels accurately simulated force-velocity hysteresis curves and magnetic 
saturation. These findings offer insights for optimizing control strategies and enhancing 
the seismic performance of structures with multicoil MR dampers. Yang et al. [27] explored 
a micro-macro mathematical model incorporating MR fluid microstructure parameters 
into classic models. This model accurately described the MR damper's dynamic properties. 
Validation confirmed efficacy, while numerical analysis highlighted nonlinear hysteretic 
behavior, providing insights for optimizing MR fluid formulations and enhancing damper 
efficiency. Daniel et al. [28] studied the importance of building safer structures in response 
to earthquake-related losses and explored MR dampers as a potential solution. 
Experimental investigations on a scaled-down RC frame with a single piston shear mode 
MR damper demonstrated a 40–50% reduction in displacement and a 45–60% increase in 
energy dissipation capacity. The study highlighted the effectiveness of MR dampers in 
enhancing vibration reduction, with analytical and experimental results confirming their 
efficiency and potential for seismic resilience in civil engineering applications. Cruze et al. 
[29] developed a novel approach to MR damper design, emphasizing its semi-active 
vibration control capabilities. They conducted experimental and numerical investigations 
on a new MR damper design featuring multi-coils for enhanced shear force production. 
Results demonstrated significant displacement reduction and increased damping force 
under seismic events, highlighting its effectiveness in improving seismic resilience. The 
proposed device showcased superior performance over conventional control devices, 
offering a promising solution for seismic mitigation in earthquake-prone areas. Hu et al. 
[30] investigates the performance of a self-powered, multi-coil MR damper under 
simulated seismic excitation. It employs simulations to analyze the damper's response to 
various earthquake loading scenarios. The findings highlight the effectiveness of the multi-
coil design, demonstrating how the coil configuration and control strategies can be 
optimized to achieve superior damping performance, potentially offering a significant 
advantage in mitigating the impact of earthquakes on structures. Kariganaur et al. [31] 
presents a comparative study on the effects of single-coil and multi-coil 
magnetorheological (MR) dampers using finite element analysis. The study finds that 
multi-coil MR dampers offer superior performance in controlling vibrations compared to 
single-coil dampers. The results suggest significant potential for multi-coil designs in 
enhancing the stability and safety of structures subjected to dynamic loads. 

In the proposed research, the comparison of a single and multi-coil self-powered MR 
damper subjected to cyclic and earthquake loading is investigated. The main focus of this 
study is to conduct a comprehensive analysis of single and multi-coil MR dampers. It begins 
with the 3D modelling of self-powered MR dampers using AutoCAD. Then, the models are 
fabricated using mild steel. After the fabrication process, the MR dampers are assembled, 
the piston coils are wound with copper coils, and the EMI systems are placed at the top of 
the piston. Then, MR fluid is filled inside the cylinder. The MR dampers are tested by cyclic 
loading at three different displacement levels of 5, 10, and 15 mm. For time history loading, 
El Centro has been considered for the study. 
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2. Self-Powered MR Dampers 

In general, supplying of current is required to activate the electromagnetic coils in an MR 
damper. There are several ways for a self-powered MR damper to convert mechanical 
energy into electrical energy in the event of high-magnitude earthquake. However, the 
amount of electrical energy produced is enough to create the damping force needed to keep 
the buildings from vibrating during a seismic event. Thus, self-power mechanisms are 
essential for civil engineering applications, particularly for seismic resistant buildings. 

3. MR Fluid 

A blend of magnetic particles and oil makes up MR Fluid, a smart liquid. The particles in 
the liquid align themselves when exposed to a magnetic field, changing the liquid's 
viscosity, yield stress, and magnetic susceptibility. The fluid's high receptivity makes 
precise control possible. Through testing, the most efficient mixture was found to be 
carbonyl iron and synthetic oil without the inclusion of surfactants. The carbonyl iron's 
spherical form facilitates good suspension in the fluid, and its high saturation 
magnetization adds to its potency. To synthesize the fluid, carbonyl iron of grade R is mixed 
with the carrier fluid and stirred for 8 hours at room temperature. The final mixture 
contains 50% carbonyl iron and 50% carrier fluid. This proposed MRF 50 shows a 
maximum yield stress of about 93.34 kPa and a viscosity of 0.28 Pa s. [20]. Fig. 1 

 

Fig. 1. Magnetorheological fluid 

4. Electromagnetic Induction System 

Electromagnetic induction (EMI) is the production of an electromotive force (EMF) across 
an electrical conductor in a changing magnetic field. It can also be described as the creation 
of current by moving an electric conductor through a static magnetic field. MR dampers 
incorporate EMI systems for self-power. MR dampers have EMI components that include a 
permanent magnet and a copper coil. As movement occurs, kinetic energy converts into 
electrical energy, resulting in changes in the damping capabilities of the device. Fig. 2. 
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Fig. 2. Electromagnetic induction system 

5. Self-Powered Single Coil MR Damper 

The configuration of the MR damper was designed and fabricated using mild steel material. 
The external structure includes a hollow cylinder, MR fluid, magnet, and magnet casing 
components, as depicted in Fig. 3. The proposed self-powered single-coil MR damper 
consists of a single-coil piston rod wound with a standard wire gauge (SWG) 22 copper coil 
0.8 µ. The damper consists of a cylindrical casing with an external diameter of 60 mm and 
an internal diameter of 50 mm, with a depth of 280 mm. The piston has a diameter of 25 
mm and a length of 130 mm, wound with a copper coil, which has a 0.8 mm diameter with 
1462 coil turns [28], as shown in Fig. 4.  

 

Fig. 3. Dimensions detailing of self-power single and multi-coil MR Damper 

A self-powered magnet casing is placed at the top, measuring 60 mm in height and 80 mm 
in diameter at the center. Ferrite magnet grade N 42 is used for the study to create a self-
powered MR damper. A ferrite magnet is placed to produce self-powered energy to activate 
the MR damper. In the self-powered single-coil piston head, 326 turns of coil were wound 
with a copper coil of 0.8 µ parallel to the magnet to generate EMI. The annular gap of 1 mm 
is maintained for the flow of MR fluid. The EMI system is placed above the cylinder cap. 
During operation, the piston rod moves in response to external movement, allowing the 
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MR fluid to flow throughout the annular gap of the cylinder. When the copper coil is 
magnetized using a self-powered system, the rheology of the MR fluid within the flow 
channel generates shear stress, impeding the relative motion of the piston head. 

 

Fig. 4. 3D model self-power single-coil MR Damper 

6. Self-powered Multi Coil MR Damper 

The fluid flow through two adjacent cores in the piston is strengthened by the alternating 
polarities in the magnetic field, which benefits from utilizing the toothing system in the 
piston configuration. In contrast, 11 piston poles and 10 coils with a uniform distance of 5 
mm and a depth of 10 mm were constructed in the proposed MR damper to increase the 
amount of shear force [29]. Shear forces on the piston's sides increase as the number of 
flow gaps increases with the number of piston poles, as shown in Fig. 5. The suggested self-
powered MR damper has the capacity to produce a maximum damping force of 1.7 kN. The 
design indicates that an electromagnetic circuit can generate more flux lines in the flow 
gaps in milliseconds to produce 1.7 kN of damping force. The fluid is strengthened through 
two adjacent cores when the toothing system is used in the piston configuration because 
of the magnetic field's alternating polarities within the piston. 

 

Fig. 5. 3D model self-power Multi-coil MR Damper 
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7. Working Principle 

A new self-powered MR damper operates based on a mechanical mechanism. Figs. 4 and 5 
depict a 3D model of the self-powered MR damper. The device comprises a piston, top cap, 
MR fluid, SWG 22 copper coil, magnet, and magnet casing. Vibration energy is converted 
into electrical energy to power the self-powered MR damper, thus eliminating the need for 
external electrical energy. During operation, the piston rod moves vertically, and a coil 
wound around the top of the piston cap, parallel to the magnet, generates electromagnetic 
induction (EMI) by producing electromagnetic force due to changes in the magnetic field. 
Therefore, the self-powered MR damper can perform adaptive damping adjustment 
without any external power supply equipment, reducing the impact of various exterior 
disturbances on the device's performance and improving its practicality and reliability. 
The main dimensional parameters of the proposed self-powered MR damper are tabulated 
in Table 1. 

Table 1. Dimensional detailing of the proposed self-powered MR damper 

Parameters Single coil MR damper Multi coil MR damper 

Cylinder casing 295 mm 295 mm 

Diameter of copper coil 0.8 mm 0.8 mm 

No. of turns (copper coil) 1462 turns 122 turns for each pole 

MR fluid (ratio) 50:50 50:50 

Piston length 600 mm 600 mm 

No. of. piston pole - 10 nos 

Magnet 
Ferrite magnet grade N 

42 
Ferrite magnet grade N 

42 
Magnet size 80 mmx60 mm 80 mmx60 mm 

Magnet casing 125 mmx65 mm 125 mmx65 mm 

Coil turns at top 326 turns 326 turns 

8. Experimental Investigation on Self-Powered MR Damper 

The performance of the MR damper can be determined by subjecting it to cyclic loading in 
the MTS Universal Testing Machine (UTM) at the Structural Engineering Laboratory of 
Karunya Institute of Technology and Science, Coimbatore. 

 

Fig. 6. Testing of self-Powered MR damper 
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The single and multi-coil self-powered MR dampers were tested at various displacements 
ranging from 5 mm to 15 mm. The experimental setup for the cyclic loading test on a single- 
and multi-coil self-powered MR damper is presented in Fig. 6. The setup includes a load 
cell, a base plate or fixtures, and a hydraulic actuator. The piston base is fixed to the UTM 
base plate using a fixture, while the piston rod is attached to the load cell. The input to the 
UTM is controlled by a computer-regulated hydraulic actuator. 

9. Cyclic Loading 

Cyclic loading on a self-powered MR damper involves subjecting it to repeated force or 
displacement cycles to assess its durability and performance under real-world conditions. 
At a frequency of 0.2 Hz for 10 repetition cycles, the displacement values of 5, 10, and 15 
are used to determine the maximum force exerted by the self-powered MR damper. The 
experimental results of damping force are plotted in Figs. 7, 8, and 9. The results are 
tabulated in Table 2. 

Table 2. Difference between single and multi-coil self-sensing MR damper on cyclic 
loading 

 

Single Coil Self-Sensing Mr Damper Multi Coil Self-Sensing Mr Damper 

Displacement Load Displacement Load 
5mm 1256.4 N 5mm 1350.8 N 

10mm 1392.6 N 10mm 1570.8 N 
15mm 1566.8 N 15mm 1767.8 N 

 
The observed results for the single-coil self-powered MR damper indicate a maximum damping force of 
1256.4 N at a 5mm displacement, 1392.6 N at a 10 mm displacement, and 1566.89 N at a 15 mm 
displacement. Multi-coil MR dampers typically exhibit higher damping forces compared to single-coil 
dampers due to the presence of multiple coils generating magnetic fields. Additionally, multi-coil dampers 
are capable of generating higher shear forces in the MR fluid compared to single-coil MR dampers. 

 

 

Fig. 7. Force and Displacement graph for single and multi-coil Self-power MR Damper 
for 5 mm displacement 
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Fig. 8. Force and Displacement graph for single and multi-coil Self-power MR Damper 
for 10 mm displacement 

 

Fig. 9. Force and Displacement graph for single and multi-coil Self-power MR Damper 
for 15 mm displacement 

10. Earthquake Loading 

Earthquake loading on self-powered MR dampers involves adaptation to dynamic forces. 
These dampers utilize MR fluids, offering real-time adjustments in viscosity and mitigating 
structural vibrations during seismic events. In this study, the El Centro earthquake of 1940 
was a significant seismic event in California, USA.  

Table 3. Difference between single and multi-coil self-sensing MR damper on earthquake 
loading 

 

Fig. 10 shows the time history loading ground acceleration converted to displacement and 
employed to simulate the response of self-powered MR dampers. The objective is to 
determine the earthquake loading capacity of both single and multi-coil MR dampers. The 
experimental results of earthquake loading are plotted in Fig. 11, and the results are 
tabulated in Table 3. 

El-Centro 1940 Earthquake Loading 

Self-Powered Single-Coil MR Damper -1259.7 N 

Self-Powered Multi-Coil MR Damper -1780.0 N 
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Fig. 10. Time history of El Centro earthquake, 1940 

 

Fig. 11. Earthquake loading of single and multi-coil Self-power MR Damper 

11. Conclusion 

In this study, a novel functional-integration MR damper was designed, fabricated, and 
tested. The results indicate that the proposed self-powered single-coil MR damper exhibits 
a damping force of 1566.8 N at a 15 mm displacement, while the self-powered multi-coil 
MR damper demonstrates a damping force of 1767.8 N under cyclic loading; this 
represents a 12.8% increase in damping force compared to the single-coil self-powered 
MR damper. For earthquake loads, the single-coil self-powered MR damper shows a 
damping force of -1289.7 N, whereas the multi-coil self-powered MR damper has a 
compression value of -1780 N in seismic conditions; the multi-coil self-powered MR 
damper displays a 34.2% increase in damping force compared to the single-coil self-
powered MR damper. The stiffness of a single-coil MR damper is 104.45, while the stiffness 
of a multi-coil MR damper is 117.8. Compared to the single-coil MR damper, the multi-coil 
MR damper has greater stiffness, representing a 12.7% increase in stiffness. Additionally, 
the multi-coil MR damper has a 16% reduction in the volume of MR fluid compared to the 
single-coil MR damper, which has a volume of 409.76 ml. In conclusion, the experimental 
investigation demonstrates that the proposed self-powered multi-coil MR damper device 
has better performance compared to a single-coil MR damper because a multi-coil piston 
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produces more magnetic field compared to a single-coil piston. This is due to the presence 
of piston poles in the multi-coil design. Additionally, the volume of MR fluid is lower in the 
multi-coil piston compared to the single-coil piston. Therefore, it can be considered an 
innovative and effective alternative for enhancing a building's seismic durability in 
seismically active areas in the future, effectively protecting structures from seismic 
resistance issues. In the future, the damper will be placed diagonally in the RC frame, and 
the performance of the damper will be studied when the frame is subjected to cyclic 
loading and real-time earthquake loading. 

Acknowledgements 

The authors thank the Centre for Research & Consultancy, Hindustan Institute of 
Technology and Science, Padur, Chennai for the seed grant (SEED/CRC/HITS/2022-
23/005). 

References 

[1] Li L, Hu G, Yu L, Qi H. Development and performance analysis of a new self-powered 
magnetorheological damper with energy-harvesting capability. Energies. 2021 Sep 
27;14(19):6166. https://doi.org/10.3390/en14196166  

[2] Bui QD, Nguyen QH, Nguyen TT, Mai DD. Development of a magnetorheological damper 
with self-powered ability for washing machines. Applied Sciences. 2020 Jun 
14;10(12):4099 https://doi.org/10.3390/app10124099  

[3] Gao X, Niu J, Jia R, Liu Z. Influential characteristics of electromagnetic parameters on 
self-powered MR damper and its application in vehicle suspension system. Proceedings 
of the Institution of Mechanical Engineers, Part K: Journal of Multi-body Dynamics. 
2020 Mar;234(1):38-49. https://doi.org/10.1177/1464419319870338  

[4] Hu G, Ru Y, Li W. Design and development of a novel displacement differential self-
induced magnetorheological damper. Journal of Intelligent Material Systems and 
Structures. 2015 Mar;26(5):527-40. https://doi.org/10.1177/1045389X14533429  

[5] Hu G, Yi F, Liu H, Zeng L. Performance analysis of a novel magnetorheological damper 
with displacement self-sensing and energy harvesting capability. Journal of Vibration 
Engineering & Technologies. 2021 Jan;9:85-103. https://doi.org/10.1007/s42417-
020-00212-7  

[6] Wang Z, Chen Z, Gao H, Wang H. Development of a self-powered magnetorheological 
damper system for cable vibration control. Applied Sciences. 2018 Jan 15;8(1):118. 
https://doi.org/10.3390/app8010118  

[7] Jamshidi M, Chang CC. A new self-powered electromagnetic damper for structural 
vibration control. InSensors and Smart Structures Technologies for Civil, Mechanical, 
and Aerospace Systems 2017 2017 Apr 12 (Vol. 10168, pp. 680-689). SPIE. 
https://doi.org/10.1117/12.2256657  

[8] Dyke SJ, Spencer Jr BF, Sain MK, Carlson JD. Modeling and control of magnetorheological 
dampers for seismic response reduction. Smart materials and structures. 1996 Oct 
1;5(5):565. https://doi.org/10.1088/0964-1726/5/5/006  

[9] Chen C, Liao WH. A self-sensing magnetorheological damper with power generation. 
Smart Materials and Structures. 2012 Jan 25;21(2):025014. 
https://doi.org/10.1088/0964-1726/21/2/025014  

[10] Zhu S, Shen WA, Xu YL. Linear electromagnetic devices for vibration damping and 
energy harvesting: Modeling and testing. Engineering Structures. 2012 Jan 1;34:198-
212. https://doi.org/10.1016/j.engstruct.2011.09.024  

[11] Wang DH, Bai XX, Liao WH. An integrated relative displacement self-sensing 
magnetorheological damper: prototyping and testing. Smart Materials and Structures. 
2010 Aug 6;19(10):105008. https://doi.org/10.1088/0964-1726/19/10/105008  

https://doi.org/10.3390/en14196166
https://doi.org/10.3390/app10124099
https://doi.org/10.1177/1464419319870338
https://doi.org/10.1177/1045389X14533429
https://doi.org/10.1007/s42417-020-00212-7
https://doi.org/10.1007/s42417-020-00212-7
https://doi.org/10.3390/app8010118
https://doi.org/10.1117/12.2256657
https://doi.org/10.1088/0964-1726/5/5/006
https://doi.org/10.1088/0964-1726/21/2/025014
https://doi.org/10.1016/j.engstruct.2011.09.024
https://doi.org/10.1088/0964-1726/19/10/105008


Cruze et al. / Research on Engineering Structures & Materials 11(1) (2025) 199-211 

 

210 

[12] Wang DH, Wang T. Principle, design and modeling of an integrated relative 
displacement self-sensing magnetorheological damper based on electromagnetic 
induction. Smart Materials and Structures. 2009 Jul 17;18(9):095025. 
https://doi.org/10.1088/0964-1726/18/9/095025  

[13] Choi YT, Wereley NM. Self-powered magnetorheological dampers. 
[14] Lam KH, Chen ZH, Ni YQ, Chan HL. A magnetorheological damper capable of force and 

displacement sensing. Sensors and Actuators A: Physical. 2010 Mar 1;158(1):51-9. 
https://doi.org/10.1016/j.sna.2009.12.022  

[15] Lai DK, Wang DH. Principle, modeling, and validation of a relative displacement self-
sensing magnetorheological damper. InSmart Structures and Materials 2005: Smart 
Structures and Integrated Systems 2005 May 17 (Vol. 5764, pp. 130-141). SPIE. 
https://doi.org/10.1117/12.602672  

[16] Chen C, Liao WH. A self-sensing magnetorheological damper with power generation. 
Smart Materials and Structures. 2012 Jan 25;21(2):025014. 
https://doi.org/10.1088/0964-1726/21/2/025014  

[17] Choi KM, Jung HJ, Lee HJ, Cho SW. Feasibility study of an MR damper-based smart 
passive control system employing an electromagnetic induction device. Smart 
Materials and Structures. 2007 Oct 10;16(6):2323. https://doi.org/10.1088/0964-
1726/16/6/036  

[18] Sapiński B. Vibration power generator for a linear MR damper. Smart Materials and 
Structures. 2010 Aug 6;19(10):105012. https://doi.org/10.1088/0964-
1726/19/10/105012  

[19] Chen C, Liao WH. A self-powered, self-sensing magnetorheological damper. In2010 
IEEE International Conference on Mechatronics and Automation 2010 Aug 4 (pp. 1364-
1369). IEEE. https://doi.org/10.1109/ICMA.2010.5589157  

[20] Cruze D, Gladston H, Loganathan S, Dharmaraj T, Solomon SM. Study on Magnatec oil-
based MR fluid and its damping efficiency using MR damper with various annular gap 
configurations. Energy, Ecology and Environment. 2021 Feb;6:44-54. 
https://doi.org/10.1007/s40974-020-00170-6  

[21] Utami D, Ubaidillah, Mazlan SA, Imaduddin F, Nordin NA, Bahiuddin I, Abdul Aziz SA, 
Mohamad N, Choi SB. Material characterization of a magnetorheological fluid subjected 
to long-term operation in damper. Materials. 2018 Nov 6;11(11):2195. 
https://doi.org/10.3390/ma11112195  

[22] Daniel C, Sarala L, Tensing D, Sundar Manoharan S. Magnetorheological fluid with 
nano Fe3O4 for performance enhancement of MR damper for seismic resistance of steel 
structures. Key Engineering Materials. 2018 Mar 14;763:975-82. 
https://doi.org/10.4028/www.scientific.net/KEM.763.975  

[23] Wang M, Chen Z, Wereley NM. Magnetorheological damper design to improve 
vibration mitigation under a volume constraint. Smart Materials and Structures. 2019 
Oct 9;28(11):114003 https://doi.org/10.1088/1361-665X/ab4704  

[24] Xu ZD, Shen YP. Intelligent bi-state control for the structure with magnetorheological 
dampers. Journal of intelligent material systems and structures. 2003 Jan;14(1):35-42. 
https://doi.org/10.1177/1045389X03014001004  

[25] Xu ZD, Shen YP, Guo YQ. Semi-active control of structures incorporated with 
magnetorheological dampers using neural networks. Smart materials and structures. 
2003 Jan 10;12(1):80. https://doi.org/10.1088/0964-1726/12/1/309  

[26] Yang Y, Xu ZD, Guo YQ, Sun CL, Zhang J. Performance tests and microstructure‐based 
sigmoid model for a three‐coil magnetorheological damper. Structural Control and 
Health Monitoring. 2021 Nov;28(11):e2819. https://doi.org/10.1002/stc.2819  

[27] Yang Y, Xu ZD, Xu YW, Guo YQ. Analysis on influence of the magnetorheological fluid 
microstructure on the mechanical properties of magnetorheological dampers. Smart 
Materials and Structures. 2020 Sep 30;29(11):115025. https://doi.org/10.1088/1361-
665X/abadd2  

https://doi.org/10.1088/0964-1726/18/9/095025
https://doi.org/10.1016/j.sna.2009.12.022
https://doi.org/10.1117/12.602672
https://doi.org/10.1088/0964-1726/21/2/025014
https://doi.org/10.1088/0964-1726/16/6/036
https://doi.org/10.1088/0964-1726/16/6/036
https://doi.org/10.1088/0964-1726/19/10/105012
https://doi.org/10.1088/0964-1726/19/10/105012
https://doi.org/10.1109/ICMA.2010.5589157
https://doi.org/10.1007/s40974-020-00170-6
https://doi.org/10.3390/ma11112195
https://doi.org/10.4028/www.scientific.net/KEM.763.975
https://doi.org/10.1088/1361-665X/ab4704
https://doi.org/10.1177/1045389X03014001004
https://doi.org/10.1088/0964-1726/12/1/309
https://doi.org/10.1002/stc.2819
https://doi.org/10.1088/1361-665X/abadd2
https://doi.org/10.1088/1361-665X/abadd2


Cruze et al. / Research on Engineering Structures & Materials 11(1) (2025) 199-211 

 

211 

[28] Daniel C, Hemalatha G, Magdalene A, Tensing D, Sundar Manoharan S. 
Magnetorheological damper for performance enhancement against seismic forces. 
InFacing the Challenges in Structural Engineering: Proceedings of the 1st GeoMEast 
International Congress and Exhibition, Egypt 2017 on Sustainable Civil Infrastructures 
1 2018 (pp. 104-117). Springer International Publishing. 
https://doi.org/10.1007/978-3-319-61914-9_9  

[29] Cruze D, Gladston H, Farsangi EN, Loganathan S, Dharmaraj T, Solomon SM. 
Development of a multiple coil magneto-rheological smart damper to improve the 
seismic resilience of building structures. The Open Civil Engineering Journal. 2020 Jun 
5;14(1). https://doi.org/10.2174/1874149502014010078  

[30] Hu G, Lu Y, Sun S, Li W. Performance analysis of a magnetorheological damper with 
energy harvesting ability. Shock and Vibration. 2016;2016:1-0. 
https://doi.org/10.1155/2016/6928686  

[31] Kariganaur AK, Kumar H, Mahalingam A. Comparative study on the effect of single coil 
and multi coil magnetorheological damper through finite element analysis. InJournal of 
Physics: Conference Series 2020 Dec 1 (Vol. 1706, No. 1, p. 012193). IOP Publishing. 
https://doi.org/10.1088/1742-6596/1706/1/012193  

 

 

 

https://doi.org/10.1007/978-3-319-61914-9_9
https://doi.org/10.2174/1874149502014010078
https://doi.org/10.1155/2016/6928686
https://doi.org/10.1088/1742-6596/1706/1/012193


 

 

 

 

 

 

 

 
 

 

 

 
 

 



*Corresponding author: benahmed.tp@univ-djelfa.dz  
a orcid.org/0009-0004-2414-070X; b orcid.org/0000-0003-4924-0059; c orcid.org/0000-0002-2439-2753; 
d orcid.org/0000-0002-9223-5629; e orcid.org/0000-0003-0488-3800 
DOI: http://dx.doi.org/10.17515/resm2024.153ea0209rs  

Res. Eng. Struct. Mat. Vol. 11 Iss. 1 (2025) 213-230  213 

 

Research Article 

Evaluation of damping reduction factors for displacement and 
acceleration spectra using code-compatible near-fault and far-
fault ground motions depending on site conditions 

Abdelmalek Abdelhamid1,2,a, Baizid Benahmed*1,b, Omar Laghrouche3,c, Mehmet 
Palanci4,d, Lakhdar Aidaoui1,e 

1Development Laboratory in Mechanics and Materials, University of Djelfa, Djelfa, Algeria 
2Department of Science & Technology, University of Tissemsilt, Tissemsilt, Algeria 
3Institute for Infrastructure and Environment, Heriot-Watt University, Edinburgh, UK 
4Civil Engineering Department, Istanbul Arel University, Istanbul, Türkiye 
 

Article Info  Abstract 

Article history: 
 
Received 09 Feb 2024 
Accepted 15 June 2024 

 Damping Reduction Factors (DRFs) are widely employed in design standards to 
adjust the structural response due to varied levels of the structural damping, 
higher or lower than the common value of 5% for response spectra or time 
history analyses. Research findings highlighted that DRFs are sensitive not only 
to damping and period, but also to the seismological parameters and site 
conditions. Nevertheless, effect of ground motions on the DRFs compiled to code-
based target spectrum are not investigated. For this purpose, Eurocode-8 (EC8) 
compatible real ground motions were carefully selected for three soil classes, 
namely, A, B, and C, considering near- and far-fault ground motions and DRFs 
were derived from the displacement and acceleration response spectra through, 
Single Degree of Freedom (SDOF) systems, dynamic analyses. Near- and far-fault 
ground motions were considered to investigate the effect of the distance on 
DRFs. The distributions of DRFs were then subjected to a comparison with code-
based and existing literature DRF models and bias between the models were 
calculated. The findings demonstrated that near- and far-fault ground motions 
produced different outcomes and DRFs obtained from acceleration spectra were, 
on average, approximately 25% higher than those obtained from displacement 
spectra. It was also observed that DRFs were sensitive to soil classes, especially 
to soil class B. The maximum near/far fault ratios determined for site class B 
were 1.20, 1.45 and 1.71 for damping ratios of 10, 20, and 40%, respectively. In 
addition, results indicated that the DRF values provided by EC8 were generally 
non-conservative. Therefore, it is important that the code-based definitions 
should be refined to consider important parameters that affect DRFs such as 
distance and soil classes.  

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

Response spectrum analysis is one of the most widespread seismic design approaches in 
earthquake engineering, using a viscous damping ratio of 5%. To perform such analysis to 
other damping ratios, DRFs are used, and seismic codes define DRFs as function of damping 
ratio and structural period. On the other hand, recent studies have shown that the DRFs 
are also sensitive to seismological characteristics such as magnitude, distance, near- and 
far-fault ground motion, fault type, near-source forward directivity, and site conditions etc. 
[1]–[3]. Therefore, empirical expressions are proposed. However, most of these 
parameters have not been taken into consideration in seismic codes yet. 
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Firstly, Newmark and Hall [4], [5] proposed the first formulation for the DRFs that has been 
adopted in many standards and codes, for example, ATC-40 [6], FEMA-273 [7], UBC (1997) 
[8], ASCE7-05 (2006) [9], and FEMA-356 [10]. Kawashima and Aizawa [11] findings were 
introduced in the Caltrans Seismic Design Criteria [12]. Ashour's [13] relationship has been 
introduced in UBC (1994) [14] and NEHRP [15]. Bommer et al. [16] formulation was 
adopted in EC8 [17]. The equation of Ramirez et al. [18] was implemented in NEHRP [19] 
and that of Otani and Kanai [20] has been adopted in the Japanese Seismic Design Code 
[21]. Priestley [22] suggested an empirical formula that takes into consideration the 
structural period and near-fault (NF) ground motion for a modified version of EC8. The 
Zhou et al. [23] model was acknowledged in Chinese seismic code [24]. Benahmed [25] 
proposed an expression of the DRF based on a nonlinear regression, which was introduced 
in the Algerian Seismic Regulation (RPA 99 version 2003) [26] considering the structural 
period and damping ratio. 

Besides the studies on improving DRF values, Hubbard and Mavroeidis [27] concluded that 
the DRF models proposed in most standards and codes are based on far-fault (FF) seismic 
excitation, and these DRF values are non-conservative for NF records. They formulated a 
conservative model by utilizing NF motions characterized by diverse velocity pulses. Pu et 
al. [28] stated that DRFs derived from FF motions are not appropriate to be used in a design 
for NF effects and this situation can lead to erroneous results. Li and Chen [29] stated that 
DRF values derived from FF motion in NF cases may lead to accuracy problems. In addition, 
Atkinson and Pierre [1] have found that DRFs are sensitive to the moment of magnitude 
and distance. Based on Hatzigeorgiou [2], on the other hand, DRFs were independent of 
the distance, but sensitive to soil types ranging from hard rock to soft soil.  

Lin and Chang [30] investigated the soil conditions, according to the NEHRP soil 
classification, and their impact on DRFs obtained from displacement (DRFd) and 
acceleration (DRFa) response spectra. They concluded that the DRFs derived from 
displacement spectra were very similar for A, B, and D soil classes, whereas for C soil class, 
they were slightly different. In addition, it was indicated that DRFa values are more 
vulnerable to soil conditions than DRFd values. They suggested that DRFa should be used 
when the structural damping ratio determined from the hysteretic behavior. Otherwise, 
DRFd must be used if high levels of damping are implemented into the structure when 
using energy dissipation devices. Hatzigeorgiou [2] stated that the existing methods 
proposed for DRFs from displacement (Sd) and pseudo-acceleration (PSa) spectra provide 
a good correlation with the displacement response. This is crucial for high-damping 
systems because smaller DRFs are obtained from PSa spectra and may cause a significant 
underestimation of the seismic design forces. Accordingly, the different DRFs should be 
adopted.  

Hao et al. [3] concluded that moment magnitude has a notable impact on the DRFs 
compared to the closest distance and site conditions, especially for classes B-D according 
to NEHRP [19]. Moreover, these parameters had more influence on DRFa compared to 
DRFd and DRFv. Zhao et al. [31] noticed that the impact of earthquake characteristics and 
soil types on DRFa are similar to those DRFd for a spectral periods up to 0.3s. At spectral 
periods longer than 0.3s, earthquake characteristics and soil conditions have a larger 
impact on DRFa compared to DRFd. Davila and Mendo [32] determined that significant 
differences exist in the DRFs computed from displacements compared to those computed 
from acceleration and velocity for periods greater than 0.2s. They found that the values of 
DRFd for site classes S1, S2, and S3 as per the ASCE 7-16 [33] exhibit similarity and can be 
adequately approximated by their average for all damping ratios and periods higher than 
2.0s. They highlighted that this was not valid for DRFa and DRFv specifically for damping 
ratios higher than 20%. It was suggested that deriving DRF equations from acceleration 
and velocity response spectra specific to each soil tyoe would be more appropriate. 
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Benahmed [34] investigated the damping uncertainty effects on the DRFs for both 
displacement and acceleration response spectra. It was highlighted that the DRFd values 
are more susceptible to the uncertainties inherent in damping than the DRFa values. Also, 
Abdelhamid et al. [35] have studied the uncertainties in DRFs using artificial neural 
networks for acceleration, velocity, and displacement spectra. Their conclusion 
highlighted that DRFs derived from acceleration spectra exhibit greater sensitivity to the 
inherent damping uncertainties compared to DRFs derived from displacement and 
velocity spectra. 

Benahmed [25] found that there is a weak dependency between the DRFs from different 
soil types and concluded that the influence of the soil type can be omitted. Pavlou and 
Constantinou [36] examined the accuracy of DRFs implemented in NEHRP when applied 
to NF motions; however, they did not propose any equations. Daneshvar and Bouaanani 
[37] considered eastern Canada ground motions for the proposition of a DRFs empirical 
expression for a wide range of damping ratios, from 1% to 40%, taking into account 
magnitude, distance, and soil types. The obtained DRFs were dependent on the spectral 
period and magnitude at high periods, while the effect of distance was observed to have a 
limited impact. Different studies can be also found in the literature that investigate and 
propose DRF equations considering different structures, soil types, seismological effects 
etc. [38]–[43]. 

UBC97 [8] is the first seismic code to specify consideration of NF effects. It defines near-
source factors based on source type and closest distance to the known seismic source. In 
the Chinese seismic code [24], construction sites are categorized into three groups based 
on the proximity to the ruptured fault and it recommends to use a larger response 
spectrum for closer ruptured faults. It is clear that increasing the response spectrum 
amplification leads to a more conservative design.  

1.1 Contribution of the Paper 

Discussions of the above studies indicate that the dependency of the DRFs on the different 
considered parameters does lead to different conclusions. Therefore, based on the ground 
motion database and building topologies, the influence of different seismological and 
geotechnical factors on DRFs needs further investigation. In addition, the relationship 
between NF and FF motions and their impact on dynamic response factors remain as open 
questions. For example, are DRF values observed for NF and FF motions comparable, or is 
there a significant difference? Do DRFs vary between the values derived from acceleration 
spectra and those derived from displacement spectra? Can we overlook the impact of soil 
type on DRFs? In addition to these open questions, the effect of NF and FF ground motions 
on DRFs are not evaluated in terms of code-compatible ground motions. Accordingly, this 
is the first study that investigates the effects of NF and FF motions on DRFs considering the 
spectral shape defined in the seismic code. 

For this purpose, the present study investigates the influence of the NF and FF motions on 
DRFs considering different soil classes of EC8 design spectra. Real earthquake ground 
motions were taken from European Strong Motion Database [44] and Pacific Earthquake 
Engineering Research (PEER) Database [45]. These were grouped into six categories 
considering NF and FF motions as well as site classes of A, B, and C defined in EC8. Selected 
records were then subjected to a spectral matching algorithm developed by Kayhan et al. 
[46] and code-compatible ground motions records were obtained. Linear dynamic 
analyses were conducted for damping ratios of 5%, 10%, 20%, and 40% to determine DRFs 
using displacement and acceleration response spectra. The obtained results were then 
analysed and compared with DRF equations recommended in EC8 and two other known 
prediction equation models found in the literature [2], [30].  
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2. Selection of Ground Motions 

Ground motion selection is an integral method for the success of time history analysis 
[47]–[51]. Appropriately selected records, for a given soil class considering seismological 
parameters, increase the accuracy and lead to realistic results [46]. According to Graizer 
and Kalkan [52], several earthquake characteristics that have an effect on the accelerogram 
spectral shape should be considered. Since there is no specific building or building group 
used in this study, the period interval for spectral matching was assumed between 0.1s and 
4.0s which covers different heights of buildings. Three soil classes, namely, A, B, and C 
defined in EC8 were considered and earthquake records were classified according to shear 
wave velocity Vs,30 as given in Table 1. By this way, the influence of site conditions on DRFs 
will be examined. NF records were acquired when ground motions were within 20 km of 
the epicenter, while FF records were gathered for ground motions at epicentral distance 
exceeding 20 km. Pulse-like motion effects were not taken into account in this study. Using 
the different ground motion source databases [44], [45], ground motion records were 
collected (see Fig. 1). Based on the sources, moment magnitude of the records in the 
database varied between 5.2 and 7.7. Ground motion records were then post processed by 
the software developed by Kayhan et al. [46] to obtain code-compatible records for the 
analyses. 

  
Fig. 1. The distribution of moment magnitude against epicentral distance for selected 

earthquakes, (left) near-fault and (right) far-fault 

DRFs were computed from the acceleration and displacement response spectra of SDOF 
systems for each of the horizontal components of the records separately (i.e., 
unidirectional analysis was performed) for both NF and FF records (see Tables 2 to 4). It 
was difficult to choose original ground motions owing to strict constraints such as moment 
magnitude, soil categorization, and target spectrum. As a result, original ground motion 
records were, when necessary, scaled. Records selection constraints and procedures 
defined in the code [17] were used as input in the software and a total of 15 scaled records 
for each soil group were determined that match the target design spectrum. The target 
spectrum was constructed using 5% damping ratio and a peak ground acceleration of 
0.35g. Although the effect of scaling factors were found statistically independent of the 
building responses, if the spectral shape matching is satisfied [53], [54], [55], it is worth 
stating that the scaling factors (used when necessary) were less than 2.0 [47], [48], [56]. It 
should be noted that an in-house computer program coded by the authors were used for 
the linear analysis of earthquakes using the Newmark’s step by step time integration 
method [57]. Spectral acceleration and displacement history of selected earthquakes (i.e., 
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Sa and Sd) for the period interval between 0.02s and 4.00s with increments of 0.02s 
considering the damping ratios of 5%, 10%, 20% and 40%, were computed by this 
program. 

Table 1. Soil classes defined in EC8 [17] 

Soil 
Class 

Description of ground type 
Vs,30 
(m/s) 

NSPT 
(bl/30cm) 

Cu (kPa) 

A 
Rock or other rock-like geological formation, 
including at most 5 m of weaker material at 

the surface. 
> 800 - - 

B 

Deposits of very dense sand, gravel, or very 
stiff clay, at least several tens of meters in 

thickness, characterized by a gradual 
increase of mechanical properties with depth. 

360 - 800 > 50 > 250 

C 
Deep deposits of dense or medium dense 

sand, gravel or stiff clay with thickness from 
several tens to many hundreds of meters. 

180 - 360 15 - 50 70 - 250 

The list of selected records, for each soil type for both cases of NF and FF earthquake 
records, are listed in Tables 2 to 4. The acceleration spectrum of EC8, the spectral 
acceleration of obtained ground motions and their mean corresponding to site classes are 
plotted in the Figures 2 to 4.  

  

Fig. 2. Response spectral acceleration of ground motions matching with EC8 target 
spectrum considering NF (left) and FF (right) records for site class A 

 

Table 2. Characteristics of earthquakes obtained for NF and FF records for soil class A 

Near Fault Far Fault 

Comp Earthquake Mw Station 
dEpi 

(km) 
Comp Earthquake Mw Station 

dEpi 
(km) 

X 
South Iceland 
(aftershock) 

21/06/00 
6.4 ST2557 15 Y 

South Iceland 
17/06/00 

6.5 ST2496 31 

Y 
South Iceland 
(aftershock) 

21/06/00 
6.4 ST2496 14 Y 

Izmit 
17/08/99 

7.6 ST770 78 

Y 
Izmit 

17/08/99 
7.6 ST575 9 Y 

Montenegro 
15/04/79 

6.9 ST64 21 

Y 
Valnerina 
19/09/79 

5.8 ST225 5 X 
South Iceland 

17/06/00 
6.5 ST2557 32 
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X 
Bingol 

01/05/03 
6.3 ST539 14 X 

Campano Lucano 
23/11/80 

6.9 ST102 80 

Y 
Mt. Hengill Area 

04/06/98 
5.4 ST2495 18 Y 

Campano Lucano 
23/11/80 

6.9 ST96 32 

Y 
Mt. Hengill Area 

04/06/98 
5.4 ST2497 15 Y 

Umbria 
29/04/84 

5.6 ST138 27 

Y 
South Iceland 

17/06/00 
6.5 ST2558 15 Y 

Vrancea 
30/08/86 

7.2 ST40 49 

Y 
Tabas 

16/09/78 
7.3 ST54 12 X 

Avej 
22/6/2002 

6.5 ST3311 28 

Y 
NE of Banja Luka 

13/08/81 
5.7 ST2950 10 Y 

Duzce 1 
12/11/99 

7.2 ST3136 23 

X 
South Iceland 

17/06/00 
6.5 ST2486 5 X 

Friuli 
06/05/76 

6.5 ST20 23 

X 
Lazio Abruzzo 

07/05/84 
5.9 ST140 5 X 

Campano Lucano 
23/11/80 

6.9 ST100 26 

Y 
Calabria 

11/03/78 
5.2 ST45 10 Y 

Montenegro 
15/04/79 

6.9 ST68 65 

PUL164 
San Fernando1 

09/02/71 
6.61 

Pacoima 
Dam 

11.86 X 
Izmit 

17/08/99 
7.6 ST561 47 

Y 
Izmit (aftershock) 

13/09/99 
5.8 ST575 15 Y 

Campano Lucano 
23/11/80 

6.9 ST93 23 

 

  

Fig. 3. Response spectral acceleration of ground motions matching with EC8 target 
spectrum considering NF (left) and FF (right) records for site class B 

Table 3. Characteristics of earthquakes obtained for NF and FF records for soil class B 

Near Fault Far Fault 

Comp Earthquake Mw Station 
dEpi 

(km) 
Comp Earthquake Mw Station 

dEpi 
(km) 

Y 
South Iceland 

17/06/00 
6.5 ST2482 15 X 

Campano Lucano 
23/11/80 

6.9 ST99 33 

Y 
Firuzabad 
20/06/94 

5.9 ST3297 7 X Aigion 15/06/95 6.5 ST1332 42 

X 
Skydra-Edessa 

18/02/86 
5.3 ST1306 2 X 

Montenegro 
15/04/79 

6.9 ST63 24 

Y 
Ano Liosia 

07/09/99 
6 ST1258 14 X 

Montenegro 
15/04/79 

6.9 ST62 25 
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Y 
Kalamata 
03/01/04 

5.9 ST164 10 X 
South Aegean 

23/05/94 
6.1 ST1310 45 

X 
Ano Liosia 
07/09/99 

6 ST1257 18 X 
Umbria Marche 

26/09/97 
6 ST231 78 

X 
Ano Liosia 
07/09/99 

6 ST1259 14 Y 
Panisler 

30/10/83 
6.6 ST133 33 

Y 
Campano Lucano 

23/11/80 
6.9 ST276 16 

CHY028
-E 

Chi-Chi, Taiwan 
21/09/99 

7.62 CHY028 32.67 

X 
Montenegro 

15/04/79 
5.4 ST63 18 1875y 

Griva 
21/12/90 

6.1 ST1306 36 

Y 
Kalamata 
03/01/04 

5.9 ST163 11 
ABBAR-

T 
Manjil, Iran 
21/06/90 

7.37 ABBAR 40.43 

X 
Erzincan 

13/03/92 
6.6 ST205 13 TAB-LN 

Tabas, Iran 
16/09/78 

7.35 Tabas 55.24 

Y 
Patras 

14/07/93 
5.6 ST1330 10 Y 

Campano Lucano 
23/11/80 

6.9 ST103 72 

Y 
South Iceland 

17/06/00 
6.5 ST2484 7 X 

Tabas 
16/09/78 

7.3 ST59 57 

Y 
Montenegro 

15/04/79 
6.9 ST67 16 Y 

Izmit 
17/08/99 

7.6 ST544 93 

Y 
Umbria Marche 

26/09/97 
6 ST60 11 Y 

Umbria Marche 
26/09/97 

6 ST228 38 

 

  
Fig. 4. Response spectral acceleration of ground motions matching to EC8 target 

spectrum considering NF (left) and FF (right) records for site class C 

Table 4. Characteristics of earthquakes obtained for NF and FF records for soil class C 

Near Fault Far Fault 

Comp Earthquake Mw Station 
dEpi 

(km) 
Comp Earthquake Mw Station 

dEpi 
(km) 

X 
Faial  

07/09/98 
6.1 ST87 11 Y 

Cubuklu  
17/08/99 

5.5 ST65 34 

Y 
Lazio Abruzzo 

07/05/84 
5.9 ST147 16 

H-
E08140 

Imperial Valley 
15/10/79 

6.53 
Imperial 
Valley-06 

28.09 

A-
OBR270 

WHITTIER 
NARROWS 
01/10/87 

5.99 
OBREGON 

PARK 
9.05 PAR—L 

Northridge 01 
17/01/94 

6.69 
Pardee – 

SCE 
25.65 

X 
Friuli  

06/05/76 
6 ST33 9 Y 

Lazio Abruzzo 
07/05/84 

5.9 ST148 45 
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X 
Ano Liosia 
07/09/99 

6 ST1253 19 RIO360 
Cape Mendocino 

25/04/92 
7.01 

RIO DELL 
OVERPAS

S 

53.34 

Y 
Dinar  

01/10/95 
6.4 ST271 8 X 

Duzce 1  
12/11/99 

7.2 ST3139 28 

X 
Alkion  

2/25/81 
6.6 ST122 19 Y 

Seferihisar 
10/04/03 

5.7 ST858 42 

KJM000 
Kobe, Japan 
17/01/95 

6.9 KJMA 18.27 X 
Duzce 1  

12/11/99 
7.2 ST541 39 

Y 
Duzce 1  

12/11/99 
7.2 ST553 8 

TCU065
-E 

Chi-Chi, Taiwan 
21/09/99 

7.62 TCU065 26.67 

X 
Patras  

14/07/93 
5.6 ST10 10 C02065 

PARKFIELD1 
28/09/04 

6 
CHOLAM

E 
31.04 

H-
BCR230 

Imperial Valley 
15/10/79 

6.53 
BONDS 

CORNER 
6.2 Y 

Patras  
14/07/93 

5.6 ST215 37 

NGI270 
San Salvador 

13/02/01  
5.8 

NATL 
GEOGRAF
ICAL INST 

9.54 G03000 
Loma Prieta 
18/10/89 

6.93 
GILROY 
ARRAY 

31.4 

SCS052 
Northridge 
17/01/94 

6.69 
SYLMAR-
CONVERT

ER 
13.11 Y 

Chenoua  
29/10/89 

5.9 ST2881 29 

B-
PTS225 

Superstition Hills 
24/11/87 

6.54 
Parachute 
Test Site 

15.99 X 
Umbria Marche 

26/09/97 
6 ST223 22 

X 
Umbria Marche 

26/09/97 
5.5 ST221 7 X 

Filippias  
16/06/90 

5.5 ST126 44 

3. Results and discussions  

3.1 DRF Models Used for Comparison Analysis  

In this section, Lin and Chang [30] (called LC04 hereafter) and Hatzigeorgiou [2] (called 
H10 hereafter) models are presented and compared with the results obtained in this study 
since these models consider the influence of soil conditions.  

As already mentioned, DRFs are adjusting factors to be applied to the 5% damped spectral 
ordinates and they are frequently obtained from the different viscous damping considering 
the displacement response of elastic SDOF systems as given in (Eq. 1). In addition to (Eq. 
1), DRFs can also be calculated by two other definitions (Eq. 2), namely, pseudo-spectra 
related to displacement of the structure, which are the pseudo-velocity spectrum Spv and 

pseudo-acceleration spectrum Spa. They are often used to study the true response spectra 

(Sv and Sa) to construct the design spectra [28].  

𝑆𝑝𝑣(𝑇, 𝜉) =  
2𝜋

𝑇
𝑆𝑑(𝑇, 𝜉) (1) 

𝑆𝑝𝑎(𝑇, 𝜉) =  
2𝜋

𝑇
𝑆𝑣(𝑇, 𝜉) =

4𝜋2

𝑇2
𝑆𝑑(𝑇, 𝜉) (2) 

DRFs adopted by seismic codes are often defined as the ratio between the displacement or 
acceleration spectra, Sd(T, ξ) or Sa(T, ξ) , and 5% damped displacement or acceleration 
spectrum, Sd(T, 5%) or Sa(T, 5%), respectively, as described in (Eq. 3) and (Eq. 4) [2], [3], 
[29], [30]. 

𝐷𝑅𝐹𝑑(𝑇, 𝜉) =
𝑆𝑑(𝑇, 𝜉)

𝑆𝑑(𝑇, 5%)
=  

𝑆𝑝𝑎(𝑇, 𝜉)

𝑆𝑝𝑎(𝑇, 5%)
 (3) 
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𝐷𝑅𝐹𝑎(𝑇, 𝜉) =
𝑆𝑎(𝑇, 𝜉)

𝑆𝑎(𝑇, 5%)
 (4) 

In EC8, the damping effect is introduced via the damping correction factor () defined by 
(Eq. 5) and =1 for the reference value of 5% viscous damping. In the equation, the 
damping ratio is expressed in percentage and the damping correction factor should be 
equal or greater than 0.55, as recommended by EC8.  

𝜂 = √10/(5 + 𝜉) (5) 

Lin and Chang [30] have performed a statistical study to predict the damping reduction 
factors considering 1037 seismic records on three types of soil classes (A to D) according 
to NEHRP [15]. The proposed models are given in (Eq. 6) and (Eq. 7). They are based on 
the spectrum different constant values which are used to estimate the DRFs (see Tables 5 
and 6). 

𝐷𝑅𝐹𝑑 = 1 −
𝑎𝑇𝑏

(𝑇 + 1)𝑐
 (6) 

Table 5. Site- and damping-dependent coefficients for DRFd [30] 

Site class a b c 
AB 1.1637+0.3885ln(ξ) 0,229 0.505 
C 1.4532+0.4872ln(ξ) 0.354 0.810 
D 1.3243+0.4426ln(ξ) 0.311 0.664 

Hatzigeorgiou [2] proposed a new model (Eq. 8) to predict DRFs dependent on 
displacement and acceleration response spectra accounting the impact of soil and ground 
motion types (i.e., NF and FF earthquakes), in addition to viscous damping ratio and 
vibration period. c1 to c5 are the constants of equation and they are given in the Tables 7 
and 8 for DRFd and DRFa, respectively. 

𝐷𝑅𝐹𝑎 =  𝑑 + 𝑒𝑇 (7) 

Table 6. Site- and damping-dependent coefficients for DRFa [30] 

Site class d e 
AB 0.391ξ-0.304 0.0057+0.383ξ-1/15,929ξ2 

C 0.309ξ-0.392 0.0151+0.474ξ-1/10,241ξ2 
D 0.326ξ-0.371 0.0348+0.248ξ-1/8,250ξ2 

 
𝐷𝑅𝐹(𝑇, 𝜉) = 1 + (𝜉 − 5) ∙ [1 + 𝑐1 ∙ 𝑙𝑛(𝜉) + 𝑐2 ∙ (𝑙𝑛(𝜉))2]

∙ [𝑐3 + 𝑐4 ∙ 𝑙𝑛(𝑇) + 𝑐5 ∙ (𝑙𝑛(𝑇))2] 
(8) 

Table 7. Coefficient values in (Eq. 8) for DRFs dependent on displacement spectra [2] 

 
Far-fault Near-fault 

Site A Site B Site C All Site classes 

c1 -0.30453 -0.29404 -0.29406 -0.30241 

c2 0.2184 0.01963 0.0199 0.02183 

c3 -0.07729 -0.09299 -0.09014 -0.08926 

c4 0.00229 0.00897 -0.00001 0.01097 

c5 0.00229 0.01219 0.01196 0.01007 
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Table 8. Coefficient values in (Eq. 8) for DRFs dependent on acceleration spectra [2] 

 Far-fault Near-fault 

Site A Site B Site C All Site classes 

c1 -0.36725 -0.36051 -0.36128 -0.36227 

c2 0.03526 0.03498 0.03494 0.03495 

c3 -0.02634 -0.04093 -0.05435 -0.04517 

c4 0.0323 0.03379 0.02907 0.03454 

c5 -0.01047 -0.00191 0.00612 -0.0024 

3.2 Effect of Near- And Far-Fault Ground Motions on the DRFd 

In Figures 5 to 7, the mean values of the DRFs calculated for NF and FF earthquakes and all 
ground motions (i.e., combination of results of near- and far-faults) for a structural 
damping ratio of 10%, 20%, and 40%, are plotted separately. It can be stated from the 
figures that DRFd values generally increase with increasing damping ratios and vibration 
periods. 

Figure 5 shows the trend of the computed DRFs as well as the predictive models and it is 
seen that the LC04 model is comparable with NF and FF DRFs. The trend of the H10 model 
seems to be in agreement with DRFs for NF earthquakes, but DRFs produced by the H10 
model for FF earthquakes is not satisfactory compared to the NF results. The misfit of FF 
DRFs increases with increasing damping ratio. Since the EC8 model is not dependent on 
the periods, the values are constant for all periods and DRFs are decreasing with increasing 
damping. According to Figure 5, target DRFs fluctuated around DRFs produced by EC8 for 
damping ratio lower than 40%, implying less misfit between them.  

   

Fig. 5. DRFd values for NF and FF earthquakes for soil A 

DRFd values obtained for soil B are plotted in Figure 6 with code-based results and 
prediction models. It is observed that the H10 model slightly differs from the analysis 
results for soil B for T > 2.0s and damping ratios of 10% and 20%. Distribution of DRFd 
values between NF and FF motions diverged and this becomes more evident with 
increasing damping ratios in soil B Compared to soil A. DRFd values of NF motions are 
greater than those of FF motions by 16%, 38%, and 58%, for ξ=10%, 20% and 40%, 
respectively. Compared to soil B, DRFd values, calculated for NF and FF earthquakes shown 
in Figure 7, are less scattered in soil C. It appears that the accuracy of LC04 and H10 models 
increases and the H10 model seems slightly in better agreement with target DRFs 
compared to LC04 and this becomes more evident for high natural periods and damping 
ratios. It is obvious from the figures that DRFd values according to the EC8 definition are 
non-conservative, especially for T > 1.5s and ξ ≤ 20%. Owing to the fixed condition given 
by EC8 (𝜂 ≥ 0.55), the DRFd values provided by the code are conservative since the code-
based values are larger than the target values for 40% damping, especially for periods less 
than 3s for A and B soil types, and periods less than 2.5s for C soil type.  
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Fig. 6. DRFd values for NF and FF earthquakes for soil B 

   

Fig. 7. DRFd values for NF and FF earthquakes for soil C 

To examine the results quality of the prediction models and code based DRFs in a 
quantitative manner, root mean square error (RMSE) and mean absolute error (MAE) are 
computed for considered period ranges between the target (i.e., determined from code 
compatible earthquakes) and the prediction models. The results are plotted in Fig. 8. It 
should be noted that these error measures (i.e., RMSE and MAE) are calculated for NF and 
FF earthquakes separately and they were averaged for comparison purposes. It can be said 
that the lower RMSE and MAE can be attributed to less error or biased results, which can 
be also described as showing better correlation. 

  

 

Fig. 8. Comparison of RMSE (left) and MAE (right) distribution of the models in terms of 
displacement DRFs for different soil classes and damping ratios 

It can be viewed from Fig. 8 that values of RMSE and MAE are increasing with increasing 
damping ratio, in general, and this situation is more apparent with the code-based values. 
According to the results, LC04 model predictions are less biased compared to H10 and code 
based DRFs for soil class A. In addition, it seems that H10 model is more biased compared 
to EC8 for soil class A since the RMSE and MAE values are the average of NF and FF. The 
evaluations revealed that this situation is mainly related to FF predictions of H10 model as 
can be also observed in Fig. 5. On the other hand, NF values produced by the H10 model 
(RMSE < 0.03) is considerably lower than the EC8 model (RMSE >0.04) and the H10 model 
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(RMSE < 0.06) is less biased compared to EC8 (RMSE > 0.09) and LC04 (RMSE > 0.07) for 
soil classes of B and C for all damping ratios. In the right side of Fig. 8, MAE results imply 
that the trends of LC04 and H10 models are almost comparable. It can be said that, in 
general, H10 and LC04 models are less biased (RMSE < 0.07 and MAE < 0.06 in average) 
than EC8 DRFs which means a better correlation with DRFs determined from the selected 
real earthquakes. 

In Figure 9, the ratio of DRFd values, for NF and FF earthquakes are plotted for all damping 
ratios and soil types considered. It can be observed from the figures that despite the 
fluctuations between the ratios, the ratio shown for soil class B differs significantly from 
those of soil A and soil B, especially for T > 1.5s. The discrepancies between the ratios 
increase as the damping ratio increases. The maximum values of the ratios determined 
from class B are 1.20, 1.45 and 1.71 for 10, 20, and 40% ratios, respectively. The results 
also align with Lin & Chang [30] model for soil B.  

   

Fig. 9. Comparison of DRFd ratios of near/far-fault earthquakes for ξ = 10%, 20% and 
40% 

3.3 Effect of Near- And Far-Fault Ground Motions on the DRFa 

The effect of NF and DD motions is also examined for acceleration spectra based DRF 
values considering different damping ratios and A, B and C soil classes defined in EC8. 
Figures 10 to 12 show the distribution of code based DRFa values according to damping 
ratios and for NF and FF earthquakes corresponding to A, B and C classes, respectively. The 
distribution of DRFa values in Figure 10 indicates that the LC04 model is almost compatible 
with the target DRFs even at high damping ratios regarding site class A.  

   

Fig. 10. DRFa values for NF and FF earthquakes for soil A 

However, the H10 model produced larger values than the target DRFa values for all 
damping ratios and for near- and far-fault earthquakes. As observed in earlier section, 
DRFs produced by EC8 are constant and the code based DRFs seem consistent with DRF 
values determined from the selected earthquakes. However, compatibility of code based 
DRF values are significantly decreasing with increasing period, especially high periods 
(e.g., T > 1.0s). 
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Fig. 11. DRFa values for NF and FF earthquakes for soil B 

   

Fig. 12. DRFa values for NF and FF earthquakes for soil C 

The distribution of DRFa values corresponding to soil B (see Figure 11) is also similar to 
the distribution observed for soil A. It can be said that the distribution of DRF values 
determined from the acceleration spectra is smoother than DRF values determined from 
the displacement spectra. The effect of NF and DD can also be seen for soil class B, but DRFa 
values are higher than those of DFRd. The same observations given for soils A and B can 
also be made for soil class C (see Figure 12). In addition, it can be said that compatibility of 
H10 model is slightly increasing compared to DRF values for A and B classes, and the values 
determined from the analysis.  

The DRFd values are always lower than the unit value for all soil types and damping ratios. 
However, DRFa values may be higher than the unit value (i.e., DRFa > 1.0) at high vibration 
periods (for example for T > 2.5s). When the code based DRFs are evaluated with target 
DRFa values, it can be said that the code-based results are generally lower than the 
computed DFRa values and this issue becomes more apparent at high damping ratios. 
Despite the slight fluctuations computed from the code compatible real earthquakes, 
especially at low to medium structural periods (T < 2.0s), the code-based values seem to 
be relatively compatible with DRFa values at low damping ratios (i.e., 10%). On the other 
hand, the code based DRF values are quite lower than target DRFs for all soil classes and 
periods higher than 2.0s with increasing damping ratios.  

RMSE and MAE are also computed for DRFa values to compare the compatibility of model 
results with target values and so these are plotted in Fig. 13. It is apparent from both error 
measures that the LC04 model is consistently less biased (RMSE < 0.1 and MAE < 0.1) 
compared to H10 and EC8 model DRFs for all soil classes and damping ratios. According to 
RMSE and MAE results, the H10 model is more biased especially for ξ = 10% compared to 
EC8 for all soil classes. Similar observations were also made for DRF values determined 
from displacement spectra, but the biases became more pronounced when DRFa values 
are used. This situation can be again attributed to the considerations of very short period 
region (T < 0.50s). Nevertheless, it should be noted that EC8 produces more biased result 
as the soil becomes softer (RMSE > 0.2 and MAE > 0.2 for soil class of B and C). MAE results 
(i.e., right side of Fig. 13) also confirm the conclusions drawn from RMSE results. When 
RMSE and MAE values determined from DRFd and DRFa results are compared (i.e., Fig. 8 
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and Fig. 13), it can be said that DRFa values are more biased than DRFd values since RMSE 
and MAE values are higher. 

  

 

Fig. 13. Comparison of RMSE (left) and MAE (right) distribution of the models in terms of 
acceleration DRFs for different soil classes and damping ratios 

The comparison of DRFa values between NF and FF motions, for various damping ratios 
and soil classes, is drawn in Figure 14. The curves show that the ratios fluctuated in the 
short to medium period ranges, such as 0.02 to 1.50s. At high period values (i.e., T > 1.5s), 
DRFa curves are smoother and the ratios of near/far fault for soil B are higher than for 
other soil types mainly when the damping ratio increases. In general, the near/ far fault 
ratios increase with increasing damping ratio and range between 0.9 and 1.1, 0.85 and 1.2, 
and 0.8 and 1.4 for ξ = 10%, 20% and 40%, respectively.  

 

   

Fig. 14. Comparison of DRFa ratios of near/ far-fault earthquakes for ξ = 10%, 20% and 
40% 

4. Conclusions  

In this study, DRFs were calculated based on the code-based target spectrum. The EC8 
design acceleration spectra were used as the target for the ground motion selection. 
Therefore, real ground motion records were collected from different ground motion 
databases and divided into two groups, based on epicentral distance to represent the near- 
and far-fault type earthquakes. Then, the ground motions were selected and scaled to 
match the EC8 spectra regarding the A, B and C soil types defined in the code. The damping 
reduction factors were calculated based on the displacement and acceleration response 
spectra for damping ratios of 10, 20, and 40%, and compared with EC8 and two known 
DRF models from the literature for evaluation purposes. The following implications can be 
made: 

• The distribution of DRF values indicated that the DRFa results are smoother than 
those of DRFa over the natural periods. The results also highlighted that DRF 



Abdelhamid et al. / Research on Engineering Structures & Materials 11(1) (2025) 213-230 

 

227 

values are more sensitive to ground motion type, vibration period and damping 
ratios. 

• It was observed that the local site conditions have limited effect on DRFs. 
However, it was found that the DRF ratios of near- to far- field determined from 
acceleration and displacement spectra are especially exaggerated on site class B. 
This aligns with the conclusions made by Lin and Chang [30]. 

• It was observed that DRFd values determined from near-fault type notions are 
generally higher than those of far- fault type motions around 16, 38 and 58% on 
average for ξ=10; 20 and 40%, respectively. In addition, it was found that the ratio 
of DRFd/DRFa is around 1.25 on average, implying the higher DRFd values. 

• To evaluate and then compare the code-based and predictions of known models 
(i.e, H10 and LC04), RMSE and MAE error measures were computed. The 
computations indicated that regardless of model, soil type and damping ratio, 
DRFa values (RMSE ≈ 0.145) were more biased then DRFd (RMSE ≈ 0.075) values. 

• Based on the measurements, it was noted that LC04 (RMSE ≈ 0.066) and H10 
(RMSE ≈ 0.067) models were comparable on average and less biased compared to 
EC8 (RMSE ≈ 0.091) in terms of DRFd. MAE results also confirm this observation 
(MAE≈ 0.055, 0.057 and 0.074 for LC04, H10 and EC8, respectively).  

• Based on the comparisons, it can be stated that the DRF values provided by EC8 
are more biased and the difference between the target and code based DRF values 
increases as the soil becomes softer, such as RMSE > 0.2 and MAE > 0.2 for soil 
classes B and C for DRFa. Accordingly, it is thought that code-based definitions 
should be refined to consider important parameters that affect DRFs.   

It should be noted that, although the number of selected records recommended by EC8 is 
satisfied, the required number of records complying with the code-based record selection 
recommendations and complying with the near- and far- fault earthquakes were not 
adequate. Due to the insufficient number of ground motion records, only 15 earthquake 
records could be selected, for which DRF values were evaluated. However, in future 
studies, complying code-compatible records other than near- and far- field ground motions 
could be considered to increase the number of sets including seven or more ground 
motions to make further evaluations of code-based DRF values. 
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 In recent decades, the construction of high-rise buildings has accelerated in 
modern urban areas as a response to the world's expanding population and 
demand for efficient space utilization. These high- rise buildings are inherently 
more susceptible to hazards such as strong winds, earthquakes, and human 
activities, which could jeopardize structural stability. However, when this rapid 
growth in high-rise construction continues in earthquake-prone regions it 
highlights the need for cautious design and oversight measures to guarantee the 
comfort of occupants and overall safety of buildings. So, the necessity to adopt 
vibration control strategies in structural engineering is therefore becoming 
more and more clear. As technology is advancing, several control strategies were 
created and implemented for high-rise buildings around the world. This review 
article provides a comprehensive overview of base-isolation and inter-storey 
isolation systems for high-rise buildings, which is accomplished by extracting 
useful insights from analytical and design features of real-life high-rise buildings 
equipped with these base isolation and inter-storey isolation systems. In detail 
the article explores the basic concept and the characteristics of the Base isolation 
system, and types of isolation bearings used for buildings. The fundamental 
concepts and benefits of inter-storey isolation system over base isolation. 
Additionally, the importance of vibration control strategy for buildings, and the 
different types of vibration control systems were also discussed. 
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1. Introduction 

Tall or "high-rise" buildings are constructed to a degree that distinguishes from low or 
medium rise structures in terms of their architectural and structural design 
considerations, construction methodology used, its multipurpose usage and its unique 
engineering among buildings in a region [1]. Many nations, like Singapore, China, the 
United States, the United Kingdom, and Japan are working to advance in construction of 
tall buildings as they add prestige and demonstrate a nation's economic power [2]. 
According to Indian standards (IS 16700), categorized these tall buildings when larger 
than 50 meters and smaller or equals to 250 meters in height [3]. The CTBUH (Council on 
Tall Buildings and Urban Habitat), characterized the buildings based on architectural 
height into the following categories. The buildings are classified as "tall" or "high-rise" if 
their height is 100 meters (328 feet), "super-tall" if it exceeds 300 meters (984 feet), and 
"Mega tall" if it exceeds 600 meters (2000 feet) [1,4]. Moreover, the high-rise buildings in 
earthquake prone regions are inherently more vulnerable to earthquake forces due to their 
height, slender profiles, and complex structural systems. In a typical earthquake resistant 
design for buildings, the columns and beams are designed to be strong and flexible enough 
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to resist ground motions [5]. But during a strong ground motion, these buildings might 
behave with inelastic action causing plastic deformation in the structural components such 
as beams, columns, and damage to non-structural components of buildings, which are 
difficult to repair and restore after the earthquake. Then seismic design of high-rise 
buildings through ductility, mass variation or higher stiffness alone could not avoid the 
structural damages during a strong earthquake [6]. So, the use of response (or) vibration 
control strategies plays a crucial role mainly in structures such as fire stations, hospitals, 
schools, radio stations, nuclear power plants, and other structures which are to be 
safeguarded for functionality during and after a seismic event [7-9]. 

1.1. Vibration or Response Control Systems for Buildings 

The vibration control approach’s primary intent is to protect the structure from seismic 
risk by mitigating vibrational energy that avoids resonance at each segment of structure 
and to restore the lateral integrity of structure after earthquake and wind induced 
vibrations [10,11]. The vibration control also provides some instant of time for occupant 
of structure to reach safe destination. This response control can either be achieved by 
construction with lateral load resisting systems or isolation of structure from its 
supporting ground. In general, this vibration control originates from structure’s flexibility, 
which intends to increase the natural period of building [12]. Based upon the magnitude 
of vibration control to be achieved for the buildings, selection of the type of dampers or 
control devices required is done. The response control systems for buildings could be 
classified as passive, active, or semi-active, hybrid (figure1) on the energy source 
requirement for energy dissipation during a seismic event [13]. 

 

Fig. 1. Classification of vibration control systems 

1.1.1 Passive Control Systems 

The Passive response control systems are those which do not demand any external energy 
source, the structure’s motion during earthquake being utilized for energy dissipation 
[14,15,16]. Passive response control devices like seismic isolators, fluid viscous dampers 
(FVD), friction dampers, pressurized sand dampers (PSD), viscoelastic dampers and other 
dynamic vibration absorbers such as tuned mass damper (TMD), tuned mass damper with 
inerter (TMDI), tuned liquid column dampers systems (TLCD) are currently in practice. 
Passive Fluid Viscous Dampers are composed of a piston rod moving through a hollow 
cylinder filled with a viscous fluid (such as silicon oil). These FVDs under dynamic 
excitation, the movement of piston within the cylinder, forces the viscous fluid to flow 
through provided orifices at piston head. This movement produces a damping force that 
opposes the motion of the structure, which reduces the structural response [17-19]. Torre 
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Mayor, a 57-storey building in Mexico City skyline was the first high-rise building to utilize 
the FVDs as their primary means for vibration control system [20]. Numerous bridge 
structures such as San Fransico Okland bay bridge [21], 91/5 highway overcrossing bridge 
[22] were equipped with fluid viscous dampers.  

Friction Damper is a passive control type device that shows hysteretic behaviour and 
dissipates the kinetic energy by friction generated from sliding in between two solid 
surfaces. These friction dampers tend to downtrend motion of structure by principle of 
“bracing rather than breaking” [18,23–27]. These devices were less affected by number of 
load cycles, temperature changes, load frequencies and exhibits the rigid plastic behaviour 
[28]. Pall A S et al. [29] proposes X- braced damper, a type of friction damper which shows 
equal energy dissipation in both tension and compression braces due to presence of four 
links. This phenomenon will take place under the condition when the slippage of device is 
adequate to completely align any deformed braces. The three-story and nine-storey steel 
frame structures employed with friction dampers were experimented on shake table at 
University of British Columbia in 1985 and University of Berkeley in 1987. The shake table 
results have shown that responses of friction damped braces were far superior to the 
responses of moment-resisting braced frame and the members of friction damped frame 
remained elastic till 0.84g acceleration, while the moment resisting frame yielded at 0.3g 
acceleration. Tsampras G et al. [30] conducts numerical and experimental investigations 
on a full-scale deformable connection designed to link the floor system of a flexible gravity 
load resisting system to the stiff lateral force resisting system (LFRS) in earthquake-
resistant buildings. In this study the deformable connection comprises a friction device 
(FD) and carbon fiber-reinforced bonded low-damping rubber bearings (RB) referring to 
the FD + RB connection. The experimental results validate that force-deformation 
responses of this FD + RB connection was stable under earthquake loading histories, quasi-
static sinusoidal, and dynamic sinusoidal. The results also shown that FD's elastic stiffness 
regulates the overall elastic stiffness of the FD + RB connection, while the FD's frictional 
force governs the shift from elastic to post-elastic behaviour.  

Pressurized sand damper (PSD) is a type of particle damper and a passive control system 
used to mitigate the vibrations from structures. The development of these PSD’s was 
motivated from the failures of fluid dampers such as failure of end seals leading to 
detrimental leaking while accommodating for longer strokes, occurrence of occasional 
displacement limitations in buckling-restrained braces [31]. These PSDs mainly composes 
of moving piston in damper housing with pressurized sand. The sand particles in damper 
are enclosed within a sealed chamber and subjected to pressure, causing them to behave 
like a semi-solid material [32]. This allows the pressurized sand to shear that generates 
significant energy dissipation over a wide range of frequencies. The pressurized sand 
diminishes the vibrations through friction and deformation, converting kinetic energy into 
heat, which is then harmlessly dissipated [33,34]. These PSDs can be implemented in areas 
with extreme high and low temperatures, where use of fluid dampers may be challenging. 
Karimipetanlar M et al. [35] provides a numerical model by discrete element method to 
explain the mechanical behaviour of pressurized sand dampers subjected to cyclic loading. 
Different computational simulations of PSD were trialed and compared with different 
initial pressures and stroke amplitudes. The results regarding the energy dissipation have 
increased with increment in stroke amplitude. The specific damping capacity in all cases 
of simulations was shown to be near to one.  

Viscoelastic Dampers are one of the earliest types of passive control systems used for high 
rise structures to mitigate seismic and wind induced vibrations. The viscoelastic material 
involved in dampers is usually made from copolymers or glassy substances that exhibit 
both viscous and elastic characteristics. These dampers combine the properties of both 
elastic solids and viscous fluids, offering to dissipate energy through material deformation 
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and internal friction and respond to deformation with time dependent strain that provides 
damping effect to the structure [36,37]. The dual behaviour of viscoelastic damper makes 
effective in structural applications demanding both instant response to sudden loads and 
long-term resistance to cyclic loads. Real life examples such as twin towers of World trade 
centre buildings in New York (38,39) and Columbia Sea First building in Washington 
(38,39) are first buildings to use viscoelastic dampers in practical implementation. Xu ZD 
et al. [40] explores the efficacy of viscoelastic dampers utilized with several kinds of 
viscoelastic material based on different matrix rubber developed. The high-order 
equivalent fractional derivative model was developed for numerical analysis to describe 
the characteristics of viscoelastic dampers. Viscoelastic dampers based on silicone rubber 
(SR) matrix and nitrile butadiene rubber (NBR) matrix used for experimentation. The 
results indicated that the performance of viscoelastic dampers is dependent on viscoelastic 
material’s energy dissipation properties. The viscoelastic dampers based on NBR matrix 
have shown stable performance under different loading conditions when compared to 
dampers based on SR matrix. 

Rubber or seismic isolators also known as base isolators are devices installed between 
foundation of structure and its super structure to mitigate the effects of seismic activity on 
crucial structures such as hospitals, bridges, etc. These seismic isolators behave as a 
flexible interface allowing the super structure to move independently to ground motions 
[41]. These seismic isolators are used to accommodate the movements in structures, such 
as both static and dynamic displacements due to creep and shrinkage and thermal effects 
[42]. Furthermore, the seismic isolators are classified based on several factors such as their 
characteristic behavior, material used for system and desired level of seismic mitigation 
are discussed in section 2.2. 

Dynamic vibration absorbers are a class of passive control systems, which achieve energy 
dissipation through transference of some part vibrational energy to absorber rather than 
direct dissipation. The system typically configures with secondary mass, stiffeners and 
damping components, whose dynamic properties must be matched to those of primary 
structure. Devices such as Tuned mass dampers (TMD), Tuned mass damper with inerter 
(TMDI), Tuned Liquid Column Damper (TLCD) are some examples of dynamic vibration 
absorbers present in practical usage [28]. 

 Passive Tuned mass Damper (TMD) contains an oscillating secondary mass connected by 
means of linear stiffeners and with dashpots (viscous dampers) to the top of the primary 
(hosting) structure, that oscillates in response to the structural vibrations [43]. The TMD’s 
working efficiency in controlling the structural response counts on its adjustment to match 
the fundamental mode of vibration of the hosting structure at fixed attached mass, with its 
damping and stiffness properties [44]. In other words, when TMD tunes to frequency 
closer to the hosting structure’s natural frequency, TMD resonates itself by vibrations in 
structure and dissipates maximum kinetic energy of primary structure during major 
earthquakes [45]. However, TMD systems are successfully installed in many tall 
skyscrapers for wind response control, bridges such as the Taipei-101 Tower (508m) in 
Taiwan [46], the Millennium bridge in London [47]. 

 While TMD’s have demonstrated its effectiveness in mitigating vibration across various 
practically engineered structures, it suffers from “detuning” of seismic and wind induced 
vibrations due to several reasons such as the primary structure’s non-linear behaviour and 
uncertainties caused to dynamic properties of primary structure over time. These detuning 
affects could significantly influence the vibration suppression ability of TMDs [48]. The 
vibration suppression abilities of TMDs are closely related to its inertial characteristics: 
larger the TMD’s mass, more the reliability and resilient the TMD behaves against qualms 
in structural properties [49,50]. Nevertheless, such practical constraints influenced by 
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architectural and structural considerations have an impact on maximum weight and 
volume of TMD that can be incorporated into the primary structure. Such constraint might 
be critical for tall buildings, where the TMD’s mass typically remains below 0.5 to 1% of 
total building’s mass [51]. To address such constraints in TMD’s and utilize them for tall 
buildings to mitigate wind induced vibrations, Marian L et al. [52] introduces optimally 
engineered the Tuned Mass Damper with Inerter (TMDI), represents a passive vibration 
damping system. It integrates the conventional tuned mass damper (TMD) with an inerter 
device, designed to supply enough additional damping force proportional to the relative 
acceleration response of structure. This damping force was regulated by its inertial 
constant termed “inertance”, capitalizes the mass amplification phenomenon and higher-
mode damping effects of inerter device to improve vibration suspension capacity of 
conventional TMDs and mitigates relative acceleration responses on building [53–57]. 
Several recent studies have been conducted on optimal design of TMDI’s, Marian L et al. 
[43] analytically demonstrates the efficiency of optimally designed TMDI’s to reduce 
variance in displacement for undamped single degree of freedom (SDOF) systems under 
white noise excitations. Furthermore, the study validates the effectiveness of TMDI’s 
through a numerically optimization in 3-Degree of freedom (3-DOF) damped primary 
structure when subjected to stationary noise excitations. The study concludes that 
inclusion an inerter into the TMDI can either diminish the required vibrating mass for 
lightweight passive vibration control or enhance the performance of the conventional TMD 
for a given mass. Pietrosanti D et al. [58] conducts a shake table testing under harmonic 
excitations to evaluate the performance of Tuned mass Damper Inerter (TMDI) in 
structures with non-ideal inerter behaviour and non-linear responses. The study utilizes a 
single degree of freedom (SDOF) structure specimen equipped with a custom-built rack 
and pinion Fly wheel inerter to link the TMDI secondary mass to ground. The experimental 
data highlighted the practical advantage of TDMI to showcase improved vibration 
suppression when compared conventional TMD through increasing inertance without 
increasing the TMD’s mass and maintained for non-linear structures. 

Tuned Liquid Column Damper (TLCD) comprises of a rigid piping system integrated into 
the primary structure and partially filled with viscous fluid, preferably water. The 
oscillating motion of TLCD facilitates the transfer of vibrational energy from primary 
structure to TLCD, consequently initiating a movement in the water column. This 
transferred energy was mitigated utilizing by viscous and turbulent fluid damping, that can 
be controlled by installation of hydraulic resistances (e.g. orifice plates) to attain desired 
damping characteristics [59, 60]. In Japan a 26-storey hotel was constructed with adopting 
a TLCD based bi-directional vibration control system [61]. 

However, these passive control systems might face major drawbacks in adapting to 
changes in structural design and various loading conditions to building [62-64].  

1.1.2 Active Control Systems 

Active response control systems are considered as logical extension of the passive control 
technology [65]. These systems mainly depend on continuous supply of energy source for 
the operation of control devices like sensors, actuators, and computers that produce 
control forces in relation to the seismic response feedback into structure which 
counteracts the intensity of ground motion [62,66]. Active tuned mass damper (ATMD) 
and active tendon systems are some examples of Active control systems [67]. Active tuned 
mass damper (ATMD) works on similar mechanism to conventional TMD, usually consists 
of actuator connecting the oscillating secondary mass to primary structure. The 
continuous monitoring of structural response collects feedback from sensors installed in 
primary structure. Then a control algorithm computes optimal control force for actuator 
to drive the secondary mass to oscillate, there by dissipating the vibrational energy in 
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primary structure under wind excitations [68].  The Shanghai World financial Center is 
tallest building in China with height of 492 m and utilizes an active control based tuned 
mass damper to mitigate wind induced vibrations in structure [69]. Active Tendon system 
consists of pre-stressed cables that can be positioned in between floors of a structure or at 
ends of cables of cable-stayed bridges. In the active tendon system, these cables were 
pinned to a location in a structure and subsequently threaded through pulleys to be 
connected to linear actuators. Then computed tensile forces are applied to cables by 
actuators, which can diminish wind-induced excitations in structure [68, 70]. Yanik A [71] 
adopts an 8-storey 2D shear building model with fully active tendon-control system to 
propose an optimized control performance index for active control of structures during 
seismic excitations. However, some key differences between tuned mass dampers as 
passive and active systems were discussed in Table1 and Table 2. 

Table 1. Differences between passive and active tuned mass dampers  

Passive Tuned Mass Damper (TMD) Active Tuned Mass Damper (ATMD) 

The Passive Tuned Mass Damper (TMD) 
system consists of secondary mass 

attached to the main structure through 
linear stiffeners and dashpots [44]. 

The Active Tuned Mass Damper (ATMD) 
system consists of secondary mass 

attached to the main structure by means 
of a mechanical actuator, sensors around 

the main structure for collection of 
structural response feedback [70]. 

Under Dynamic loading, the TMD 
counteracts the vibrations in structure in 
passive (not utilizing any power source 

for operation). These vibrations are 
dampened through dissipating kinetic 
energy on utilizing the mass-spring- 

damper mechanism [43]. 

Under Dynamic loading, the ATMD 
counteracts the vibrations in structure in 

active (on utilizing a power source for 
operations). These vibrations are 

dampened through dissipating kinetic 
energy on utilizing the damping forces 

generating from actuators [68]. 

The damping effect of TMD mostly 
depends on its tuning to structural 
response, stiffness, and damping 
properties of dampers provided. 

The damping effect of ATMD depends on 
feedback from sensors, control algorithm 

and stiffness, continuous power supply 
for operation of computer control, 

sensors, and actuators. 

It facilitates effective damping for a 
limited range of frequencies (determined 
on its design), which potentially exposes 

the structure to higher frequencies. 

It facilitates effective damping for a 
broader range of frequencies by actively 

adjusting the damping forces in real time, 
thereby providing more protection to 

structure at higher frequencies. 

The installation of TMD system was 
simple, cost effective, and less 

requirement for maintenance and 
operational oversight compared to ATMD 
due to its passively operating nature and 

no power requirement. 

The installation of ATMD system was 
complex, expensive and   more 

requirement for maintenance and 
operational oversight due to its actively 

operating nature. 



Avinash and Lingeshwaran/ Research on Engineering Structures & Materials 11(1) (2025) 231-271 

 

237 

Table 2. Key Differences between Conventional TMD, Tuned mass damper with Inerter 
(TMDI) and Active Tuned mass damper (ATMD) 

Characteristics 
Conventional Tuned 
Mass Damper (TMD) 

Tuned Mass Damper 
with Inerter (TMDI) 

Active Tuned Mass 
Damper (ATMD) 

Type of 
response 

control system 
Passive Passive Active 

Components 

Consists of 
Secondary mass, 

linear stiffeners, and 
dampers 

Consists of 
Secondary mass, 
damper, linear 

stiffeners and an 
inerter device 

Consists of 
Secondary mass, 
damper, linear 

stiffeners, actuators, 
and control systems 

Tuning 
Mechanism 

TMD tunes to match 
the natural 

frequency of 
structure. 

TMDI also uses 
frequency matching 

technique. 

ATMD utilizes real 
time feedback 
control using 
sensors and 

actuators to adapt 
for uncertainties 

and frequencies in 
real time 

Energy 
Dissipation 

Dissipates energy 
through dampers 

Dissipates energy 
through dampers 

and inerter 

Dissipates energy 
through dampers 

and actuators 

Frequency 
range and 

Effectiveness 
in High 

Frequencies 

Effective over 
narrow frequency 

range, mainly tuned 
to a specific 

resonance frequency 

Effective over a 
broader range of 
frequencies and 
more effective in 

higher frequencies 
due to inerter. 

Effective over a 
broader range of 
frequencies and 

highly effective at 
higher frequencies, 

leveraging active 
control and real 

time adjustments. 

 

However, in practical execution, these active control systems could run into difficulties 
such as modelling errors, errors in generating control forces, and the unavailability of a 
power source during a seismic event [63,66]. The utilization of external energy makes the 
active control setup costlier compared to passive control system. 

1.1.3 Semi-Active Control Systems 

Unlike passive response control systems, which does not acclimate with structural changes 
and rely on fixed elements like dampers, and active systems, which involve continuous 
energy input, researchers have developed the semi-active control systems utilizes the 
structure’s motion to produce large control forces and these control forces are regulated 
typically by a small external energy source (e.g... battery) [15,62,66,72]. They include 
adaptive controls which increase efficiency and intelligence of the system [28]. Semi-active 
control systems differ over an active system by their lower power utilization for operation 
(in order of tens of watts) and semi active systems can even be powered during a seismic 
event [11,15]. Electrorheological (ER) dampers, Magnetorheological (MR) dampers are 
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examples of semi active control devices [28]. Electrorheological (ER) dampers are semi 
automotive suspension devices, filled with a mixture of low viscous fluid and particles 
sensitive to electric field, also known electrorheological fluids [73]. When a structure is 
exposed to vibrations, a computer control receives feedback from sensors that are 
integrated into the structure. This feedback enables the computer control to adjust the 
electric field that is applied to the damper. The application of this electric field causes the 
electrorheological fluids to act as a viscoelastic material. This means that these fluids 
exhibit ideal behavior like that of a solid when subjected to lower stresses, but flow like a 
viscous fluid when the forces applied surpass their yielding stress [74]. This viscoelastic 
behavior of fluid allows ER dampers to have adaptive damping control and effectively 
mitigate structural vibrations. Magnetorheological (MR) dampers are semi auto motive 
hydraulic devices similar to Electrorheological (ER) dampers, filled with mixture of low 
viscous fluid and micro-sized suspended magnetic particles which are sensitive to 
magnetic field, also known as Magnetorheological fluids [75]. In MR dampers at absence of 
magnetic field, allow fluid to flow without any restrain, resulting in minimal damping. 
Whereas a higher magnetic field creates an unyielding damper filled with semisolid fluid 
[76]. This variation of the magnetic field alters the fluid’s damping characteristics, which 
allows for a precise control over damping force and mitigation of structural vibrations. 

1.1.4 Hybrid Vibrational Control System 

By amalgamating different vibration control systems such as passive, active, and semi-
active devices, the hybrid vibrational control system attempts to control structural 
response as well as address the drawbacks in these devices there by achieving optimal 
performance, stability, and efficiency [11,77]. These systems offer several benefits, 
including enhanced structural safety, improved occupant comfort, and reduced 
maintenance costs. Hybrid mass damper (HMD) is one example of hybrid vibrational 
control systems. The Hybrid Mass Damper (HMD) system composes of passive control 
device such as Tuned mass damper (TMD) and active control devices for suppression of 
vibrations in high-rise buildings during strong winds and moderate earthquakes. These 
HMDs work on similar principle of ATMDs and much more energy efficient for vibration 
control, which uses about 1/3rd-1/4th of ATMD’s consumption [78]. Maebayashi K et al. 
[79] proposed a hybrid mass damper system which aims at fulfilling the demand for 
mitigating earthquake and wind induced loads on structures. A prototype of HMD system 
was also installed at a 7-storey building, built in 1991 at the Institute of technology of 
Shimizu Corporation. The HMD system is composed of actuators driven by AC servo 
motors and an auxiliary mass anchored to multi-stage rubber bearings. Forced vibration 
tests were conducted in both x and y directions of building evaluating the dynamic 
characteristics of building and HMD system. The experimental findings also confirmed that 
HMDs could be suitable solution for mitigation of earthquake and wind induced vibrations 
in tall buildings. 

2. Base Isolation System (BIS)   

The Base Isolation System (BIS) is one of the popular passive structural control design 
approaches, in which the superstructure and substructure of building are disintegrated 
through a low friction interface layer also known as base or seismic isolators, which allows 
the superstructure to move independently from the foundation when subjected to wind-
induced vibrations or earthquakes. This relative movement allows to dissipate seismic 
energy and reduces the forces transmitted to the building [80-83]. These systems are 
crucial in regions prone to earthquakes, as they help protect structures and occupants from 
damage and injury. The installation of an isolation system at base prevents the seismic 
forces entering the structure directly [84]. The concept of seismic isolation has spread 
around the world especially in earthquake prone regions of countries such as Japan, China, 
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United states, Indonesia, New Zealand etc. However, this seismic isolation system is most 
used and economically appealing in low-rise to medium-rise buildings. 

 

Fig. 2. Comparison between fixed base and base isolated building 

Since the 1970s, the first application of base isolation was to an elementary school in 
Skopje, Yugoslavia. The three-storey concrete frame structure, Pestalozzi school was 
equipped with unreinforced rubber bearings disparate the recently exploited bearings. 
These unreinforced rubber bearings were developed to bulge sideways under the weight 
of the structure.  

  

Fig. 3. Spectral Acceleration vs Natural 
period without isolation effect [12,87,88] 

Fig. 4. Spectral Displacement vs Natural 
period without isolation effect [12,87,88] 

  
Fig. 5. Spectral Acceleration vs Natural 
period with isolation effect [12,87,88] 

Fig. 6. Spectral Displacement vs Natural 
period with isolation effect [12,87,88] 
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Glass blocks were introduced as seismic fuses, which break after a certain limit of seismic 
loading. The swaying back and forth motion of structure during the seismic events has 
resulted from its isolation system’s equal approximation in horizontal and vertical stiffness 
[85].  In general, the natural period of a fixed base building is significantly lower such that 
could correlate with the natural period of a major earthquake. Moreover, this could result 
in an inelastic action that increases accelerations at every floor from bottom to top. This 
increase in floor accelerations might induce distress within the columns between floors 
[86]. The building with base isolation work on principle to diminish the response 
accelerations on building compared to a fixed base structure in acceleration response 
spectrum perspective by shifting or lengthen the building's fundamental natural period 
away from the span of the frequencies for which greater impacts of amplification of ground 
waves are anticipated, (i.e.) from T1 of fixed base to T2 of base isolated structure as 
illustrated in figure 3 [10]. The extension in the building's natural period lowers the floor 
accelerations, but it could record higher displacements with the superstructure in 
displacement response spectrum perspective, as shown in figure 3&4. These higher 
displacements and accelerations are compensated through strong dampening 
characteristics of the isolation system to an acceptable limit, in displacement and 
acceleration response spectrum perspective as illustrated in figure 5&6 [12,87,88].  

Furthermore, the period shift caused by base isolation system alters the structure’s 
fundamental mode of vibration. This alteration transforms the structure’s behavior from 
cantilever mode, characterized by significant inter-storey drifts and storey shear forces, to 
rigid (isolation) mode. In this rigid mode the deformation responses concentrated at the 
isolation level, allowing the superstructure to experience minimal storey shear forces and 
inter-storey drifts [89]. The reduction in demands, the superstructure remains to be elastic 
or virtually elastic after a design-level seismic event [90]. In some exceptional cases by 
installing external mechanical dampers or by incorporating additional damping in 
isolation system, the excessive displacement response that the base isolators are 
susceptible to can be mitigated [67, 91].  

2.1. Characteristics of Isolation Systems 

The Base isolation system for a structure mainly composes a group of flexible pads also 
known as base isolators or bearings are located underneath super structure to offer 
resistance against lateral displacements [92]. During an earthquake the isolator sways in 
lateral direction as shown in figure 2 due to its low horizontal stiffness and its excessive 
deflection is controlled through steel shims in between rubber layers in case of elastomeric 
bearing or through higher coefficient of friction in between slider and surface plate in case 
of sliding bearings. Malu G et al. & Beirami Shahabi A et al. [93,94] points out that most of 
isolators do not absorb seismic energy, rather they collectively deflect and dissipate the 
seismic energy by making use of dynamics of system and other effective techniques. This 
filtration of seismic energy allows only partial amounts of ground accelerations to impart 
the structure. Some of the crucial parameters that influence the efficiency of an isolation 
system are the energy dissipation rate of an isolator, the superstructure’s flexibility, and 
the mass ratio between the isolation system and the superstructure [6,95]. These isolators 
are meant to be built effectively, if the structure’s seismic behavior can be dominated by 
simply the initial mode of vibration and when storey drifts in structure can be relatively 
lowered [8,85]. Some of the prerequisites of a good seismic isolator are as follows [96-98]: 

• Horizontally flexible (or) low horizontal stiffness enough to extend the structure’s 
natural period. 

• Vertically stiff to withstand vertical or gravity loads (i.e., isolators to have a high 
compressive modulus). 
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• Should have adequate capacity to dissipate seismic energy (damping) for 
minimizing storey drifts during an earthquake. 

• Should have ability to cut down the contributions from the higher modes of 
vibration. 

• Provide adequate rigidity to the structure under service loading. 
• Should have self-centering capability after a seismic event. 
• Repeated cyclic loading on isolator should not suffer loss in its force-resisting 

capacity.  

2.2. Types of Isolation System 

Several nations prepared guidelines for seismic design of structures suggests that the 
feasibility in design can be achieved with accurate prediction of seismic response and 
selection of isolation systems to be utilized, analytical procedure for structures. Based on 
characteristic behavior of isolation systems have been categorized into Elastomeric 
bearing approach and bearings with sliding approach for hands-on usage in structures 
such as buildings, bridges, etc [90,99-102].  

2.2.1 Elastomeric Bearing Approach 

It’s the most common approach practiced in construction of seismically isolated structures 
due to its simple design and installation process. This approach comprises of several 
bearing systems such as Natural Rubber Bearings (NRB), Lead Core Rubber Bearings 
(LCRB), High Damping Rubber Bearings (HDRB). Natural Rubber Bearings are also 
referred as elastomeric bearings, are a common type of base isolator used in structures. 

Natural rubber bearings (NRB’s) also known as Laminated Rubber Bearings primarily 
composed of layers of elastomeric material, made from synthetic or natural rubber 
compounds. These elastomeric layers are added on top of reinforcing thin steel shims (or) 
plates, together bonded by process of vulcanization [85]. NRB’s behave flexibly under 
lateral loads and hold up higher vertical loads, where the steel shims can provide stiffness 
in the longitudinal direction and rubber can make it resist shearing in lateral direction [6]. 

Primitively, these NRB’s are more extensively used in providing seismic protection for 
bridges [103]. The intial application of these NRB’s (laminated) was for a school at 
Lambesc near Marseilles, France [104]. The school was supported on total of 152 isolators 
with 300 mm in diameter in size and 40mm in thickness. These isolators can be utilized for 
low-income housing buildings. one such demonstration of isolators using these NRB’s has 
been shown for Four-storey low-income housing having confined masonry in Santiago, 
Chile [105]. Lead Core Rubber Bearings (LCRB) are developed from the constraints within 
the NRB’s and composes of several elastomeric layers, steel plates placed in alternate and 
a lead plug at core of rubber bearing [106]. The lead core yields in shear under lateral 
loading, providing additional rigidity and hysteretic damping to dissipate energy against 
strong winds and minor seismic events [72]. these bearings achieve effective isolation on 
reducing structural response to 1/2-1/8 of traditional structural response [92]. Following 
a seismic event, these bearings can retreat their original shape and position with the help 
of lead core and get ready to adapt for future seismic events. In the early ages of invention 
LRB’s, it gained more popularity as retrofitting strategy. However, several historical 
buildings such as first retrofitted building in United States, Salt Lake City and County 
Building located in Utah [107], Oakland city hall located in California [108] were retrofitted 
utilizing these LRB’s. These LRB’s were employed in construction of real-life crucial 
structures such as Wellington Central Police station located at New Zealand in late 1980’s 
[109], Bhuj district Hospital in 2001[110]. 

High Damping Rubber Bearings (HDRB) are the most adopted isolators for construction 
and retrofitting of crucial infrastructure such as hospitals, bridges, and emergency centers 
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where serviceability of structure during and after a seismic event is essential. The HDRB’s 
are made from elastomeric layers and the steel shims, placed in alternate layers similar 
kind to NRBs [111,112]. In contrast to LCRB’s, the HDRB bearings are more viable in 
structures with special requirements as they retain grater stiffness before yielding and 
show better breaking effect when subjected to wind load [113]. These HDRB bearings 
adapt rubber made from materials such as carbon black which provide high damping 
capacity for isolator explicitly between 10 to 20% of critical damping at its full shear strain 
capacity to provide a higher level of energy dissipation, horizontal flexibility, and high 
vertical stiffness to compensate for similarities with NRBs. These HDRB’s were primitively 
used for Foot hill Communities ‘law and Justice Center, California built in 1984 [114]. 
However, HDRB’s have gained huge popularity by its economic aspects and engineers have 
started to adapt them for vital structures such as hospitals and emergency centres.  Several 
such examples of vital structures include a Medical Centre at Italian Navy, Ancona, Italy 
built in 1991[115], The Los Angeles County Fire Command and Control Centre, a 2-story 
steel structure located in City Terrace area of East Los Angeles. Moreover, these HDRB’s 
were also utilized as retrofitting strategy in such as Mackay School of Mines located in 
Reno, Nevada [108] and Oliveto G et al. [116] conducts an analytical investigation on two 
identical residential buildings located at Solarino town, East Sicily which were retrofitted 
through using hybrid type of isolation system that contain mixed use of laminated rubber 
and slide bearing systems. This laminated bearing system is composed of three distinct 
types of bearing include Lower Damping (LDRB’s), Medium Damping (MDRB’s) and High 
Damping rubber bearings (HDRB’s). One of the residential buildings employed with this 
Hybrid system was subjected to free vibrations to assess the behavior of Hybrid isolation 
system. 

2.2.2 Bearings with Sliding Approach 

The bearings with sliding approach, often referred to as sliding isolation systems 
commonly used as retrofitting strategy and known for their operational simplicity [117]. 
This approach uses the principle of friction as a working mechanism. The bearings are 
composed of flat or spherically polished surface stainless-steel plates coated with sliding 
composites such as high-density polyethylene (HDPE) or PTFE (polytetrafluoroethylene) 
which is commonly known as Teflon and an articulated slider in between these plates that 
starts sliding or a low-friction movement between super structure and substructure when 
seismic excitation is greater than the frictional force in sliding isolators [118]. Harvey PS 
et al. [119] gives a complete review about historical and future developments in sliding or 
rolling type isolation approach that includes explanation of its basic concepts, types and 
applications of sliding or rolling type isolators. Roller bearings are type of sliding seismic 
isolators, typically comprises of series of cylindrical or spherical rollers to facilitate the 
controlled horizontal movement in structure that reduces the forces transmitted to 
structures during seismic events, thus protecting structural integrity of structures [120]. 
The isolators are simple in design, cost-effective to fabricate which renders them suitable 
for application in low income countries and for light weight structures [121,122]. 
Katsamakas A A et al. [123] studies effectiveness of rolling bearings by utilizing grout filled 
tennis balls rolling on concrete plates as a seismic isolator. This proposed isolation system 
can be available at low cost in low-income countries for isolation of light weight structures. 
The study focuses on characterizing the axial response of proposed isolation system by 
comprehensive testing of isolators at full-scale under combination of compressive and 
lateral cyclic loading. The key findings of experimentation have indicated an increment in 
rolling friction coefficient within these isolators unlike the sliding isolators with increase 
in compressive loads and independent to influence of velocity and temperature changes. 
Lee G C et al. [124] has developed roller seismic isolator for use of highway bridges. This 
isolator to achieve seismic isolation utilizes rolling of cylindrical rollers on V-shaped 
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sloping.  The isolation system was characterized by its self-centering capability, an 
essential property for seismic applications. These isolators reduce seismic response on 
structures through its in-built sliding friction mechanism. The study presented 
performance of proposed rolling bearings when subjected to base excitations.  Katsamakas 
AA et al. [102] conducted an experimental investigation on low-cost isolators used for 
houses in low-income countries. The low-cost isolator design is mainly based on rolling 
rubber sphere on spherical or flat surfaces. The experimental results showed effective 
reduction of acceleration responses in building. The author suggests such a type of 
isolation device for low rise structures. Fenez D M et al. [125] introduces sliding isolation 
bearings with adaptive behaviour. Furthermore, the study explores the operational 
principles and force displacement relationships of three innovative spherical sliding 
isolation bearings. These relationships are important to understand and predict the 
bearings mechanism. These sliding isolation bearings are passive control devices but still 
demonstrate adaptive damping and adaptive stiffness. This adaptive behaviour aids the 
sliding isolation bearings to be optimized for various levels of seismic event. The 
fabrication of these sliding isolation bearings composes of several concave surfaces and 
the adaptive behaviour was imposed by various combinations of surfaces upon sliding 
surface on which sliding occurs. The variation of stiffness and effective friction in these 
bearings occurs accordingly to variations in surfaces upon which sliding occurs. 
Furthermore, the study provides a procedure to identify the surfaces which are active and 
to derive the force-displacement relationships, which was grounded by first principles.  

In relation to the advancement of sliding type isolation bearings, it was initially proposed 
with Pure friction isolation system (P-F) comprises an articulated slider positioned in 
between two flat stainless-steel plates, slides over these plates surface under seismic 
excitations. It is a basic type of isolator in all base isolation system that works on sliding 
friction [126,127]. Under the principle of Coulomb friction damping, the initiation of 
motion in slider happens when the external disturbance force overcomes the sliding 
friction of the interface. As a result, the slider will move accordingly to the sliding surface, 
thereby initiating the desired seismic isolation functionality [128]. Sometimes the 
isolator’s flat geometric surface could contribute unnecessary movement in buildings even 
under low earthquake motions [93]. To use this isolation system, a structure must be 
designed either with an appropriate coefficient of friction or should include 
complementary devices along the isolator [85]. Etedali S et al. [129] conducts parametric 
study to assess the efficacy of Pure Friction (P-F) and Resilient friction (R-F) isolation 
systems which were employed in eight storey building models and compared to fixed base 
building models. The results shown during seismic excitations the restoring device of R-F 
system has the capability to reduce displacements at base storey and position back to 
original point. While increase in damping ratio of restoring device showed reduction in 
base displacement, raise in top story displacements and drifts and no effect on residual 
base displacements of building. Wei B et al. [130] conducts numerical investigation on a 
pure friction isolation (P-F) system using shake table test models to inspect whether the 
friction action would scale in practical modern buildings. The investigation concludes that 
P-F systems could result in unallowable errors in mitigation of vibrations on scaling of 
friction action due to its flat geometric surface. The author suggests that it is possible to 
reduce unallowable errors through proportionally varying the friction coefficient and 
geometric surface through the sliding surfaces. Avinash AR et al. [118] explains about the 
deficiency of restoring mechanism in P-F system that could shift the building permanently 
from its intial position after an earthquake. This constraint leads engineers to adapt sliding 
systems with restoring ability. 

Friction Pendulum Isolation system (FPI) is designed to overcome the main constraint of 
P-F system which do not contain an appropriate restoring mechanism. The FPI system 
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consists of an articulated slider positioned within the two reinforcing steel plates and 
having a true spherical concave surface [88,118,131,132]. During an earthquake, the 
pendulum effect and concavity in sliding surface of isolator provides necessary restoring 
force to restore its original position and dissipating energy [93]. The selection of radius of 
curvature (r) of concave surface and type of friction bearing material used can influence 
the natural period of structure [133]. In general, These FPI’s are utilized in Medium-rise to 
High-rise structures. These FPI’s have been notable all over the world for its precise control 
over structural displacements, which made it adopt for many historical structures such as 
Burex Arts building [134] and U.S Court of Appeals, San Francisco [134], which was one of 
largest building to be base isolated till date as retrofitting strategy. Cardone D et al. [135] 
has investigated the re-centering capability of friction pendulum isolation system, which 
involved nonlinear analyses of finite no of SDOFs. A regression analysis was performed to 
obtain a relation between residual displacements and parameters that influence the 
dynamic behavior of Friction pendulum system. However, FPI systems when intended for 
a specific intensity of excitation may perform ineffective over higher or lower range of 
earthquake frequencies than specified [136]. Due to the constant radius of curvature (r) of 
the isolator surface, the building may come to resonance for smaller frequency of ground 
motions. To overcome constraints in FPI and P-F systems Pranesh et al [136] have 
proposed an isolator namely the variable frequency pendulum isolator (VFPI) contains 
non spherical surface chosen to provide a progression in period lengthen at different 
response levels and softens the restoring mechanism at larger displacements. In the case 
of low earthquake frequencies, VFPI exhibits behavior akin to FPI, while in case of big 
earthquake frequencies, it exhibits behavior akin to that of the P-F system [137,138]. The 
researchers have also developed isolations based on friction to have multiple sliding 
surfaces such as double concave friction bearings, Triple friction bearings (TP) which have 
4 concave surfaces [118]. 

2.3. Advantages of Base Isolation System 

The utilization of base isolation technique has been a crucial aspect of earthquake 
engineering over years, used to mitigate the adverse effects of seismic and wind induced 
vibrations on structures. In contrast to Conventional fixed-base structures, these base 
isolated buildings have been demonstrated a range of following benefits:  

• Show improved structural performance: The studies shown improved structural 
performance of a structure to seismic, and wind induced vibrations with use of 
base isolation technique is attributed from its main key factor, reduced transfer 
of seismic and wind forces with separation of superstructure from ground by the 
low friction interface [139].  

• The base isolation system ensures protection of both structural and non-
structural systems by dissipating the seismic or wind excitations through its low 
friction interface. To evaluate the performance of secondary systems at isolated 
structures, several industrial experts have conducted through finite element 
modelling of analytical models and the shake table testing for full scale test 
models equipped with secondary systems or non-structural components such as 
ceiling, electrical appliances and isolation systems subjected to substantial 
loading conditions [140,141]. Dolce M et al. [142] carries out seismic simulation 
tests for isolated building specimens to study impact of different of isolation 
systems on the damage sustained by equipment and contents. The study focuses 
to investigate the effectiveness of a newly developed shape-memory alloy 
isolation device. The results suggest that highly nonlinear isolation systems in 
particularly those characterized by metallic yielding induced damping induce 
vibrations of high frequency. Moreover, the study reveals that existing analytical 
techniques effectively captures the frequency content of the acceleration 
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response. Wolff E.D et al. [143] summarized the response of secondary systems 
in isolated structures through analytical and experimental investigations. A six-
story building model equipped with both Lead core rubber and Friction 
pendulum bearings were tested through shake table in order to obtain 
characteristics of isolation system for analytical modelling. The results indicated 
that an increment in energy dissipation, whether through hysteretic or nonlinear 
viscous damping, results in reduction in isolator displacement while causing an 
increment in primary and secondary system response. Morgan T A [144] 
investigated the sensitivity of non-structural component’s response parameters 
to the properties of isolated buildings. The study includes subjecting the Two 
moment-frame buildings, each with different natural periods, to seismic records 
with different source characteristics and soil types. The research considered 
isolation systems with bilinear behaviour, with variation of characteristic 
strength and elastic period. The key findings from the study indicated that the 
considered isolation systems exhibited favourable response in non-structural 
when compared to the conventional structure. However, during the analyses 
several challenges were confronted, particularly related to numerical instabilities 
that could impact high-frequency acceleration response in the isolated building. 
Furthermore, the study accounts the impact of modification in isolator 
characteristics over long-term as well as the influence of vertical acceleration and 
these effects later have shown least importance in speculating the secondary 
system’s response. Van Enegelen N.C et al. [145] explains that base isolation 
technique provides enough protection for both Structural components such as 
beams, columns, slabs, etc and Non-structural or secondary components such as 
ceiling walls, ducts, partitions walls, cladding, windows in a structure by 
mitigation of wind and seismic forces that may exert on a building by employing 
of isolation devices beneath super structure, thus safety of occupants and passers-
by will be ensured [146]. Kumar P et al. [147] compares the seismic performance 
of non- structural (secondary) systems held in base isolated and non-base 
isolated buildings. The study considers two similar 3-storey reinforced concrete 
frame buildings, one with conventional foundation and other being isolated with 
lead core rubber bearings (LCRB’s) as Structural (primary) system, while a steel 
frame was depicted as non-structural (secondary) system. The numerical 
simulations have shown significant reduction of acceleration response in building 
employed with isolation system and ensured with minimal damage in secondary 
system when compared to building with conventional foundation. The base 
isolation systems could contribute to long-term durability of a building by 
reducing the cumulative damage caused by repeated seismic events. Occupants in 
important buildings such as schools, hospitals, offices etc can remain safe and safe 
destinations from collapse of buildings and allow to maintain the functionality of 
structure during and after an earthquake [148].  

• Retrofitting of existing buildings and incorporation into new construction 
projects with seismic isolation can be integrated in building’s design with minimal 
disruption and be replaced if damaged during its lifespan, makes it a cost-effective 
technique compared to traditional strengthening methods [99]. Over the few 
decades several historical buildings such as Salt Lake City and county building 
[107], constructed in masonry and bridges such as South Rangitikei Rail Bridge 
[104] were being retrofitted through use of base isolation technique.   

• The initial construction costs of base isolated buildings might be higher when 
compared to conventional building construction, but they show savings and 
benefits in the long-term. These long-term benefits include reduced structural 
damage, lower maintenance costs, and insurance premiums. Melkumyan [149] 
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mentions that retrofitting of existing building with isolation system at base or roof 
nearly costs three to five times in comparison to cost of conventional retrofitting 
technique. Ryan K.L [150] conducts cost-benefit analysis for base isolated and 
conventional buildings. the author finds out the life cycle benefits of base isolated 
buildings are more significant when compared to conventional and more cost 
effective for businesses which are unable to relocate after large seismic events. 

2.4. Base Isolation Systems for High Rise buildings 

The primary concern with base isolation system lies in constraining the large relative 
displacements within the isolator without amplifying the ground accelerations into 
structural and non-structural elements in superstructure. Then application of these 
isolation systems for high-rise buildings in seismically active regions might present with 
greater difficulties such as insufficient structural stiffness, development of tension in 
vertical members due to their slender profile, longer natural vibration period, weight 
distribution, and adaptability to local seismic conditions. So, the Base isolation system’s 
effectiveness is limited for low to medium rise buildings or in buildings whose natural 
period is less than one second [13]. However, several research experts in the field of 
extensive research have pointed out a few constraints for ineffectiveness of base isolation 
in high-rise buildings. Shinozaki Y et al. [151] identified possible constraints such as in 
increase with construction costs, slender high-rise buildings are susceptible to uplift due 
to vertical loads during large seismic events and overturing which might damage the 
isolators at corner. Takewaki I et al. [152] has numerically illustrated through a two degree 
of freedom model that overall damping in structure diminishes on increase in number of 
stories and concluded that robustness of base isolated high-rise building is smaller than 
low or medium rise base isolated buildings. Ariga T et al. [153] concluded that base isolated 
high-rise buildings mainly buildings with friction type bearings are near to resonance for 
an intensity of long period ground motion recorded in Japan. Ogura K et al. [154] conducted 
parametric analysis using lumped mass approach for base isolated high rise building and 
concludes that Base isolation system achieves response reduction effect irrespective of 
structure’s range of fundamental periods yet depend on whether structure is a low or high-
rise. Following above Literature review demonstrates that the conventional approach in 
base isolation system for High rise buildings could present certain disadvantages in terms 
of cost, intricacy of design and its partial effectiveness within a specific range of ground 
frequencies.   

2.5. Real-life Application of Base Isolation adopted in High-Rise building –
Sendai MT Building: A Case Study 

The 18-storey office building, SENDAI MT was constructed in 1995 at Sendai City, Miyagi 
Prefecture, East Japan (figure 7). At 85 meters high, it is the first base-isolated high-rise 
building constructed in Japan. Its construction has a strong emphasis on seismic resilience 
and maintainability even after a seismic event and incorporated with several notable 
features in structural design as follows [151]: 

• The Sendai MT building utilizes high-grade steel rebars (SD 490) for 
longitudinal reinforcement and high-strength concrete (Maximum of 60 N/mm2 
for columns, joints, and Maximum of 48 N/mm2 for beams, slabs) in precast 
to ensure both quality and economy in construction. 

• Figure 8 represents the structural frame elevation, incorporated with hybrid 
structural beams of 15-meter-long span composing of steel in mid part 
connected with reinforced concrete at both ends of span to have an optimized 
space for office use. 
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•  For effective seismic performance of building, an innovative application of base 
isolation system known as Hybrid TASS system was being utilized. The Hybrid 
TASS system in Sendai MT Building composes with two type of isolation 
bearings namely rubber bearings(1100mmØ,1200mmØ) and sliding 
bearings(1300mmØ) with varied sizes and properties are arranged as shown in 
figure 9 at isolation level, below ground storey to achieve effective seismic 
performance. The sliding bearing’s damping ratio in the isolation level is 
designed to maintain a yield force that exceeds the wind force and were 
positioned beneath inner columns, where variation in axial forces due to 
earthquake is minimum. The rubber bearing’s shape and rubber stiffness are 
designed to have soft stiffness following yield which excepts good seismic 
performance in case of large earthquakes. 

 

Komuro T et al. [155] compared the force-deformation relation of Hybrid TASS and 
ordinary isolation systems as presented in figure 10, which explains that TASS system was 
designed to have yield force which can exceed the design wind force and achieve good 
seismic performance at a large seismic event as stiffness after yield is equivalently soft. 

A dynamic analysis was performed on utilizing a lumped mass model under several 
earthquakes. The recorded input ground motions of earthquakes such as El Centro (1940 
NS), Hachinohe (1968 NS), Sendai TH-038, Taft (1952 EW) are categorized from level 1 to 
3 based on probability of occurrence during building’s service life. The analytical results of 
level 1 defined the design base shear coefficient of super structure to 8%, the drift gradient 
is smaller than 1/330 rad for level 2 and smaller than 1/230 rad for level 3 shown in figure 
11. 

 

 

Fig. 7. Exterior View of Sendai MT 
[196] 

Fig. 8. Frame elevation of Sendai MT [155] 
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Fig. 9. Arrangement of Different Isolators in Hybrid TASS System [155] 

The author reaches a conclusion that Hybrid TASS system or other structural systems 
along with base isolation systems brings an advantage for construction in terms of cost and 
seismic performance, can used in low to high-rise buildings. The Base Isolation system in 
high-rise buildings could still shows significant reduction in responses and building can be 
protected from huge earthquakes by employing with proper design of isolators [10]. So far, 
the Base isolation has been employed in several notable high-rise buildings, such as the 
Thousand Tower in Kawasaki City and Shimizu Corporation headquarters in Tokyo [156]. 
Furthermore, this technique has been utilized as retrofitting strategy for Historical high-
rise structures like the Los Angeles City Hall, the San Francisco City Hall, and the Utah State 
Capitol building [13].  

  

Nominal Isolation System Hybrid TASS System 

Fig. 10. Force-Deformation relation of different Isolation systems [151] 
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Fig. 11. Maximum Response storey Drift (in radians) for Level 2 & 3 Ground Motions 
[151] 

3. Inter-Storey Isolation Systems 

Over years of extended research in base isolation, the research professionals have 
recognized infeasible in medium and high-rise buildings due to super structure’s flexibility 
and overturing behavior, provision of seismic gap or moat wall around structure to 
accommodate for significant relative displacements at the isolation level and prevent 
building pounding with adjacent structures often arise aesthetics concerns which is 
infeasible in densely built regions [157-161]. So, the necessity to address the concerns 
related to architectural and functionality, to enhance the construction feasibility 
particularly at densely populated areas, promoted the researchers to propose the Inter-
storey Isolation System (IIS), which serves as an alternative to base isolation system and 
effective approach to provide seismic protection to buildings [162-164]. The Inter-storey 
or Middle-storey isolation system includes employing a flexible isolation level akin to BI’s, 
positioned either at mid height or at a specific level within building’s height. This shift of 
isolation level divides the super structure into upper and lower structure as shown in 
figure 12(a) allowing the upper structure to move independently of lower structure during 
an earthquake. The upper structure represents as a base isolated structure and as a mass 
damper mounted on top of the lower structure which demonstrates a Combined effect of 
seismic isolation and mass damping (unlike tuned mass damper) thus, enhancing the 
seismic performance of a building subjected to significant earthquake excitations [165, 
166]. In elaborate, the response reduction effect occurs in lower structure with 
unconventional Tuned mass damper (TMD) effect from upper structure, in which a portion 
of upper structure’s structural mass appears to be a mass absorber, while retaining to their 
structural and control function [158,167,168]. 

The seismic response reduction effect on upper structure occurs with its isolation from 
ground created by the lower structure and depends on mass ratio (i.e. ratio between the 
mass of upper structure and total mass of superstructure of building) [169]. While the 
response reduction effect on lower structure occurs with suitably optimized damping and 
stiffness characteristics of the isolation system in relation to isolated mass ratio [166]. 
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Middle storey-isolation systems are akin to Inter-storey isolation but exhibit the variation 
in response reduction due to presence of isolation level at mid height of structure. 

 
a) Inter-storey Isolated 

Building with Large Upper 
Structural Mass 

b) Middle-Storey 
Isolated Building 

c)Inter-storey Isolated 
Building with added Stories 

on existing building 

Fig. 12. Inter-storey Isolation System in building at various Heights 

The Middle-storey isolation system separates the building’s super structure into two 
structures as shown in figure 12(b), which are approximately equal in height and 
structural mass. This separation has shown effective seismic performance when adopted 
for high-rise buildings such as Shiodome Sumitomo Building [170]. These Inter-storey or 
middle storey isolation systems consist of isolation bearings such as HDRB’s, FPS, LCRB’s 
akin to base isolation system, designed to have high shearing strain, high damping and 
vertical load carrying capacity. In Inter-storey Isolated buildings, the location of Isolation 
level is mainly chosen based on type of structure, required level of response mitigation, 
cost implementation and many other factors [171]. The dynamic properties of Inter-storey 
Isolated buildings are characterized using simplified two-degree, three-degree, or multi-
degree of freedom models due to presence of complex mechanisms rather than in base 
isolated buildings [162]. The unconventional TMD in Inter-storey system can overrule the 
constraint of inadequate added tuned mass which limits response reduction effect in 
structures with conventional TMD. Several researchers likely designated these Inter storey 
isolation systems also as building mass damper (BMD), non-conventional Tuned Mass 
Damper, mid or middle-storey isolation, or added storey isolation systems [172]. 

3.1. Advantages with Inter-storey Isolation Systems 

The utilization of Inter-storey Isolation System adds on following advantages: 

• These Inter-storey Isolation systems always permit for greater flexibility in both 
structural and architectural design for tall and multi-purpose buildings. 
Consequently, a sustainable solution for buildings allows for saving land use in 
densely built areas [173,174]. 

• Eliminates the accommodation of seismic gap or an expansion joint around the 
structure during construction of base isolated structures which allows for larger 
relative displacements at isolation level during earthquakes, presenting the 
economic feasibility and aesthetic desirability of these isolation systems 
[175,176]. 
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• Eliminates the framing of base slab over isolators when located at base reduces 
the complexity in construction of foundation in such as erection of retaining 
walls [162]. 

• The Inter storey isolation systems at multiple level separates the structure into 
distinct individual occupancies which are diverse in both structural and 
functional characteristics, allowing for contrary arrangement of all the 
structural elements and columns at each occupancy [177]. 

• This IIS technique has potential to be utilized as a seismic retrofitting strategy 
for existing buildings as shown in figure 12(c), allowing to accommodation for 
additional stories without increasing the base shear and maximum acceleration 
response on structure which is termed as added storey Isolation system and 
exhibit better seismic performance and feasibility rather than base isolation 
[178-181]. 

However, These Inter-storey isolation systems can be effectively utilized in structures 
where use of base isolation might not be appropriate in such as offshore structures and 
densely built areas, in buildings with irregularity requirement (such as parking 
structures), mixed-use type buildings and for medium rise to high-rise buildings especially 
in regions of high seismic activity [178]. 

3.2. Inter-storey Isolation Systems for High-Rise Buildings 

The concept of Inter-storey isolation system for High-rise Buildings is currently 
widespread and gaining a lot of traction, especially in Japan despite the fact more than sixty 
real-life applications were developed over the course of nearly two decades [182]. Some 
notable examples of high-rise structures with Inter-storey isolation systems in Tokyo 
include the Iidabashi first building [84], the Roppongi Grand Tower [183], Shiodome 
Sumitomo Building [170], Nakanoshima Festival Tower [184]. However, Several 
Experimental and analytical studies were undertaken to review the effectiveness of Inter-
storey isolation for High-rise buildings. 

Villaverde R et al. [185] conducted a feasibility study out of a 13 - storey building with the 
roof isolation system which intends diminish the response of a structure during seismic 
events. The proposed isolation system comprises of isolators in between a building’s roof 
level and columns supporting the roof and were also complemented with viscous dampers 
connected in between the isolation level. This feasibility study investigates the assessment 
of the building’s response with and without the proposed isolation system using a two-
dimensional analytical model under severe ground motions, which determines the 
required size and properties of an isolation system. The study finds out that the proposed 
system shows effectiveness in response mitigation and has the potential of attractive 
solutions for low-rise and medium-rise buildings. 

Taylor P et al. [177] conducted a feasibility study on inter-storey isolation systems using 
both linear and nonlinear devices. The study investigated the efficacy of inter-storey 
isolation systems using a linear and non-linear Time History analysis for building models 
installed with linear and non-linear isolation devices at different levels. Three distinct 
approaches were proposed for choosing the optimum design deformation of a non-linear 
inter-storey isolation system. The findings in study revealed that stiffness in isolators 
decreased with the shift of inter-storey isolation system vertically up for a structure, as 
result of smaller portion of mass being isolated and the roof isolation system is proven to 
hold a merit as economical retrofit application. 

Wang SJ et al. [162] carried out an experimental investigation on base and mid-storey 
isolated building models using shake table analysis to study their dynamic behavior. The 
results of the shaking table test reveal that the middle-storey isolated building has a 
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smaller number of modal quantities (fundamental) compared to a base-isolated. During 
the study it observed that lower structure’s seismic response is directly influenced by its 
fundamental mode of vibration, whereas the lower structure’s seismic response is 
influenced by higher mode responses. The author suggested the Response Spectrum 
Analysis for the initial design of middle-storey isolated structures before performing a 
nonlinear time history analysis. 

Chey MH et al. [186] investigated the efficacy of an innovative seismic retrofitting strategy 
for buildings namely the “added stories isolation” systems (ASIs). The added stories 
isolation system comprises of newly added upper stories isolated on top of existing 
building, acts as a storey mass damper (unlike conventional Tuned mass damper) to 
overcome the requirement for larger tuned mass in structure with conventional Tuned 
mass dampers. The evaluation of seismic performance was analyzed for “12+2” and “12+4” 
Storey moment resisting frame models using the time history analysis. The study 
concluded that the proposed ASI system has potential to mitigate the seismic response for 
multi-degree-of freedom systems across a wide range of ground motions without requiring 
troublesome additional mass. 

Faiella D et al. [187] explored the productivity of an Inter-storey isolation system through 
its two distinct real-life case studies. The selected buildings, the Iidabashi first building 
(IB), the Shiodome Sumitomo building (SSB), elevates Japan’s advancement in design 
practice of the inter-storey isolation systems for high-rise buildings. Frequency and Modal 
response analyses were executed for simplified two or three degree-of-freedom models, 
where these models of reduced-order could influence the governing design parameters of 
the dynamic problem. Whereas for multi degree of freedom (MDOF) models, the Modal 
response and non-linear time history analyses were conducted. The study concludes that 
a good seismic performance can be expected through a proper balance in dynamic 
characteristics of structural portions and adopting for larger mass ratio and longer 
isolation period. 

Forcellini D et al. [188] analyzed the proficiency of inter-storey isolation for high-rise 
buildings on utilizing the 20-floor building models (B0, B1, B2) with isolation layer at 
several heights. The resultant performance of each model was analyzed for assessing the 
best location of isolation layer throughout the structure’s height. The seismic behavior 
improvement was observed from the mass damping effects of this system on the 
substructure. Several important aspects such as dynamic effects of building at higher 
modes, P-delta effects, material non- linearities, stability effects of isolators by interaction 
of horizontal and vertical loads, etc. were considered during this study.  The Analytical 
results prove that B2 building model with isolation system at mid height has been effective 
approach to diminish the acceleration responses on building and improve the seismic 
performance. Even though implementation of inter-storey isolation effectively diminishes 
the acceleration responses and deformations in between the stories of the structure, its 
practical application might contain several constraints. 

Saha A et al. [167] demonstrated the hostile effects of pulse type motions (near fault) on 
the performance of Inter-storey Isolation systems (IIS). An Extensive Non-linear dynamic 
analysis has been executed for a group of buildings models ranging from low to high rise 
designed from the steel moment resisting frames and HDRB isolators placed at 
intermediate storey level and exposed to two groups of non-pulse type and one-directional 
pulse ground motions concerning to various hazard levels. These pulse type motions were 
exhibited to deteriorate the competence of an inter-storey isolation system and expand the 
seismic demands. The observed deficit of the bearing displacements been underestimated 
in the FEMA formulae was suggested with a revision, by accumulation of a modification 
factor. The results showed that low-rise to medium rise IIS building models are highly 



Avinash and Lingeshwaran/ Research on Engineering Structures & Materials 11(1) (2025) 231-271 

 

253 

sensitive to medium pulse type ground motions, whereas the high-rise IIS building models 
are sensitive to extended period pulse type ground motions.  

Dona M et al. [189] highlighted the necessity for additional damping to diminish the P-
Delta effects triggered from drift between the structural parts of lower and upper structure 
separated by isolation system. As a solution, the Fluid Viscous Dampers (FVD) were 
introduced in complement to these inter-storey isolation systems for additional energy 
dissipation. The use of FVD’s allows for the isolation systems to be designed at low 
activation forces despite the expected earthquake forces [190]. Duan C et al. [191] 
highlighted the consequences of implementing inter-storey isolation systems in high-rise 
structures. These isolated buildings, under substantial dynamic loading might induce an 
overturing moment and excessive deformations at isolation level and result an irreversible 
damage to the bearings. As a solution, a Dual Isolation System based on Friction Pendulum 
isolation System (FPS) in combination with inter-storey and base isolation system was 
introduced. These Dual isolation systems avoids the cause tensile damage within the 
isolators that arises from larger deformations at isolation level, diminishes the seismic 
response of buildings with high aspect ratio (height to width ratio) at higher modes and 
enhances the ability of high-rise buildings to resist the overturing effect. 

The literature review provides summary that the inter-storey isolation is an effective 
seismic isolation approach rather than base isolation for High-rise buildings. However, the 
utilization of this isolation system alone for high-rise buildings might not be an effective 
solution to fulfill seismic demand. It was indeed true in some cases, especially when 
exposed to pulse type motions (near fault), long period ground motions, substantial 
dynamic loading due to heavy winds, blast loads. The researchers suggested that addition 
of structural damping components such as Fluid viscous dampers, shear walls, outrigger 
systems, steel bracings in isolated buildings and inclusion of appropriate considerations 
during the preliminary design and analysis phase of isolation system, allows to achieve an 
enhanced seismic performance in high-rise buildings. The considerations included the 
location optimization of isolation level, P-delta effects, influence of higher modes, material 
non-linearities, local seismic conditions. Furthermore, the proper selection of the mass 
ratio of upper and lower structures (α), Isolation period (Tn), type of isolation bearings, 
method of dynamic analysis, type of ground motions and building’s structural 
configuration. Finally, it includes that IIS technique can be utilized as seismic retrofitting 
strategy during the additional storey construction over an existing structure, which is 
termed as added-storey isolation strategy as shown in figure 12(c). Some notable examples 
of real-life buildings with added-storey isolation systems includes The International 
Library of Children’s Literature in Tokyo [192], The Munashino City Disaster Prevention 
and Safety Center [193]. 

3.3. Real-life Application of Inter-Storey Isolation adopted in High-Rise 
building -Marunouchi Tekko Building: A Case Study 

Marunouchi Tekko Building is a multi-purpose, seismically isolated high-rise building, 
built about 200 meters wide near Tokyo Station (figure 13). This mixed-use type building 
consists of various commercial amenities such as business support service centres, shops, 
lounge for bus service, restaurants, located at low-rise and basement level. This Tekko 
building mainly consists of the Main Building on the north side with 136.5 meters in height, 
and the South building on the south side of building site with 98.5 meters in height and 
both integrated on 3-storey basement levels. 
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Fig. 13. The Tekko Building [197] 

3.3.1 Structural Features of Tekko Building 

The Main Building comprises of 26 stories and a 2-storey penthouse, the South building 
has 19 stories and 1-storey penthouse and together sharing a 3-storey basement. The Main 
building houses for office spaces and South Building for high stay serviced apartments on 
the 6th floor and above [194].  

 

Fig. 14. Cross-Sectional View of Tekko Building 

The Tekko building is so called “an intermediate-storey seismic isolated structure”, 
consisting of 2-seismic isolated buildings on an integrated lower part. The seismic isolation 
level is located in between the 3rd and 4th stories of the Main building and for South 
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building between the 5th and 6th stories as shown in figure 14. The Main building 
composes of structural steel above ground and steel framed reinforced concrete below 
ground, with combination of piles and mat foundation. The office areas are more spacious 
as provided with no columns in between for longer span about 18 m. To ensure stiffness 
of structural frame the intermediate seismic columns are provided in the short direction 
within the core. Additionally, Steel bracings were provided at higher stories (9th, 17th and 
24th Floors). The South Building above the Seismic Isolation level is a 2-span structure in 
shorter direction and intermediate columns started from floors above seismic isolation 
level. 

3.3.2 The Seismic Isolation Strategy 

The seismic isolation layer for the Main Building composes of 48 units of laminated natural 
rubber bearings (LNRB’s) of distinct sizes (1000 Ø to 1500 Ø mm), 40 units of oil dampers 
in 8 with locking mechanism and 30 units of U-shaped steel dampers (Figure 15). While 
the South building composes of 10 units of laminated natural rubber bearings (LNRB’s) 
with varied sizes (800 Ø to 1200 Ø mm), 8 units of oil dampers and a TMD mounted on top 
of building [194]. The Isolation levels of the Main building and the South Building were 
employed below the 4th floor and 6th floor, respectively. The oil dampers with a locking 
system are provided in short direction of building, to avoid the elevator’s shafts from 
deformation during stronger winds. The oil dampers with a locking mechanism operate as 
normal oil dampers under nominal conditions, yet during the intense winds the oil 
dampers were locked with a return period of 4-5 years. This locking mechanism releases 
on using a timer, often released at a certain time after the locking mechanism being 
activated and can be controlled manually. The locking mechanism gets activated when an 
earthquake occurs, whereby the lock is released based on accelerometer measurements. 

 

Fig. 15. Common Isolation devices used for Tekko Building 

3.3.3 Seismic Design Strategy: 

The seismic authentication of this isolated high-rise building was investigated through a 
Response Time History Analysis (RTHA). The Time history analysis used a set of 
predefined ground motions of Level 1 (rarely occurring) and Level 2 (extremely rarely 
occurring), categorized by probability of occurrence during building’s service life.  The 
ground motions include 3 calibrated waves from the past Hachinohe 1968 NS, Taft 1952 
EW, and El Centro 1940 NS, and 3 waves prescribed from Kobe, Hachinohe, and an 
arbitrary phase. A coupled lumped-mass model was adopted for the vibration response 
analysis, where these two buildings were positioned in parallel to lower-rise integrated 
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part below them. The structural frame of the Main and the South building were modelled 
as 23 lumped masses and 16 lumped respectively. The 1st to 3rd floor masses of the main, 
south building and boundary arranged in parallel are presumed to be rigid as illustrated in 
figure 16. 

3.3.4 Wind Design Strategy 

The wind load consideration also plays curial role in the initial design and construction 
phase of a high-rise structure. These wind loads show detrimental effects on shape, 
structural properties of tall structures. The Analytical framework included two levels of 
wind loading for design of building against wind. The analysis for the structural frame of 
building was executed under two levels of wind loads, whereas for seismic isolation system 
under the Level 2 wind load. The Response Time History Analysis was executed 
undertaking the elastic-plastic characteristics of isolation bearings and a fatigue analysis 
was carried out for U-shaped steel dampers. 

 

Fig.16. Vibration control analytical model for Tekko Building 

3.3.5 Analytical Results 

Tamari M et al. [195] conducted analytical studies considering seismic design and wind 
design strategies for Marunouchi Tekko Building and include the following findings: 

• The fundamental natural period for the South building was recorded as 5.68 
seconds and whereas for the Main Building with equivalent stiffness and when 
the deformation is 30 cm was recorded as 5.38 seconds. 
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• The maximum storey drift (in radians) under the Level 2 ground motions in Y 
direction recorded as 1/184 for the Main Building, and 1/173 for the South 
Building. (figure17) 

• The Main Building exhibits a deformation of 336 mm at seismic isolation level, 
whereas for South Building with deformation of 251 mm (figure 18). Despite the 
consideration of variation in the seismic isolation devices, still encountered a 
deformation of 376 mm for the Main Building and deformation of 285 mm for the 
South Building. 

• The wind load analysis results include that the response shear forces for both 
buildings are less than design shear forces, whereas the shear stresses under the 
Level 2 wind load are less than the short-term allowable stresses. 

• Under the influence of Level 2 wind load, the storey above the seismic isolation 
level experiences the shear forces in proportion to the design shear forces about 
41% for South Building and 84% for Main Building. 

• The seismic isolation level under Level 2 wind load exhibits a maximum 
deformation of 98.7 mm for the Main Building and 269 mm for the South Building. 

• After a year completion of construction, the seismic measurements for building 
under earthquake intensity of 3 were measured twice, which each of them 
confirmed the seismic isolation effect. While the wind measurements for building 
were measured by a rapid maximum wind velocity for 2 days, during which 
shown the activation of locking mechanism of the oil dampers. 

 

 

a) Main Building b) South Building 

Fig. 17. Maximum Response Storey Drift (in radians) [195] 

On Conclusion, the author describes that adopted structural scheme and the design 
strategies carried out while checking that there are no resonance effects for the Tekko 
Building are worked more effective at extreme conditions. Moreover, use of additional 
structural elements such as U-shaped steel dampers and oil dampers with locking 
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mechanism have shown their effectiveness in mitigation of strong earthquake and wind 
forces. 

  

a) Main Building b) South Building 

Fig. 18. Maximum Response Storey Deformation (in mm) [195] 

4. Conclusions 

In Conclusion, the vibration control design is a key factor in ensuring the resilience and 
safety of tall or high-rise buildings in earthquake prone regions. This review article 
provides a comprehensive overview of base-isolation and Inter-storey isolation systems 
for High-rise buildings, which is accomplished by extracting useful insights from analytical 
and design features of real-life high-rise buildings equipped with these base isolation and 
inter-storey isolation systems. In detail the article explores the basic concept and the 
characteristics of the base isolation system, and the types of isolation bearings used for 
buildings. the fundamental concept and the benefits of inter-storey isolation system over 
base isolation. Additionally, the importance of vibration control strategy for buildings, and 
the different types of vibration control systems were also discussed. From the literature of 
this present study, the following main highlights and conclusions can be obtained:  

• The implementation of Base isolation and inter-storey isolation systems serves as 
viable solutions for shifting the building’s natural period away from range of 
frequencies which show greater impacts on amplification of ground motions. 
However, these systems employ distinct mechanisms to enhance seismic 
performance of a structure.  

• The Base isolated high-rise buildings are identified to have less robustness and 
tend to resonate at higher modes of vibration and under long period ground 
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motions. So, these base isolation systems are viable for low rise to medium rise 
buildings. 

• The Inter-storey isolation systems for buildings utilize a combination of seismic 
isolation and TMD approach to achieve enhanced seismic performance when 
compared to base isolated buildings. 

• The Inter-storey isolation system is also presented as a seismic retrofit strategy 
during the additional storey construction on top of an existing structure, which is 
termed as added-storey isolation strategy. 

On study of distinct features of base isolation and inter-storey isolation techniques, several 
key differences were discussed as shown in table 2.  

Table 2.  Key differences between base isolation and inter-storey isolation technique  

Base Isolation Technique Inter-Storey Isolation Technique 

The base isolation technique comprises 
placing flexible bearings, namely isolators 

between the building’s super structure 
and substructure (foundation). 

The Inter-storey Isolation technique uses 
isolators akin to base isolation but 

employed between consecutive floors of a 
building. 

The technique aims mitigate the transfer 
of seismic forces to structure by 

decoupling the building from ground 
motion. 

The technique aims to mitigate the 
transfer of seismic forces to adjacent 

floors of building, thereby minimizing 
inter-storey drifts and accelerations. 

The technique targets to provide 
protection for entire structure from 
ground motions with low to medium 

range of frequencies. 

The technique targets to provide localized 
protection to individual floors in 

structures form ground motions with 
medium to higher range of frequencies. 

The technique requires provision of moat 
wall or seismic gap to allow for 
deformations at isolation level. 

The technique does not require provision 
of seismic gap for allowing deformations. 

The technique can be commonly used for 
low to medium-rise buildings. 

The technique can be commonly used for 
medium to high-rise buildings. 

The technique is cost effective in 
construction of new and existing 

structures as a retrofitting strategy when 
compared to conventional strategy. 

The technique is cost effective in 
construction of existing and added storey 
structures as a retrofitting strategy when 

compared to base isolation system. 

So far, these two case studies explore that use of traditional seismic isolation might not 
achieve to fulfill the seismic demand of high-rise buildings. Moreover, the use of other 
structural elements such as dampers, shear walls, outriggers along with seismic isolation 
system has shown effectiveness in mitigation of seismic and wind forces. 
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 This study investigates the thermal and wears resistance performance of 
polymer gears made of pristine poly aryl ether ketone (PAEK) and PAEK polymer 
matrix incorporating both pristine multi walled carbon nanotube (MWCNT) and 
functionalized MWCNT polymer composites under different operating 
conditions. The investigation involves the thermal behavior, wear performance 
and surface roughness of gears at different torques (0 Nm, 6 Nm, 8 Nm, and 10 
Nm) and at rotational speeds such as 1000 rpm and 1500 rpm. The polymer 
composite materials are prepared by using a twin-screw extruder and the gears 
of these materials are manufactured by using an injection molding machine. The 
gears are examined using a gear test rig. The surface temperature, specific wear 
rate and surface roughness are the parameters that are measured at different 
torques and rotational speeds using a gear test rig, before and after the running 
operations of these gears. The gears made of PAEK and amine functionalized 
MWCNT composite materials exhibits improved performance in terms of wear 
resistance and thermal behavior.  
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1. Introduction 

Gears are the major element in various mechanical systems used for power transmission. 
The transformation of power and motion using gears is better than other transmission 
systems such as belt, rope and chain drive due to less slippage between two mating gears 
[1]. The polymer gears have gained significant attention due to unique set of inherent 
properties such as light weight, low noise, and self-lubrication, ability to resist shock and 
impact load, ease of manufacturing [2]. These properties have driven polymer gears 
adoption for metal gears replacement in industrial applications such as automotive, 
aerospace, textile, robotics, industrial machinery, and consumer products.eg. Lightweight 
gearboxes [3]. The load, temperature, surface roughness, wear and rotational speed are 
the major analyzing parameters to investigate the performance of polymer gears [4][5]. 
The teeth of polymer gears experience fatigue loads while operating conditions. It 
produces heat internally and, on the surface, due to contact stress when the gear pairs are 
in motion under loading conditions [6]. 

Several studies have indicated that polymer composite gears showed improved results 
than pristine polymer gears in terms of overall performance improvement [7-9]. In recent 
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years, there has been extensive research conducted on polymer composite gears 
reinforced with glass and carbon fibers in polymer matrix materials. These studies have 
consistently demonstrated enhanced performance of wear resistance, durability under 
specific loads, and other relevant properties and the results showed improvements in 
overall performance of gears [10, 11].Thermoplastic materials, such as nylon, acetal, 
polycarbonate etc. find extensive use in industrial applications, including the 
manufacturing of gears and seals etc.[12].The study of gears made of these thermoplastics 
and its composites were widely explored [13, 14].The graphene reinforcement  in nylon 
and acetal polymer composites gears exhibited superior performance in terms of wear 
resistance[7, 15].The investigation of gears made with incorporation of different fillers 
such as multilayer graphene nanoplatelets, clay, graphite in polyamide (PA6) matrix, 
showed enhancement in mechanical, thermal and tribological properties [16-18]. The 
gears manufactured by high performance polymer composites i.e. poly ether ketone 
(PEEK) and carbon fiber exhibits enhanced results for load capabilities and wear 
performance [19]. The relative performance of PEEK and steel gears are also investigated 
and it showed superior performance [20, 21]. PAEK gears have been studied under dry, 
greased, and lubricated conditions, demonstrated superior performance at elevated 
temperatures and lubricated conditions [22]. MWCNTs are considered the most suitable 
nanofiller for polymer composites due to their exceptional properties. These properties 
include high mechanical strength, excellent electrical conductivity, and superior thermal 
stability, which significantly enhance the performance and durability of the polymer 
composites in which they are incorporated. Additionally, MWCNTs exhibit a large surface 
area and strong interfacial interaction with polymer matrices, leading to improved load 
transfer and dispersion within the composite material. This makes MWCNTs an ideal 
choice for applications requiring enhanced material properties [23-25]. The behavior of 
commodity and engineering polymer gears considering different performance parameters 
are widely explored to achieve better power transmission.  

This study specifically focuses on the performance of gears manufactured using high 
temperature polymer such as poly aryl ether ketone (PAEK) and PAEK based 
nanocomposite reinforced with multiwalled carbon nanotube (MWCNT) and 
functionalized MWCNT. The investigation encompasses the examination of wear and 
thermal properties of these gears under different loading conditions. 

2. Materials and Methods  

2.1 Materials 

The semi-crystalline granular polymer material PAEK 1200G, utilized for the injection 
molding process, was sourced from Gharda Chemicals Ltd., Panoli, Gujarat, India. This 
PAEK material exhibits a density of 1.3 g/cc, a melting temperature of 152°C, and a glass 
transition temperature of 372°C.The nanomaterials employed in this study include 
MWCNT and amine-functionalized MWCNT were procured from Adnano Technologies Pvt. 
Ltd., Shimoga, Karnataka, India. These powdered nanomaterials possess a surface area 
ranging from 110 to 350nm, with outer diameters falling within the range of 10-30nm, 
inner diameters between 5-10nm, 99% purity level and a length of 10 µm.  

2.2 Preparation of Composites 

The uniform mixtures at concentrations of 0.5% weight of MWCNT and functionalized 
MWCNT nanofillers were carefully mixed and dispersed in PAEK matrix using a high-speed 
mechanical mixer for duration of 15 minutes to achieve a homogeneous mixture. As an 
additional measure, Tris Nonyl phenyl phosphite (TNPP) at a concentration of 0.02% by 
weight was incorporated as an antioxidant. 
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Table 1. Temperatures at different zones  

Zones Zone 1 Zone 2 Zone 3 Zone 4 

Temperature 380oC 385oC 390oC 400oC 

 

The compounding process was carried out by utilizing a twin-screw extruder, featuring a 
screw diameter of 26mm and a length to diameter ratio of 40:1. The temperatures at 
different zones within the twin-screw extruder are shown in table 1. The screw speed was 
maintained at 300 rpm. Following compounding, the resulting strands were prepared 
through extrusion and subsequently chopped by a cutter to produce samples of composites 
in granular form [26]. 

2.3 Manufacturing of Gears 

The gears are manufactured using injection moulding machines with PAEK based polymer 
composite materials. Prior to the injection moulding process, the materials underwent a 
preheating process at a temperature of 220°C for 3 hours. This preheating served the 
purpose of eliminating moisture content and drying of the mixture. The gears are 
manufactured by injection molding process at A.K. Engineers, Mumbai, using an injection 
molding machine of 40-tonnage capacity manufactured by R.K. Techniques, Mumbai, India. 
During the injection molding process, specific parameters were carefully controlled to 
ensure optimal results. The injection time was set at 22 seconds and holding time of 8 
seconds. The temperature settings for different zones in the injection moulding machine 
were adjusted as follows: 380°C for temperature zone 1, 385°C for zone 2, 390°C for zone 
3, and 400°C for zone 4. These temperature zones spanned from the feed zone to the 
nozzle, playing a critical role in the moulding process. In addition to the machine 
temperature settings, the mould temperature was maintained at 220°C. This temperature 
control was essential for ensuring the proper moulding of the materials and achieving the 
desired properties in the final product of gears. The controlled operating temperatures of 
extruder and mould contributed to the successful fabrication of the injection-moulded 
gears. The detailed information about materials, parameters and manufacturing method 
of test gears are given in table 2 and manufactured gears are shown in fig. 1. 

Table 2. Detail information of test gears  

Parameters  Specifications 

1. Materials  2. 1. PAEK 
3. 2. PAEK+ 0.5 weight % MWCNT 
4. 3. PAEK + 0.5 weight % Amine 

functionalized MWCNT 

2.     Module  2.5 

3. Pitch circle diameter (mm)  60 
4. Number of teeth (No’s) 22 
5. Addendum circle diameter (mm)  60 
6. Dedendum circle diameter (mm) 52 
7. Pressure angle (Degree) 200 
8. Face width (mm) 20 
9. Manufacturing process Injection moulding 
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(a) 

 

(b) 

 

(c) 

Fig. 1 Gear images (a) PAEK gear,  (b) PAEK+ MWCNT gear, (c) PAEK +Amine 
functionalized MWCNT gear 

2.4 Testing of the Gears 

The gears were tested using a gear test rig shown in fig. 2 Each gear underwent testing for 
a duration of 1 hour and 40 minutes including different speeds (1000 rpm and 1500 rpm) 
and at different torque conditions (0 Nm, 6 Nm, 8 Nm and 10 Nm). The test gears are run 
for 1*105 and 1.5*105 revolutions for comparative analysis of these gears. The speed of 
motor was controlled by using variable frequency drive (VFD). The surface temperature of 
gears was monitored using an infrared thermometer throughout the testing process. 
Additionally, the weight of each gear was measured using a digital weighing machine 
before and after the running operations.  

 
(a) 

 
(b) 

Fig. 2 Gear test rig (a) Schematic diagram of gear test rig, (b) Photograph of gear test rig 

To assess surface conditions of the major affected area such as the face surface of gear 
teeth, a surface roughness tester (Mitutoyo, resolution - 0.01µm) was used for both prior 
to and following the operation.  By comparing the pre and post operation gear surface 
temperature, weights and roughness, the assessment provides insights into factors such as 
thermal behavior, wear rate and roughness that may have occurred during the testing 
period. Specific wear rate (Ws) of polymer gears is calculated using the following equation. 

VFD 
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Ws=Wv / (2zmbNT) (1) 

Where, Wv is the wear volume (mm3), z is the number of gear teeth, m is the module (mm), 
b is the tooth face width (mm), NTis the number of revolutions. 

3. Results and Discussion 

The performance of gears is significantly influenced by the surface temperature, wear and 
roughness as the mechanical properties of polymer materials are closely tied to it. All these 
three types of gears made of three different materials exhibit distinct behaviors attributed 
to their physical and chemical properties. These gears are tested for 0 Nm, 6Nm, 8 Nm and 
10Nm torques and rotational speeds of 1000 rpm and 1500 rpm. These gears are operated 
for 1*105 and 1.5*105 revolutions. 

3.1 Surface Temperature of Polymer Gears  

The surface temperature of gears produced with PAEK, PAEK reinforced with MWCNT 
nanofiller and PAEK reinforced with amine functionalized MWCNT nanofiller materials is 
shown in fig. 3, 4 and 5. Figures indicated that, temperature of gear surface increases with 
rise in torques. Additionally, it reveals that the temperature of the gear surface rises with 
an increase in rotational speeds. This pattern was observed in all three types of gears. The 
increase in gear surface temperature was comparatively low in amine-functionalized 
MWCNT-reinforced PAEK composite gears than PAEK and PAEK reinforced with MWCNT 
composite gears, under the same operating conditions, including torques and rotational 
speeds. Furthermore, it was noted that the surface temperature of the driver gear was 
consistently higher than that of the driven gear for all three types of gears at these different 
torques and speeds. 

The elevation in temperature weakens the hydrogen bonds between polymer chains, 
leading to the degradation of mechanical properties. While in operation, the interaction of 
gears during meshing induces heat at both the tooth surface and within the bulk material. 
This heat generation stems from several factors, including friction, hysteresis, fatigue load, 
and higher contact stresses resulting from the sliding and rolling actions of the gears [7, 
27].  

 

Fig. 3. Surface temperature of PAEK driver and driven gears at 1000 rpm and 1500 
rpm 
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Fig. 4. Surface temperature of PAEK reinforced with MWCNT driver and driven gears 
at 1000 rpm and 1500 rpm 

 

Fig. 5. Surface temperature of PAEK reinforced with an amine functionalized MWCNT 
driver and driven gears at 1000 rpm and 1500 rpm 

The substantial increase in rotational speed leads to a considerable rise in loading 
frequency due to repetition of contacts and concurrently rises the surface temperature of 
gears. The surface temperature increases with higher surface roughness and contact area 
[28][29]. Hence, at low torque levels and at 1000 rpm rotational speed, there was minimal 
frictional heating of gear teeth, while at high torque levels and 1500 rpm speed, there was 
an increase in frictional heating resulting in a rise in temperature of gears teeth at high 
torque and at higher rotational speed. This observed phenomenon is a result of the 
proportional increase in heat generation driven by the factors such as slightly higher 
friction, high contact stresses, higher fatigue load and hysteresis loss, coinciding with an 
increase in both the rotational speeds and torques of the gears [13]. 

The heat generation in reinforced composite gears than unreinforced gears [13]. The 
enhancement in thermal properties is attributed to the reinforcing effect of MWCNT in the 
polymer composites, owing to their tensile modulus, stiffness, and thermal properties 
[30][31]. The improved mechanical performance of PAEK composites was achieved by 
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incorporating functionalized MWCNTs compared to PAEK composites with non-
functionalized MWCNTs. This enhancement is attributed to the improved interfacial 
interaction and better heat dissipation resulting from the surface treatment of MWCNTs 
[32].The functionalized MWCNTs enhance thermal conductivity and mechanical stability, 
reducing the temperature rise in polymer composites under operational conditions [33]. 
Similarly, those amine-functionalized MWCNTs significantly improve the dispersion 
within the polymer matrix, leading to better load transfer and thermal management [34]. 
Hence, gears made of PAEK materials incorporated with amine-functionalized MWCNTs 
demonstrated a lesser temperature rise in comparison to gears made from standard PAEK 
and PAEK reinforced with MWCNTs, across varying torque levels. 

The driver gear drives the driven gear during running the meshing gears. Therefore, there 
are higher active and reactive forces exerted on the driver gears compared to driven gears 
when gears are in motion. As a result, the temperature rise in driver gears is comparatively 
higher than the driven gear. 

3.2 Wear Performance 

Fig. 6 and 7 illustrates the wear performance of gears manufactured from PAEK, PAEK 
reinforced with MWCNT nanofiller and PAEK reinforced with amine-functionalized 
MWCNT nanofiller materials at 1000rpm and 1500 rpm respectively. Figures indicated 
that the rise in specific wear rate of gears with rise in torques and rotational speeds of 
gears. This trend was observed in all three varieties of gears. Notably, amine-functionalized 
MWCNT gears exhibit a lower specific wear rate compared to PAEK and MWCNT-
reinforced PAEK gears under identical operating conditions, including torques and 
rotational speeds. Moreover, it was observed that, across various torques and speeds, the 
specific wear rate of the driver gear remained higher than that of the driven gear for all 
three gear types. 

The wear rate of these meshed gears was slightly higher at higher rotational speeds 
compared to lower rotational speeds, primarily due to increased friction resulting from 
repeated contact between the surfaces within a minimal time period. Additionally, a higher 
wear rate was observed at higher torque levels, due to the elevated stresses experienced 
in comparison to lower torque conditions. Hence, the higher wear rate is observed for 
higher rotational speed i.e. 1500 rpm and higher torque such as 10 Nm. 

 

Fig. 6. Wear performance of PAEK and its composites with MWCNT and amine-
functionalized MWCNT gears at 1000 rpm 
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Fig. 7 .Wear performance of PAEK and its composites with MWCNT and amine-
functionalized MWCNT gears at 1500 rpm 

The aspect ratio, smaller in size and excellent mechanical properties of MWCNTs improves 
the mechanical properties such as stiffness, hardness, rigidity, tensile modulus, fatigue 
properties and the strengths of MWCNTs reinforced polymer composites [35, 36]. But, 
functionalized MWCNT improves the cross-link density, dispersion and interfacial 
interaction by increasing dispersibility and surface polarity resulting in the enhancement 
in the strength of composites, fatigue properties and reduces asperity deformation than 
MWCNT reinforced composites [6, 37]. Hence, the mechanical strengths of amine 
functionalized MWCNT incorporated PAEK composites are higher than MWCNT reinforced 
PAEK composites and pristine PAEK polymer [26]. Therefore, the wear performance of 
gears made of PAEK/amine functionalized MWCNT composites is superior to gears made 
of PAEK and PAEK/MWCNT composites.  

During meshing, the gear tooth slides, and the direction reverses at the pitch point. The 
driver gear rotates towards the pitch point, while the driven gear consistently slides away 
from the pitch point. The relative direction of sliding and rolling actions plays a significant 
role for wear of gears [38][39]. Therefore, the driver gear experiences a higher rate of wear 
compared to the driven gear, caused by the more active and reactive forces experienced by 
the driver gear as compared to the driven gear. Wear was noticed on the gear tooth faces 
rather than the flanks, primarily due to the larger contacting surface area while gears are 
in motion. The melting temperature and glass transition temperature of PAEK and PAEK 
based composites is high as these materials are high temperature and high performance in 
category [40]. Therefore, these studied materials do not undergo softening at these 
temperature rises. Hence, there was no failure of teeth or no more wear rate of these gears 
due to the excellent mechanical and thermal properties of all these three types of gear 
materials.  

 3.3 Surface Roughness of Gears 

Fig. 8 and 9 depicts the surface roughness of gears made from PAEK, PAEK reinforced with 
MWCNT nanofiller, and PAEK reinforced with amine-functionalized MWCNT nanofiller 
materials at 1000 rpm and 1500 rpm respectively. These figures reveal an increase in 
surface roughness (Ra) value with the elevation of torques and rotational speeds of the 
gears. This trend was consistent across all three gear types. This phenomenon can be 
attributed to the intensified friction, contact stresses, and sliding actions experienced by 



Sahai et al. / Research on Engineering Structures & Materials 11(1) (2025) 273-285 

 

281 

the gear teeth under higher torque and rotational speed conditions [41]. Notably, amine-
functionalized MWCNT gears exhibit a lower surface roughness value compared to PAEK 
and MWCNT-reinforced PAEK gears under identical operating conditions, including 
torques and rotational speeds. Furthermore, it was observed that, across various torques 
and speeds, the surface roughness value of the driver gear was consistently higher than 
that of the driven gear for all three gear types. The excellent properties such as hardness, 
lower asperity deformation, improved adhesion and reduced friction of the MWCNT and 
amine functionalized MWCNT incorporated PAEK composites gears exhibited lower 
roughness (Ra value) than PAEK gears after the running operation [42]. 

 

Fig. 8. Surface roughness of PAEK and its composites with MWCNT and amine-
functionalized MWCNT gears at 1000 rpm 

 

Fig. 9. Surface roughness of PAEK and its composites with MWCNT and amine-
functionalized MWCNT gears at 1500 rpm 

In the driving gear, the frictional force consistently acts away from the pitch point, whereas 
in the driven gear, it acts towards the pitch point. As a result, the frictional forces in the 
driving gear tend to separate the surfaces, leading to increased roughness on the teeth 
surface of the driver gear [6]. The surface roughness of gears was influenced by factors 



Sahai et al. / Research on Engineering Structures & Materials 11(1) (2025) 273-285 

 

282 

such as material composition, operational conditions, and the presence of additives like 
MWCNTs. Gears incorporating amine-functionalized MWCNTs demonstrate reduced  

4. Conclusions  

The investigation conducted on running meshed gears made of PAEK, MWCNT reinforced 
PAEK and amine-functionalized MWCNT reinforced PAEK materials under various 
operating conditions has led to several key conclusions are as follows: 

• With increasing speed and torque, there is a concurrent increase in the surface 
temperature and wear rate of all these three types of gears. Notably, the 
contribution of torque to the rise in surface temperature is proportionally higher 
than that of rotational speed. 

• Gears composed of amine-functionalized MWCNT reinforced PAEK materials 
exhibit slightly superior performance compared to those made from PAEK and 
MWCNT reinforced PAEK. This advantage can be attributed to the comparatively 
higher mechanical and thermal properties of amine-functionalized MWCNTs, 
enhancing the overall durability and reliability of these gears. 

• The surface temperature and wear rate of driver gears are slightly higher than those 
of the driven gears. This discrepancy can be attributed to the differential 
distribution of frictional forces and contact stresses experienced by the gears 
during operation. 

• No instances of tooth failure or abnormal wear rates were observed in any of the 
gears tested. This can be attributed to the high inherent strengths of PAEK and 
MWCNTs nanofiller, ensuring the structural integrity and longevity of the gears 
under the specified operating conditions. 

• Post-operation analysis revealed that the surface roughness of gears composed of 
amine-functionalized MWCNT reinforced PAEK materials was lower than that of 
gears made from PAEK and MWCNT reinforced PAEK. This indicates a good surface 
finish and potentially improved performance in terms of friction and wear 
characteristics. These gears can be useful at the high temperature and loading 
working conditions.   

• The investigation highlights the significant influence of operating conditions and 
material composition on the performance of meshed gears. The superior properties 
of amine-functionalized MWCNT reinforced PAEK materials suggest their potential 
for applications requiring high durability and reliability in dynamic mechanical 
systems. 
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 This paper adopted the accelerated corrosion test method to study the corrosion 
law of epoxy coatings on steel bridges. An image processing algorithm based on 
MATLAB was used to perform grayscale conversion, normalized histogram 
drawing, and binary image processing on the surface morphology images of 
coated specimens. Four coated specimens were prepared and placed in the cyclic 
accelerated corrosion environment. The coated specimens were subjected to the 
accelerated corrosion test for 90 days, observed changes in coating thickness and 
corrosion area rate and analyzing the corrosion laws of epoxy coatings in 
different corrosion environments. Using image processing technology to process 
images of coating corrosion and analyze the corrosion mechanism of coatings. 
The research results indicate that the corrosion rate of epoxy coatings exhibits a 
non-linear corrosion law of slow corrosion in the early stage and accelerated 
corrosion in the middle and later stages. The corrosion rate of epoxy coatings in 
saltwater corrosive environments is faster than in freshwater corrosive 
environments. Based on the corrosion laws and mechanisms of coatings, a 
nonlinear corrosion function model for epoxy coatings on steel bridges under 
different accelerated corrosion environment was established, which has a high 
correlation with experimental data.  

© 2024 MIM Research Group. All rights reserved. 

Keywords:  
 
Image processing;  
Steel bridge coating; 
Non linearity;  
Corrosion law  

 

1. Introduction 

Corrosion is a phenomenon in which metals undergo chemical or electrochemical 
reactions with the surrounding environment, causing significant economic losses and 
social harm to various industries [1-2]. Steel exposed to the atmosphere is prone to 
chemical reactions caused by the combined effects of environmental factors such as oxygen 
and rainwater (acid rain), leading to the formation of rust [3-5]. If severe corrosion occurs 
in key parts of the steel bridge, it may pose a threat to the structural bearing capacity of 
the steel bridge. To prevent the corrosion of steel by air and water, anti-corrosion coating 
technology has emerged as the most commonly used means to slow down the corrosion 
rate of steel bridges. The principle of most coatings for corrosion prevention is mainly 
physical corrosion prevention, which is achieved by coating the steel surface to avoid 
direct contact between air and water on the steel [6-8]. At present, the most widely used 
anti-corrosion method for steel bridges is to apply coatings on the surface of the steel 
bridge. However, during the service of steel bridges, the coating will also undergo 
corrosion and aging due to environmental factors such as oxygen, rainwater, and 
ultraviolet radiation. As the corrosion intensifies, the protective effect of the coating on the 
steel bridge becomes increasingly worse. Therefore, in order to effectively control the 
corrosion of steel bridges and extend their service life, the corrosion law of steel bridge 
coatings has become a topic worthy of in-depth research. 
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During the visual inspection process by coating inspectors, due to the diverse types and 
complex presentation of coating defects, it is difficult for inspectors to identify the specific 
types of defects. Moreover, visual errors can also make it difficult to detect subtle defects, 
such as pitting, micro bubbles, and filamentous cracks, when observed with the naked eye. 
When measuring defects, traditional measuring instruments are used, and ensuring the 
measurement accuracy required for corrosion inspection in an on-site environment is 
difficult. Moreover, there are no effective measuring tools for irregular coating defects, 
such as those for measuring the area of rust and peeling. With the development of image 
acquisition technology and image processing technology, the identification and 
measurement of corrosion defects encountered in the inspection process of coating defects 
mentioned above will be effectively improved. Image processing technology is a technique 
that uses image processing algorithms to process and optimize images captured by digital 
cameras and other tools to achieve the desired results [9]. The main steps of image 
processing include contrast enhancement, filtering, threshold segmentation, 
morphological processing, feature extraction and classification [10]. 

In the field of corrosion, the form and characteristics of corrosion damage can be 
represented by corrosion images to evaluate the type of corrosion and analyze the degree 
of corrosion. The corrosion images become an important basis for studying corrosion laws. 
By establishing appropriate segmentation criteria and recognition models, quantitative 
description of corrosion areas can be obtained. Corrosion detection problems can be 
transformed into computer vision problems [11-13]. The traditional image processing 
method is to use wavelet transform to extract energy and entropy values from each sub 
image of the corrosion image, and use them to detect the corrosion area in the image [14-
15]. Scholars have used the color difference between corroded and non-corroded areas to 
segment images [16]. Some scholars also believe that as corrosion intensifies, the 
roughness of the metal surface also changes, which is reflected in the corrosion image [17]. 
The gray scale values of pixels at the corrosion edge are different from those at other 
locations, and this distinguishes between corroded and non-corroded areas [18-19]. 
Furthermore, several scholars have proposed using Non-Destructive Evaluation (NDE) to 
analyze texture changes on corroded surfaces, combined with Self Organizing Feature 
Mapping (SOFM) networks for corrosion damage classification, or training Support Vector 
Machines (SVM) for corrosion classification and detection, based on the color 
characteristics of the corroded area [20-22]. 

In the study of coating corrosion laws, the commonly used method is to compare and 
evaluate the physical, chemical, and electrochemical properties of coatings as they decay 
with exposure time, in order to establish a model for the variation of coating corrosion 
laws. Many scholars have conducted research on the corrosion laws of coatings. Kim et al. 
[23] conducted accelerated exposure tests on five commonly used coating systems for 
Japanese steel bridges and discussed the corrosion degradation caused by initial coating 
defects. Hirohata et al. [24] developed an accelerated exposure experimental system to 
simulate seawater environment. The acceleration coefficient of this experimental system 
is based on the study of the actual corrosion depth of structural steel components exposed 
to seawater environment for more than 19 years. Kallias et al. [25] reviewed the 
mechanisms that lead to coating degradation, with a focus on the main types of coatings. 
Based on the classification of corrosive environments and response function models, 
research was conducted to quantify the impact of corrosion, and an atmospheric corrosion 
model was proposed. Kendig et al. [8] studied the anti-corrosion performance of organic 
coatings using electrochemical impedance method and established a life prediction model 
for organic coatings. Lee et al. [26] studied the life of coatings through on-site exposure 
tests and artificial accelerated aging tests, and established aging models for three coating 
systems: chlorinated rubber, polyurethane, and inorganic zinc rich. Through regression 
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analysis, the life prediction formulas for the three coating systems were obtained, and the 
life of the three coating systems were found to be 20.8 years, 26.6 years, and 17.8 years, 
respectively. Fredj et al. [27-29] used electrochemical impedance spectroscopy to study 
the protective performance of organic coatings under the coupling effect of load and 
corrosive environment. By comparing and analyzing the effects of different loads and 
stress symbols on the protective performance of organic coatings, the results showed that 
tensile stress accelerated the degradation of coatings, while compressive stress slowed 
down the loss of coating performance. The S6-cycle corrosion test was carried out on 
structural steels for 30, 60, 90,120 and 150 days and metal coating films for 100, 200 and 
300 days [30]. The purpose of this study was to determine correlation between an 
accelerated cyclic corrosion test (S6-cycle test) specified in Japanese Industrial Standards 
K5621 and field exposure tests. Merachtsaki et al. [31] studied the corrosion behavior of 
steel coated with epoxy-(organo) clay nanocomposite films by using salt spray exposures, 
optical and scanning electron microscopy examination, open circuit potential, and 
electrochemical impedance measurements. Rachid [32] reviewed the chemical corrosion 
mechanism and calculation method of the corrosion behavior of epoxy anti-corrosion 
coatings in 3.5% NaCl solution. 

Based on image processing technology, this paper adopted the accelerated corrosion test 
method to study the corrosion law of epoxy coatings on steel bridges. Four coated 
specimens were prepared and placed in a cyclic accelerated corrosion environment. The 
coated specimens were subjected to a 90-day accelerated corrosion test to observe 
changes in coating thickness and corrosion area rate, and to analyze the corrosion laws of 
epoxy coatings in different corrosion environments. Image processing technology was 
used to process images of coating corrosion and analyze the corrosion mechanism of 
coatings. The research results indicate that the corrosion rate of epoxy coatings exhibits a 
nonlinear corrosion pattern of slow corrosion in the early stage and accelerated corrosion 
in the middle and later stages. The corrosion rate of coatings in saline corrosive 
environments is faster than in freshwater corrosive environments. Based on the corrosion 
laws and mechanisms of coatings, a nonlinear corrosion function model for epoxy coatings 
on steel bridges under different accelerated corrosion environments was established, 
which has a high correlation with experimental data.  

2. Materials and Experimental Procedure  

2.1. Materials 

The coating systems widely used on steel bridges mainly include epoxy coating systems, 
acrylic polyurethane coating systems, and fluorocarbon coating systems. The research 
object of this paper is the epoxy coating system. Details of epoxy coating in this paper are 
as shown in table 1. Four epoxy coated specimens were prepared with specimen numbers 
HY01, HY02, HY03, and HY04, respectively. Q235 low-carbon steel with a size of 
140mm×70mm×4.5mm was selected as the sample steel plate, which has good thermal 
conductivity and corrosion resistance.  

Table 1. Details of epoxy coating in this paper 

Parameters Epoxy Coating 

Substrate Mild steel 
preparation grades Sa 2.5 

primer inorganic zinc rich (50 μm) 
intermediate coat epoxy cloud iron (100µm) 

top coat epoxy topcoat (50µm) 
Color gray 

Dry film thickness (200±40)µm 
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Prior to abrasion, the Q235 cold-rolled mild steel panels were cleaned with a metal cleaner, 
used to remove excess oil from the surface of the steel panels, and then dried at room 
temperature [33]. The surfaces of both the sample and the base plate were pretreated 
before painting, a polishing machine was used to polish them to the Sa2.5 level, and then 
the sample was prepared by painting [34]. After each coating, the samples were cured at 
room temperature for 24 hours, after which the second layer of paint was applied at room 
temperature. After each coating was brushed and cured, a coating thickness gauge was 
used for testing to achieve the required coating thickness range. The coating thickness 
standard was inorganic zinc-rich (50 μm) + epoxy cloud iron (100 µm) +epoxy topcoat (50 
µm), with a spraying thickness not exceeding 20% of the standard thickness. The coated 
specimens are as shown in Fig. 1. 

 

Fig. 1. Preparation of coated specimens 

2.2. Cyclic Accelerated Corrosion Test 

To simulate the service environment of steel bridges more realistically, this paper designs 
a cyclic accelerated corrosion test involving a water environment immersion test and an 
accelerated aging test. The cycling program for the accelerated corrosion test was set as 
follows: 144 h accelerated aging test+72 h water environment immersion test.  

 

Fig. 2. Cyclic Accelerated Corrosion Test Procedure 
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The cyclic accelerated corrosion test procedure is shown in Fig. 2. To complete the water 
environment corrosion test, a water environment corrosion test chamber was constructed, 
and a total of two water environment corrosion test chambers were prepared: a 
freshwater environment corrosion test chamber (the water source for the devices inside 
the chamber was tap water) and a saline environment corrosion test chamber (the water 
source for the devices inside the chamber was 3.5% sodium chloride solution). The 
accelerated aging test is completed through an accelerated aging environment test 
chamber, which can control the intensity, humidity, and temperature of ultraviolet 
radiation. The cycle program of the accelerated aging test included 8 hours of ultraviolet 
radiation (including 18 minutes of rain) +4 hours of condensation, where the ultraviolet 
intensity was 95 W/m2, the temperature was 60±3°C, and the relative humidity was 
65±5%. The duration of the experimental plan in this article was 90 days, and the coating 
thickness and corrosion area rate of each coated specimen were measured every 10 days. 
After measurement, the initial coating thickness of all 4 coated specimens was 200 µm, and 
the initial corrosion area rate was 0%. The test environment for epoxy coated specimens 
is shown in Table 2. 

Table 2. Test environment for coating specimens 

Coating test piece number Test environment 
HY01 

Freshwater + Accelerated aging test 
HY02 
HY03 

Saltwater + Accelerated aging test 
HY04 

2.3. Coating Performance Testing Methods 

A CT-220 coating thickness gauge was used to measure the thickness changes of the 
coating during the corrosion process. Before measurement, the instrument was calibrated 
on a standard metal block to confirm that the measurement accuracy met the 
requirements. Each coating specimen was measured at 5 points, and the arithmetic mean 
of the 5 measurement values was taken as the coating thickness of the specimen; A camera 
was used to capture photos of the coating surface, image processing technology was used 
to process the surface appearance image of the corroded coating, and the change in the 
rust area rate of the coating was calculated. 

3. Test Results  

3.1. Coating Thickness 

The transmission of corrosive media such as water and oxygen in coatings conforms to 
Fick's diffusion law, and when a coating is used to protect the surface of a steel plate, a 
coating film is formed on the surface of the steel plate. This coating film can block the 
contact between corrosive media and the steel substrate. Based on this theory, many 
scientific and technological workers believe that increasing the coating thickness can 
increase the protective effect of the coating on the steel, thereby extending the service life 
of the coating. Therefore, coating thickness is one of the important indicators reflecting the 
corrosion process of coatings. 

Fig. 3 and Fig. 4 respectively show the variation of coating thickness and coating thickness 
loss rate with test time for epoxy coated specimens placed in different accelerated 
corrosion environments. From the graph, it can be seen that the coating thickness of the 
freshwater environment specimens (HY01 and HY02) increased from the initial thickness 
of 200μm during a 90 day accelerated corrosion test time dropped to 173μm ~174μm. The 
loss value of coating thickness is 26μm ~27μm. The loss rate of coating thickness is 
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13.0%~13.5%. During a 90-day accelerated corrosion test, the coating thickness of the 
saltwater environment specimens (HY03 and HY04) increased from the initial thickness of 
200μm dropped to 170μm ~171μm. The loss value of coating thickness is 29μm ~30μm. 
The loss rate of coating thickness is 14.5%~15.0%. The phenomenon of coating thickness 
loss is due to the combined effect of factors such as ultraviolet radiation, water, and oxygen 
on the coating in an accelerated corrosion environment, especially the significant impact 
of ultraviolet radiation on the decrease of coating thickness. Ultraviolet radiation can 
decompose the ion bonds between the high polymers of the coating, leading to aging and 
degradation of the coating. The surface of the coating gradually becomes powdery, and the 
residue of coating decomposition gradually separates from the coating under the washing 
of water. This pulverization and erosion effect leads to a gradual decrease in coating 
thickness. The experimental results show that regardless of whether it is in a freshwater 
or saline environment, the coating thickness gradually decreases with the extension of the 
test time, and shows a slow decrease in coating thickness in the early stage of corrosion, 
and a faster decrease in coating thickness in the middle and later stages of corrosion. This 
indirectly indicates that the corrosion rate of the coating follows a non-linear corrosion 
pattern of slow corrosion in the early stage and accelerated corrosion in the middle and 
later stages. 

 

Fig. 3. The variation law of coating thickness with test time 

According to the change in coating thickness data, the coating thickness of specimen HY01 
decreased by 26μm, and the coating thickness of specimen HY03 decreased by 29μm. From 
the perspective of coating thickness loss, the coating thickness loss of specimens in saline 
environment (HY03 and HY04) is greater than that of specimens in freshwater 
environment (HY01 and HY02). This indicated that the corrosion rate of epoxy coatings on 
steel bridges in saline accelerated corrosion environment is faster than that in freshwater 
accelerated corrosion environment. For epoxy coatings, in saline corrosive environments, 
they not only face corrosion from UV rays, water, oxygen, etc., but also from chloride ions. 
Chloride ions can accelerate the chemical reaction that occurs during coating corrosion, 
leading to an accelerated rate of molecular decomposition of the coating. The experimental 
results indicate that chloride ions in saline environments can accelerate the corrosion rate 
of epoxy coatings. 
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Fig. 4. The variation law of coating thickness loss rate with test time 

3.2. Corrosion Area Rate 

The corrosion area of the coating is the most effective indicator for characterizing the 
corrosion process and health status of the coating. When the corrosion area rate reaches a 
specific value, it can be considered that the coating has failed. This article takes the 
corrosion area rate of coatings as one of the research indicators to analyze the corrosion 
laws of coatings. 

Fig. 5 shows the variation in the corrosion area rate of epoxy coated steel bridge specimens 
in different accelerated corrosion environments over time. The graph shows that during 
the 90-day accelerated corrosion test period, the corrosion area rate of the freshwater 
environment specimens increased from 0% to 1.90%. In the range of 0-40 days, the 
corrosion area rate of the coating remained at 0%. In the range of 40-90 days, the corrosion 
area rate of the coating gradually increased, and the slope of the increase became 
increasingly larger. During the 90-day accelerated corrosion test period, the corrosion area 
rate of the saline environment specimens increased from 0% to 2.40%. In the range of 0-
20 days, the corrosion area rate of the coating remained at 0%. In the range of 20-90 days, 
the corrosion area rate of the coating gradually increased, and the slope of the increase 
became increasingly larger. The experimental results show that with increasing test time, 
the corrosion area rate gradually increases, the corrosion area rate slowly increases in the 
early stage of corrosion, and the corrosion area rate rapidly increases in the middle and 
late stages of corrosion, indicating that the coating corrosion process follows a nonlinear 
corrosion law. The increase in corrosion area is due to the combined effect of factors such 
as UV radiation, water, and oxygen on the coating in an accelerated corrosion environment, 
leading to electrochemical reactions of the coating. The coating gradually undergoes 
corrosion degradation, losing its protective effect on the steel bridge structure. The 
nonlinear corrosion law may be because in the early stage of corrosion, the loss of coating 
thickness is relatively small, and the insulating effect of the coating against external erosion 
factors is still strong. Oxygen, water, chloride ions, etc. need a long time to enter the coating 
substrate; In the middle and later stages of corrosion, as the thickness of the coating 
decreases and the porosity of the coating gradually increases, corrosion factors are more 
likely to enter the coating substrate and undergo chemical reactions, accelerating the 
electrochemical reaction process of coating corrosion. The accumulation rate of corrosion 
products is greatly accelerated, characterized by an accelerated increase in the corrosion 
area rate of the coating. 
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From the perspective of the change in corrosion area rate, the corrosion area rate of 
specimens in saline environment (HY03 and HY04) increased faster than that in 
freshwater environment (HY01 and HY02), indicating that the corrosion rate of the epoxy 
coating on steel bridges in saline accelerated corrosion environment is faster than that in 
freshwater accelerated corrosion environment. By comparing the composition factors of 
saline corrosion environment and freshwater corrosion environment, it can be concluded 
that chloride ions are the main factor affecting coating corrosion in saline corrosion 
environment. For epoxy coatings, chloride ions have a smaller radius and are more likely 
to penetrate the coating and enter the coating/metal interface. Prolonged exposure of 
chloride ions in aqueous solutions can accelerate corrosion reactions and easily penetrate 
the protective film on the metal surface, causing crevice corrosion and pore corrosion. 

 

Fig. 5. The variation law of corrosion area rate with test time 

3.3. Coating Corrosion Morphology Based on Image Processing 

At present, the quality inspection of coating surfaces mainly relies on manual work. The 
manual corrosion detection of coating surfaces is limited by its subjectivity, making it 
difficult to objectively quantify the characteristics of corrosion. In recent years, image 
processing technology has gradually been applied in the field of coating corrosion. The 
form and characteristics of coating corrosion damage can be represented by corrosion 
images to evaluate the type of corrosion and analyze the degree of corrosion. This is 
important basis for studying corrosion laws. 

To obtain clearer and easier to recognize images of the coating corrosion morphology, this 
paper adopts an image processing algorithm based on MATLAB to perform grayscale 
conversion, normalized histogram drawing, and binary image processing on the surface 
morphology images of coated specimens. Fig. 6 shows the corrosion morphology image of 
the coating after cyclic accelerated corrosion test. From the graph, it can be seen that the 
number of corrosion rust points in the saltwater environment coated specimens is 
significantly higher than that in the freshwater environment coated specimens, which is 
consistent with the variation law of the corrosion area rate of the coating. This indirectly 
confirms that chloride ions can accelerate the corrosion of the coating. Compared with the 
initial morphology of the coating, the color of the coating has undergone significant 
changes. This is mainly because the pigment molecules in the coating are excited to form 
free radicals after being exposed to ultraviolet radiation, leading to molecular breakage 
and chemical changes, resulting in a change in color. Fig. 7 shows a grayscale image of 
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coating corrosion morphology, which is generated by converting a three-dimensional RGB 
image into a two-dimensional grayscale image through image processing algorithms. Fig. 
8 and Fig. 9 show the normalized histograms of coating corrosion morphology images, 
which can directly reflect the ratio of different grayscale levels. The horizontal axis 
represents the grayscale level of each pixel in the image, and the vertical axis represents 
the number or probability of pixels with different grayscale levels appearing in the image. 
Normalized histograms are of great significance in obtaining the optimal threshold for 
images.  

Fig. 10 and Fig. 11 show binary images of coating corrosion morphology. The method of 
generating binary images is to obtain the assumed optimal threshold of the image based 
on the normalized histogram, calculate the center values of the foreground and 
background at this threshold. When the average value of the center values of the 
foreground and background is the same as the assumed optimal threshold, the iteration is 
terminated. This value is used as the threshold for binarization. From the graph, it can be 
seen that after the cyclic accelerated corrosion test for 90 days, the surface of the coated 
specimens showed varying degrees of corrosion. The corrosion area rate of the coated 
specimens in a saline environment was greater. Therefore, image processing algorithms 
based on MATLAB can clearly present the corrosion morphology and degree of coating 
corrosion. 

 

Fig. 6. Coating corrosion morphology at 90 days 

 

Fig. 7. Gray scale image of coating corrosion morphology at 90 days 
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Fig. 8. Normalized histogram of coating corrosion images at 90 days (HY01 and HY02) 

 

Fig. 9. Normalized histogram of coating corrosion images at 90 days (HY03 and HY04) 

  

Fig. 10. Binary image of coating corrosion morphology (HY01 and HY02) 
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Fig. 11. Binary image of coating corrosion morphology (HY03 and HY04) 

4. Discussion 

4.1. Analysis of Corrosion Data 

To reduce the error of experimental data, the average coating thickness loss rate of epoxy 
coated specimens was fitted and analyzed. Nonlinear corrosion function fitting was 
performed for two corrosion conditions, namely epoxy coating in freshwater environment 
and epoxy coating in saltwater environment, respectively. Fig. 12 and Fig. 13 respectively 
show the fitting curves of coating thickness loss rate under different corrosion 
environment. After fitting with Origin Pro2019 software, there is a high correlation 
between the coating thickness loss rate and the quadratic polynomial. 

= +  +  2
1 2H n B t B t

 
(1) 

Where, H represents the loss rate of coating thickness, t represents the corrosion time of 
the coating (in days). n, B1, and B2 are constants (different corrosion environment 
correspond to different values, see Table 3 for parameter values). 

Table 3. Parameter values under different corrosion environment 

Corrosion 
Environment 

n B1 B2 R2 

Value 
Standard 

Error 
Value 

Standard 
Error 

Value 
Standard 

Error 
Corre
lation 

Freshwater 0.0047 0.0027 2.26E-4 1.42E-4 1.43E-5 1.52E-6 0.99 

Saltwater 0.0090 0.0047 6.08E-4 2.42E-4 1.01E-5 2.59E-6 0.98 
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Fig. 12. Fitting curve of thickness loss rate of epoxy coating in freshwater environment 

 

Fig. 13. Fitting curve of thickness loss rate of epoxy coating in saltwater environment 

Due to the possibility of deviation in the corrosion area rate of individual coated 
specimens, this article takes the average corrosion area rate of specimens under the same 
conditions for data fitting to reduce model errors. Nonlinear corrosion function fitting is 
performed on epoxy coatings in freshwater and saline environment. Fig. 14 and Fig. 15 
respectively show the fitting curves of corrosion area rate under different corrosion 
environment. After fitting with Origin Pro2019 software, there is a high correlation 
between the corrosion area rate of the coating and the following functional models. 

=  tS a b  (2) 

Where, S: corrosion area rate, t: corrosion time (days), a and b: constant (different 
corrosion environment correspond to different values, see Table 4 for parameter values). 
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Table 4. Parameter values under different corrosion environment 

corrosion 
environment 

a b R2 

value standard error value standard error correlation 

Freshwater 2.98E-10 2.22E-10 4.00 0.1677 0.99 

Saltwater 3.76E-08 3.81E-08 2.96 0.2302 0.98 

 

 

Fig. 14. Fitting curve of corrosion area rate of epoxy coating in freshwater 
environment 

 

Fig. 15. Fitting curve of corrosion area rate of epoxy coating in saltwater environment 

4.2. Analysis of Corrosion Mechanism of Epoxy Coatings 

The experimental results of this paper indicate that the corrosion rate of epoxy coatings 
exhibits a non-linear corrosion pattern of slow corrosion in the early stage and accelerated 
corrosion in the middle and later stages. The schematic diagram of the coating corrosion 
process is shown in Fig. 16. Based on the experimental phenomena and results in this 
article, the corrosion mechanism of epoxy coatings on steel bridges is analyzed as follows 
the epoxy coating is a multi-layer structure, and in the early stage of corrosion, the pores 
of the coating are very dense, making it difficult for corrosive substances such as air, water, 
and chloride ions to pass through the coating and reach the coating/metal substrate 
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interface. With the passage of time, the effects of ultraviolet radiation, temperature 
changes, humidity changes, and other factors cause the polymer structure of the coating to 
continuously age and degrade. The pores of the coating become less dense, and substances 
such as oxygen and water can partially enter the interior of the coating through the pores 
and undergo chemical reactions. Therefore, in the early stage of coating corrosion, it is 
generally manifested as coating powdering, color difference, loss of glossiness, etc. There 
will be no rust spots, coating peeling in the early stage of coating corrosion. With the 
development of corrosion process, the corrosion rate continues to accelerate, and the 
decomposition rate of coating material structure is also accelerating.  

 

Fig. 16. The schematic diagram of the coating corrosion process 

 

Fig. 17. The corrosion mechanism of epoxy coating under freshwater environment 

 

Fig. 18. The corrosion mechanism of epoxy coating under freshwater environment 

The chemical reaction rate at the coating/metal matrix interface continues to accelerate. 
The generated chemical reaction products continue to accumulate and increase. The 
coating will expand, forming obvious corrosion problems such as rust spots, bubbles, and 
even coating peeling. Therefore, when the corrosion process reaches the middle and later 
stages, the rate of coating corrosion will greatly accelerate, and the products of coating 
corrosion degradation will continue to increase, ultimately manifested as the continuous 
expansion of the corrosion area rate. When the corrosion area rate increases to a specific 
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value, it can be considered that the coating has failed and decision measures for repairing 
or repainting the coating are needed. 

4.3. Corrosion Function Model of Epoxy Coating on Steel Bridges 

According to the corrosion laws and mechanisms of coatings, the corrosion area rate and 
thickness of coatings exhibit nonlinear patterns with corrosion time. Research has shown 
that coating thickness and coating corrosion area rate can effectively characterize the 
degree of coating corrosion. Therefore, this paper takes coating thickness and coating 
corrosion area rate as model indicators to establish a nonlinear corrosion function model 
for epoxy coatings on steel bridges under accelerated corrosion environment. Dr. 
Yamamoto Takashi, a Japanese anti-corrosion expert, proposed the theory of coating 
corrosion life, which suggests that coating corrosion goes through two stages [35]. The first 
stage is corrosion before the coating is perforated, and the second stage is corrosion after 
the coating is perforated. This theory is consistent with the corrosion law obtained through 
experiments in this paper. 

Based on the corrosion law of coatings and Dr. Yamamoto Takashi's coating life theory, this 
paper divides the corrosion process of epoxy coatings on steel bridges into two stages: the 
early stage of corrosion, the middle and later stage of corrosion. The early stage of 
corrosion refers to the period from the service of the coating to the occurrence of corrosion 
rust spots. During this stage, the corrosion of the coating is mainly characterized by a 
decrease in coating thickness. The middle and later stage of corrosion is from the 
appearance of corrosion rust spots to the failure of the coating. During this stage, the 
corrosion of the coating is mainly characterized by an increase in the corrosion area. 
Therefore, this paper divides the nonlinear corrosion function model of epoxy coating on 
steel bridges under accelerated corrosion environment into two parts. In the early stage of 
corrosion, the loss rate of coating thickness is used as the model indicator, and a function 
model for the early stage of epoxy coating corrosion on steel bridges under accelerated 
corrosion environment is established. In the middle and later stages of corrosion, the 
corrosion area rate of coating is used as the model indicator, and a function model for the 
middle and later stages of epoxy coating corrosion on steel bridges under accelerated 
corrosion environment is established. 

The nonlinear corrosion function model of epoxy coatings on steel bridge in the early stage 
is shown in the Eq (3). 

= +  +  2
1 2H n B t B t  (3) 

Where, H: coating thickness loss rate, t: corrosion time (days), n: initial coating thickness 
loss rate (the initial coating thickness loss rate of the new coating is 0), B1 and B2: constant 
(the values vary under different corrosive environments, as shown in Table 5). 

Table 5. Parameter values of new coating under different corrosion environment 

corrosion environment 
n B1 B2 

value value value 

Freshwater environment 0 2.26E-4 1.43E-5 

Saltwater environment 0 6.08E-4 1.01E-5 
 

The nonlinear corrosion function model of epoxy coatings on steel bridge in the middle 
and later stages is shown in the Eq (4). 

=  tS a b  (4) 
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Where, S: corrosion area rate, t: corrosion time (days), a and b: constant (the values vary 
under different corrosive environments, as shown in Table 6). 

Table 6. Parameter values under different corrosion environment 

corrosion environment 
a b 

value value 

Freshwater environment 2.98E-10 4.00 

Saltwater environment 3.76E-08 2.96 

5. Conclusions 

This paper adopted the accelerated corrosion test method to study the corrosion law of 
epoxy coatings on steel bridges. An image processing algorithm based on MATLAB was 
performed grayscale conversion, normalized histogram drawing, and binary image 
processing on the surface morphology images of coated specimens. From the test results, 
the following conclusions could be drawn: 

• Whether in freshwater or saltwater corrosion environment, the coatings on steel 
bridge will undergo varying degrees of corrosion, manifested by a decrease in 
coating thickness and an increase in corrosion area rate. The corrosion rate of the 
coating exhibits a non-linear corrosion pattern of slow corrosion in the early stage 
and accelerated corrosion in the middle and later stages. 

• The experimental results indicate that the corrosion rate of epoxy coatings on steel 
bridges is faster in saltwater environment than in freshwater environment. 
Chlorine ions in salt environment can accelerate the corrosion of coatings. Chlorine 
ions are more likely to penetrate the coating and enter the coating/metal interface. 
Prolonged exposure to aqueous solutions can accelerate the corrosion reaction and 
easily penetrate the protective film on the metal surface, causing crevice corrosion 
and pitting corrosion. 

• According to the analysis of coating morphology, it can be concluded that the 
surface of the coated specimens showed varying degrees of corrosion after the 
cyclic accelerated corrosion test for 90 days. The corrosion area rate of the coated 
specimens in a saline environment was higher. The image processing algorithms 
based on MATLAB can clearly present the corrosion morphology and degree of 
coating corrosion. 

Based on the analysis of the mechanism of coating corrosion and the results of accelerated 
corrosion test, a nonlinear corrosion function model for steel bridge coatings in an 
accelerated corrosion environment was established. This function model has a high 
correlation with experimental data. Nonlinear corrosion function models were established 
for epoxy coatings in freshwater and saline environments, respectively. 
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 The experience of previous earthquakes has shown that reinforced concrete 
frames are susceptible to earthquake damage; therefore, several techniques 
have been suggested by researchers to enhance their efficiency. Although the 
reinforcement of RC frames with concentric braces does enhance the frame's 
stiffness and lateral resistance, it does not have much effect on its ductility. 
Hence, in this article, an I-shaped shear link as a damper is investigated with the 
aim of strengthening RC frames. This damper designed for ease of production 
and post-earthquake replacement, not only improves the frame's stiffness and 
resistance, but also augments its ductility and plastic behavior. Considering that 
the damage is expected to be limited in the damper, other structural components 
will remain in the elastic region. Although the addition of such dampers 
increases the ductility, it reduces the stiffness of the system. To compensate for 
this weakness, the damper using low yield point (LYP) steel is discussed and 
investigated. Furthermore, the effect of the thickness of the damper flanges on 
the seismic behavior of the frame is examined. The results show that the use of 
LYP steel in the construction of the studied shear damper can improve the 
stiffness and resistance of the reinforced concrete frame as well as the amount 
of energy dissipation. However, the mere use of LYP steel does not guarantee the 
improvement of the frame's behavior, and this is subject to the thickness of the 
damper’s flanges. 

 

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction  

During recent severe earthquakes, reinforced concrete (RC) structures experienced 
structural damage at various levels due to the lack of ductility, insufficient strength, etc. [1-
3]. Consequently, the losses caused by these major earthquakes highlight the importance 
of further investigation to enhance the seismic performance of RC structures.  

The improvement of the seismic response of RC buildings using the base isolation 
technique has been studied by various researchers, including Kontoni & Farghaly [4], 
Farghaly & Kontoni [5], and Belbachir et al. [6]. The mitigating effect of tuned mass 
dampers (TMDs) on the seismic response of RC high-rise buildings, considering soil-
structure interaction (SSI), has been investigated by Kontoni & Farghaly [4], Farghaly & 
Kontoni [5], etc. Moreover, the mitigation of seismic pounding between RC high-rise 
buildings, considering SSI, through the use of base isolation, tuned mass dampers (TMDs) 
and pounding tuned mass dampers (PTMDs) has been explored by Farghaly & Kontoni [5] 
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and Farghaly & Kontoni [7]. In reinforced concrete buildings with a moment frame system, 
seismic energy is dissipated by relying on the formation of plastic joints at both ends of the 
beam  [8]. Considering that the floor beam, in addition to the task of energy absorption and 
lateral load, is also responsible for gravity load, so it is highly difficult to replace and repair 
it after an earthquake. On the other hand, the lateral and gravity loads increase its 
vulnerability. 

 In many reinforced concrete buildings, a change of use or a change in seismic 
requirements, damages caused after an earthquake, or the need to change the area or the 
number of floors of the buildings, confirm the necessity of retrofitting the buildings. In 
general, the strengthening of reinforced concrete buildings is done by two methods: local 
and general strengthening. Local reinforcements include the use of FRP [9,10], the use of 
steel jackets [11-13], the use of concrete jackets [14-16], the use of UHPC concretes to 
strengthen joints [17-19], and it is also the use of SMA [20,21], which usually do not have 
a significant effect on the stiffness and lateral strength of the structure. In cases where a 
structure needs to increase its stiffness or strength, only using the general strengthening 
method including the addition of structural elements such as steel shear wall [22-24], 
concrete shear wall [24-27], concentric brace [28-30], eccentric brace [30-33], BRB brace 
[34-36], and dampers [37-41] are prevalent. Although the addition of concrete shear walls 
increases the stiffness and lateral resistance, it brings disadvantages such as increasing the 
weight of the structure, complexity of implementation and formatting, and disturbance in 
the use of the building. Furthermore, despite the efficiency and adaptability of steel shear 
walls, employing steel sheets as the primary load-bearing component leads to the 
transmission of high stresses to the surrounding frame. This requires beams and columns 
with a high moment of inertia, which may sometimes be unachievable. It should be noted 
that convergent braces also do not perform well against bidirectional loads, so it has not 
been accepted as a successful method, particularly in areas with a high risk of earthquakes. 
On the other hand, the eccentrically braced frame (EBF) system is another method which 
has exhibited good ductility during previous earthquakes. Nevertheless, due to the fact that 
the connecting beam is integrated into the floor beam in this system, repairing or replacing 
the connecting beam after a severe earthquake is complicated [42]. Also, the shear capacity 
of the connecting beam causes significant axial forces to be applied to the columns around 
the brace, which must be considered in the design and seismic analysis process. 
Researchers addressed the complexities related to the construction and design of the 
diverging system by employing a perpendicular shear link at the junction of the beam and 
braces (beneath the beam). In the new system with vertical shear link (V-EBF), the shear 
link is not subjected to axial loading and this system is known as an alternative strategy for 
improving the seismic behavior and strengthening of reinforced concrete buildings.  After 
the initiative of V-EBF, some researchers have suggested metal dampers such as added 
stiffness and damping dampers (ADAS), oval added stiffness and damping (EDAS), 
triangular added stiffness and damping (TADAS),  U-shaped, ring, box and other types of 
dampers, in order to improve the behavior of convergent frame braces (CBF). 

 In the last few decades, the philosophy of designing important buildings against 
earthquakes has shifted from traditional and conventional methods, which are solely 
focused on increasing the strength and stiffness of the structure, to the use of energy 
dissipation systems. In the modern approach to designing structures, engineers constantly 
strive to enhance the structure's plasticity by utilizing some items of equipment known as 
dampers and energy absorbers. In this design philosophy, dampers act as a fuse and are 
yielded earlier than the rest of the members in order to prevent the occurrence of large 
non-linear deformations in the main members. This design approach is especially 
important in regions with high seismic activity, as it not only ensures the stability of the 
structure during an earthquake, but also allows for the replacement of energy-absorbing 
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components without damaging the remaining primary elements. As a result, the costs 
associated with repairing and reconstructing structures after an earthquake could be 
significantly reduced. By incorporating energy dissipation systems in a well-planned and 
suitable design, numerous benefits can be attained in both the construction of new 
buildings and the retrofitting of existing ones. With regard to these advantages, the 
following can be mentioned: increasing the damping and energy absorption of the 
structure, significantly reducing the acceleration and relative displacement of the floors, 
minimizing disruptions in structural service, reducing destructive deformations in 
structural and non-structural components, and minimizing damages related to internal 
equipment. These advantages encompass a significant increase in the structure's damping 
and energy dissipation, leading to a considerable reduction in floor acceleration and 
relative displacement.  

There are various types of dampers, including friction dampers, viscous dampers, metal 
dampers, buckling dampers, and others. Energy dissipation in the mentioned systems has 
different mechanisms compared to each other. Among the existing steel dampers, shear 
dampers are of more interest due to their ease of construction, installation, repair and 
replacement after an earthquake, as well as their favorable performance in seismic 
behavior confirmed by laboratory and numerical studies. With the addition of a damper to 
the bracing member, the stiffness is obtained from the sum of the stiffness of the equivalent 
series springs.  Based on this, although the utilization of shear dampers directly connected 
to the braces can prevent the buckling of the diagonal members within the concentric 
frame and enhance the system's energy absorption capacity, this approach simultaneously 
reduces the elastic stiffness of the lateral load-bearing system.  

In this study, the effect of using LYP steel, in an I-shaped shear link, as a method to increase 
the seismic performance of the RC frame in terms of ultimate strength, stiffness, energy 
absorption and ductility is investigated. For the considered I-shaped shear link used as a 
damper, twelve models with different thicknesses of the damper’s flanges and also various 
combinations of steel types (ST37 and LYP) have been compared to determine to what 
extent the RC frame is influenced and in which cases its seismic performance is notably 
improved. 

2. Damper Details 

Although the acceptable performance of the damper under seismic loading is an important 
factor in evaluating the damper as a ductile element under the influence of seismic loads, 
the ease of construction, installation, and replacement after an earthquake are also 
considered as other important factors in the assessment of the damper. Thus, the damper 
shown in Figure 1 is suggested to strengthen the reinforced concrete frames, which fulfills 
both important factors of ease of construction and installation. As shown in Figure 1, these 
dampers are connected to the beginning of the concentrically braced elements, and by 
being yielded before the beam elements prevent their buckling. Therefore, it is expected to 
act like a ductile fuse. Also, their placement is such that they can be easily replaced after a 
severe earthquake. 

For the construction of this damper, the use of both ST37 steel and LYP steel is feasible. 
The use of low yield point (LYP) steel is preferred for two reasons: 1) Although the system 
strength using low yield point steel is equal to that of conventional steels, the shear 
displacement of the system using LYP steel is less than that of other high carbon steels. 2) 
The ductility and energy dissipation capacity of LYP steel are much higher than 
conventional steel. 

According to AISC 341-16, the damper's performance as a shear link is classified into three 
modes: Shear mechanism in the case that ρ ≤ 1.6, shear-flexural mechanism in the case that 
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2.6 > ρ > 1.6, and flexural mechanism by ρ ≥ 2.6, where ρ = 
𝑒

𝑀𝑝 𝑉𝑝⁄
. Studies in this field [43-

46] have indicated that I-shaped links with shear yielding demonstrate better performance 
than links with flexural yielding; therefore, it is suggested that the proposed damper 
should be designed in such a way that the shear yielding mode occurs. Regarding article 
F3.5b.2 of AISC 341-16, design shear strength is determined using the expression of 𝑉𝑛𝜙𝜈 . 
Since the shear mechanism used for the damper is 𝑉𝑛 = 𝑉𝑝, in this case, according to AISC 

341-16 regulations, its shear strength is calculated from Equation (1):  

𝑉𝑝 = 0.6 𝐹𝑦𝑤𝐴𝑤 (1) 

In Equation (1), the net section area of the web, 𝐴𝑤, equals 𝑏𝑡𝑤, where 𝑏 is the net depth of 
the web, and 𝑡𝑤 is the web thickness. Additionally, 𝐹𝑦𝑤 stands for yield stress of the steel 

material utilized in the web. 

 
 

Fig. 1. Proposed damper 

Although in AISC 341-16, the flange strength in shear capacity is ignored, in this article, 
referring to previous studies [47-50], the contribution of the flange in the shear capacity 
of the damper has been considered. Since two I-shaped dampers are utilized in the 
construction of the damper, a factor of 2 is applied; therefore, the shear capacity (𝑉𝑑) of the 
damper is suggested as follows: 

𝑉𝑑 = 2(𝑉𝑝+𝑉𝑓) (2) 

In the above relationship, 𝑉𝑓 is the shear capacity of the flange, which can be calculated 

from Equation (3). 

𝑉𝑓 =
4𝑀𝑓

ℎ
 (3) 

In above Equation (3), ℎ represents the shear link height, which is shown in Figure 1. 
Additionally, 𝑀𝑓 denotes the flexural capacity of the damper flange, which is obtained from 
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Equation (4), where 𝐹𝑦𝑓 represents the yield stress of the material of the flanges. Moreover, 

𝑏𝑓  and 𝑡𝑓 stand for flanges width and thickness, respectively. 

 𝑀𝑓 =  
𝑏𝑓𝑡𝑓

2

4
𝐹𝑦𝑓 

(4) 

𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = 𝑚𝑎𝑥 {
1.25𝑅𝑦𝑉𝑑

𝛺𝑉𝑑
 (5) 

After designing the shear damper, the brace has been designed for the intensified force 
according to Equation (5). The purpose of brace design for a force greater than the capacity 
of the damper is to yield the damper before the diagonal of the damper to ensure the fuse-
like operation of the damper. In the above relation, 𝑅𝑦 and 𝛺 are the ratio of ultimate stress 

to the yield stress of the damper material, and the over-strength factor of the damper, 
respectively. 

3. Method of Study 

In this article, a fixed thickness of 6 mm was considered for the damper web in all the 
examined models in the case that the steel type used is ST37, because when the steel 
material is changed to LYP, the thickness corresponding to the yield stress needs to be 
modified. Other dimensions of the damper such as the height of the web and the width of 
the flanges are unchanged in the studied models, while the thickness effect of the flange 
was examined in different cases with different steel materials. First, a damper was 
designed as a base model, in which the thickness of the web is 6 mm, the thickness of the 
flange is 20 mm, the width of the flange is 150 mm, and the depth of the web is 150 mm. 
After calculating the shear capacity of the brace using Equation (5), the steel braces within 
the reinforced concrete frame were designed for the obtained shear force, which was 
considered 2UNP120 for each brace. Then, the longitudinal and transverse reinforcements 
of the reinforced concrete frame were designed with the initial assumption of beam and 
column sections of 400×400 (𝑚𝑚2).  

Table 1. Material properties of steel sections 

Material 
Yield stress, 

𝐹𝑦 (𝑀𝛲𝑎) 

Ultimate tensile 
strength,  
𝐹𝑢(𝑀𝛲𝑎) 

Modulus of 
elasticity, 
E (𝑀𝛲𝑎) 

Ultimate 
strain 

ST37 240 370 200000 0.065 
Rebar (Ø10) 486 600 210000 0.15 

LYP100 100 257 153100 0.02 
 

The details of reinforcements were designed for the lateral horizontal force resulted from 
the combined effects of the braces forces designed using ETABS [51] software. Figure 2 
illustrates the specific details of the designed frame, and Table 1 provides the material 
specifications. To assess the impact of flange thickness on the shear strength of the damper, 
keeping other variables constant, dampers with a flange thickness of 5, 10, and 15 mm 
were analyzed. Also, to evaluate the effect of the type of steel on the performance of the 
system, dampers with two types of steel, ST37 and LYP, were investigated. Considering 
that the yield strength of LYP steel is about 2.4 times less than that of ST37, therefore, when 
using LYP, the thickness of that section was increased by 2.4 times to keep the shear 
strength constant. In Figure 2, details related to the dimensions of the concrete frame, the 
diagonal elements of the brace, and the dimensions and information of the beam and 
column sections can be observed. Within the ABAQUS [52] software, a single-floor frame 
(with one opening) was modeled and analyzed from the mentioned frame. 
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Fig. 2. Details of the frame (Dimensions in mm) 

4. Numerical Study 

4.1. Numerical Models 

As described in the previous section, twelve models were analyzed, and categorized into 
four groups: 1) three damper models made of ST37 with flange thicknesses of 5mm, 10mm 
and 15mm, along with a 6mm web thickness; 2) three damper models with flange 
thicknesses of 5mm, 10mm and 15 mm made of ST37 steel, and the corresponding web 
thickness of 15 mm made of LYP100 steel; 3) three damper models with flanges and webs 
made of LYP, featuring flange thicknesses of 5mm, 10mm and 15mm, and a web thickness 
of 15mm; 4) three damper models with both the web and flanges made of LYP100 material, 
featuring flange thicknesses of 12mm, 24mm, and 36mm, and a web thickness of 15mm. It 
is necessary to mention that when changing the steel material from ST37 to LYP100, the 
corresponding thickness related to the yield stress must be taken into account. In other 
words, the web thickness of 6mm, which is initially used with ST37 steel, should be 
adjusted in order to account for the change in steel type to LYP100 with the coefficient 
𝐹𝑦𝑤(ST37)

𝐹𝑦𝑤(𝐿𝑌𝑃)
=

240

100
= 2.4; therefore, when using LYP steel for the damper web, the thickness of 

the web is increased in this way: 6 × 2.4 = 14.4 ≅ 15𝑚𝑚. Thus, the thickness of the 
components whose steel is changed from ST37 to LYP100 is modified in the mentioned 
way. Since the value of the parameter b, representing the depth of the I-shaped section, is 
constant in all models, according to Equation (1), the shear capacity in both corresponding 
cases is equal to each other. Table 2 displays the details related to the thickness and the 
utilized steel of the damper components in the studied models. In this Table, for each 
numerical model, a name has been chosen as 𝑀𝑓‐ 𝑡𝑓‐ 𝑀𝑤‐ 𝑡𝑤, which respectively represents 
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the material type of the flange plate, the thickness of the flange plate, the material type of 
the web plate, and the thickness of the web plate.  

Table 2. Properties of models 

Model 𝑡𝑓(𝑚𝑚) 𝑡𝑤(𝑚𝑚)  𝑀𝒇 𝑀𝒘 

S-5-S-6 5 6 ST37 ST37 

S-10-S-6 10 6 ST37 ST37 

S-15-S-6 15 6 ST37 ST37 

S-5-L-15 5 15 ST37 LYP100 

S-10-L-15 10 15 ST37 LYP100 

S-15-L-15 15 15 ST37 LYP100 

L-5-L-15 5 15 LYP100 LYP100 

L-10-L-15 10 15 LYP100 LYP100 

L-15-L-15 15 15 LYP100 LYP100 

L-12-L-15 12 15 LYP100 LYP100 

L-24-L-15 24 15 LYP100 LYP100 

L-36-L-15 36 15 LYP100 LYP100 
 

4.2. Verification of Finite Element Results 

In this article, the ABAQUS [52] software was used to simulate numerical models. In order 
to ensure the accuracy of the modeling and analysis of the finite element models, the 
laboratory test of TahamouliRoudsari et al. [53] was chosen for validation, which is similar 
to the model discussed in this article in terms of boundary conditions and the use of steel 
elements in the concrete frame. In Figure 3, the finite element modeling of the laboratory 
model derived from the referenced article [53] is displayed. 

 

Fig. 3. The stress status of the validated FE model 

The geometric and mechanical details, as well as the loading and boundary conditions, 
were applied according to the referenced paper [53] in the ABAQUS [52] software. Solid 
elements were used for modeling concrete elements, while shell elements were utilized for 
modeling the brace and gusset plates. Comparing the experimental results of 
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TahamouliRoudsari et al. [53] and the finite element results, as presented in Figure 4, 
shows the high accuracy of the FE modeling. 

 

Fig. 4. Comparing the results of the experimental test model with the FE model 

5. Results and Discussion 

5.1. Investigating the Effect of Flanges Thickness on The Stiffness and Strength 
of The Studied Frame 

The push-over and bilinear curves of the models can be seen in Figures 5, 6 and 8 in terms 
of investigating the effect of increasing the flanges thickness. In the models of the diagram 
in Figure 5, a comparison has been made between the models in which all damper 
components are made of ST37 steel. The diagrams in Figure 6 are related to the models in 
which the damper web is made of LYP steel, and the damper flanges are made of ST37. The 
graphs in Figure 8 compare the models in which the entire damper components are made 
of LYP steel. Also, all the results of the analysis of the models are given in Table 3.  

In Figure 5, as the thickness of the damper flanges increases, the slope of the bilinear curves 
in the elastic region, which represents the stiffness of the frame, also increases. Moreover, 
the increase in the ultimate strength of the studied frame with the increase in the thickness 
of the flanges is clearly observable in this diagram. According to Table 3, by increasing the 
flanges thickness from 5 mm to 10 mm, the frame stiffness is increased by 8 percent. 
Furthermore, with an increase in the flanges thickness from 5 mm to 15 mm, the 
percentage increase in stiffness reaches 16%. This indicates that in models where all the 
damper components are made from ST37, the frame stiffness is improved by increasing 
the flanges thickness from 5 mm to 15 mm. Regarding the system shear strength, based on 
Table 3, it can be inferred that a rise in the flanges thickness from 5 mm to 10 mm results 
in a 13% growth in shear strength. This percentage increase in strength, when the flanges 
thickness of damper changes from 5 mm to 15 mm, reaches 25%. Therefore, in the group 
of models where all damper components are made of ST37, the final strength of the frame 
improves with an increase in the thickness of the flanges. 

According to the graphs in Figure 6, it can be seen that with the growth in the thickness of 
the damper flanges, the stiffness of the system is grown. Although the stiffness of the 
system in this group, in which the damper is made of LYP, is increased with the rise of the 
thickness of the flanges, the ultimate strength of the system is decreased. As the values in 
Table 3 show, the stiffness of the frame rises by 5% as the thickness of the damper flanges 
is increased from 5 mm to 10 mm, and this stiffness growth in the case where the thickness 
of the damper flanges is increased from 5 mm to 15 mm, is reached 11 percent. However, 
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by increasing the thickness from 5 mm to 10 mm, the shear strength of the system has 
decreased by 3%, and by increasing the thickness of the damper flanges from 5 mm to 15 
mm, the system strength has declined by 13%. With regard to Figure 7, it is evident that 
with an increase in the thickness of LYP flanges from 5mm to 10 mm, the ultimate strength, 
stiffness, and energy absorption grow by a percentage of 2-5%. Furthermore, in model L-
15-L-15, despite a negligible decrease in the ultimate strength compared to model L-5-L-
15, the stiffness and energy absorption of the frame show a rise of 9% and 7%, respectively. 

 
(a) 

 
(b) 

Fig. 5. Comparing the models whose dampers are made from ST37: (a) push-over 
curves, (b) bilinear graphs of (a) 

By analyzing the graphs in Figure 8, it can be observed that by increasing the thickness of 
the damper flanges from 12 mm (thickness corresponding to 5 mm in the state of flanges 
made from ST37) to 24 and 36 mm (thicknesses corresponding to 10 and 15 mm in the 
state of flanges made from ST37, respectively), the stiffness of the frame is grown. The 
results in Table 3 show that with the rise in thickness from 12 mm to 24 mm, the stiffness 
of the frame is increased by 12%. In addition, when the thickness of flanges changes from 
12 mm to 36 mm, the percentage increase in the frame stiffness reaches 22 percent. 

Additionally, the frame shear strength is reduced by 7% with the increase in the thickness 
of the flanges from 12 mm to 24 mm. However, with the growth in the thickness of the 
flanges from 12 to 36 mm, the system shear strength shows a slight increase of 1%. Thus, 
in the comparison made for Figures 5, 6, and 8, it is concluded that the stiffness rises with 
the growth in the thickness of the flanges. However, considering the impact of increasing 
the flanges thickness on system strength in Figures 6 and 8, it can be inferred that while 
the increase in flanges thickness contributes to a decrease in frame strength, this reduction 
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is generally not a significant magnitude. Consequently, increasing the thickness of the 
flanges within the range of 5 to 15 mm notably enhances the stiffness and strength of the 
analyzed frame in most models. 

 
(a) 

 
(b) 

Fig. 6. Comparing the models whose webs of dampers are only made from LYP: (a) 
push-over curves, (b) bilinear graphs of (a) 
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(b) 

Fig. 7. Comparing the models whose all plates of dampers are made from LYP: (a) 
push-over curves, (b) bilinear graphs of (a) 

 

 

(a) 

 

(b) 

Fig. 8. Comparing the models whose all plates of dampers are made from LYP: (a) 
push-over curves, (b) bilinear graphs of (a) 
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Table 3. Comparison of values based on increasing thickness of damper’s flanges 

Model 
Ultimate 
strength,  
𝑉𝑢 (𝑘𝛮) 

  𝜓∗ 
Stiffness,  

K (
𝑘𝑁

𝑚𝑚
) 

𝜓∗ 
Energy 

absorption,  
EA (kN.mm) 

𝜓∗ 

S-5-S-6 1071.07  111.97  69173.37  
S-10-S-6 1212.41 1.13 121.42 1.08 76624.23 1.11 

S-15-S-6 1334.32 1.25 129.9 1.16 85364.20 1.23 

S-5-L-15 1429.48  123.47  97219.09  

S-10-L-15 1383.14 0.97 129.86 1.05 101297.78 1.04 

S-15-L-15 1238.69 0.87 136.49 1.11 99172.13 1.02 

L-5-L-15 1398.27  117.68  94894.65  

L-10-L-15 1424.61 1.02 122.34 1.04 98176.37 1.03 

L-15-L-15 1358.46 0.97 128.47 1.09 101185.11 1.07 

L-12-L-15 1355.99  128.19  101021.76  

L-24-L-15 1258.93 0.93 143.52 1.12 100176.55 0.99 

L-36-L-15 1366.79 1.01 156.3 1.22 107409.77 1.06 

* The ratio of values to the base model in each category. 

5.2. Investigating The Effect of Flanges Thickness on The Behavior Factor and 
Over-Strength Coefficient of The Studied Frame 

In Table 4, the results of the behavior factor and over-strength coefficient related to the 
investigated models are evident. In the group of models in which the entire damper plates 
are made of ST37 steel, with the increase in flanges thickness from 5 mm to 10 mm and 15 
mm, the coefficient of behavior is increased by a negligible amount of 1% and 3% 
(respectively). Regarding the over-strength coefficient, by increasing the flanges thickness 
from 5 mm to 10 mm, no significant effect can be seen in this parameter (one percent 
decrease). 

Table 4. Comparison of behavior factor (R) and over-strength (Ω) based on increasing 
damper’s flange 

Model R 𝜓∗ Ω 𝜓∗ 

S-5-S-6 10.37  1.65  

S-10-S-6 10.49 1.01 1.63 0.99 

S-15-S-6 10.7 1.03 1.74 1.05 

S-5-L-15 11.7  2.37  

S-10-L-15 11.65 0.99 2.6 1.10 
S-15-L-15 11.25 0.96 2.65 1.12 

L-5-L-15 11.85  2.43  

L-10-L-15 11.83 0.99 2.48 1.02 

L-15-L-15 11.72 0.98 2.68 1.10 

L-12-L-15 11.72  2.69  

L-24-L-15 11.02 0.94 2.52 0.94 

L-36-L-15 10.95 0.93 2.44 0.91 

* The ratio of values to the base model in each category. 
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Also, by increasing the thickness of the flanges from 5 mm to 15 mm, this coefficient is 
increased by 5 percent. In the second group of models in which only the web plate of the 
damper is made of LYP, by increasing the thickness of the damper flange from 5 mm to 10 
and 15 mm, no significant effect on the behavior coefficient can be seen, while this amount 
of growth in the thickness of the flanges is led to an increase of about 10% in the over-
strength coefficient amount. According to the third group of models with LYP flanges and 
webs, there is no remarkable improvement in the behavior factor (R) by changing the 
thickness of the flanges from 5mm to 10mm and 15mm. However, model L-15-L-15 
indicates a growth of 10% in the over-strength factor (Ω) in comparison with model L-5-
L-15. Also, in the group of models where the entire damper plates are made of LYP, the 
increase in the thickness of the damper flanges results in a 6-7% decrease in the behavior 
coefficient. Also, this trend in the thickness of the damper flanges leads to a decrease in the 
over-strength coefficient (a decrease between 5 and 10%). 

5.3. Investigating The Impact of Damper Steel Type on The Strength, Stiffness, 
And Energy Absorption of The Analyzed Frame 

In Figures 9 to 23, the models have been compared to examine the impact of steel type on 
the structural parameters of the system. Figure 9 clearly demonstrates the positive effect 
of using LYP steel in the damper. The stiffness of model S-5-L-15 increases by 10% 
compared to the base model in this group (S-5-S-6). Additionally, the frame strength in this 
comparison rises by 33%. 

In Figure 10, a comparison has been made between the model in which all damper 
components are made from LYP and the case where all damper components are made of 
ST37. The positive effect of using steel with low yield stress on stiffness and strength can 
be seen in this diagram. As it is evident from Table 5, using LYP steel in all damper 
components results in a 14% growth in system stiffness and a 27% increase in ultimate 
strength. It can be observed that this process of enhancing stiffness and strength is 
apparent in the remaining diagrams, except for the model in Figure 22. According to the 
diagram in Figure 22 and as indicated in Table 5, the model with the characteristic S-15-L-
15, compared to the base model of this group (S-15-S-6), has shown a 7% reduction in 
strength. As a result, it can be generally concluded that when steel with low yield stress is 
used in the damper components, although in some cases the ultimate strength value may 
decrease by less than 10%, the system's overall improvement is evident across all 
comparisons in terms of system stiffness. Moreover, according to Table 5 and the 
comparative Figures in this section, the system's energy absorption is significantly 
improved due to the usage of LYP in the damper web or the entire damper, instead of using 
ST37 steel.  

Regarding to Figures 13 to 15, the models in the third group show better performance in 
terms of energy absorption and ultimate resistance than the ST37 models (the first group 
of models). In this comparison, the stiffness of the frame is almost constant and without 
significant change. According to Figures 16 to 18, the third group of models does not show 
a remarkable difference in ultimate strength, stiffness, and energy absorption when they 
are compared to the second group peer-to-peer. However, Figure 24 shows that the stress 
distribution in the third group is significantly better than in the second group. While 
Figures 19 to 21 and Figure 24 demonstrate that the fourth group of models exhibits higher 
stiffness and energy absorption compared to the third group, the stress distribution in the 
studied frame is more favorable when using the third group of damper models.  
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Fig. 9. Comparing S-5-S-6 with S-5-L-15 

 

Fig. 10. Comparing S-5-S-6 with L-12-L15 

 

Fig. 11. Comparing S-10-S-6 with S-10- L-15 
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Fig. 12. Comparing S-10-S-6 with L-24-L-15 

 

Fig. 13. Comparing S-5-S-6 with L-5-L-15 

 

Fig. 14. Comparing S-10-S-6 with L-10-L-15 
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Fig. 15. Comparing S-15-S-6 with L-15-L-15 

 

Fig. 16. Comparing S-5-L-15 with L-5-L-15 

 

Fig. 17. Comparing S-10-L-15 with L-10-L-15 
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Fig. 18. Comparing S-15-L-15 with L-15-L-15 

 

Fig. 19. Comparing L-12-L-15 with L-5-L-15 

 

Fig. 20. Comparing L-24-L-15 with L-5-L-15 

0

200

400

600

800

1000

1200

1400

1600

0 20 40 60 80 100

F
o
r
c
e
 (

k
N

)

Displacement (mm)

S-15-L-15

L-15-L-15

0

200

400

600

800

1000

1200

1400

1600

0 20 40 60 80 100

F
o
rc

e 
(k

N
)

Displacement (mm)

L-12-L-15

L-5-L-15

0

200

400

600

800

1000

1200

1400

1600

0 20 40 60 80 100

F
o
rc

e 
(k

N
)

Displacement (mm)

L-24-L-15

L-5-L-15



Hadidi et al. / Research on Engineering Structures & Materials 11(1) (2025) 305-332 

 

322 

 

Fig. 21. Comparing L-36-L-15 with L-5-L-15 

 

Fig. 22. Comparing S-15-S-6 with S-15-L-15 

 

Fig. 23. Comparing S-15-S-6 with L-36-L-15 
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Table 5. The structural parameters of the LYP damper divided by the parameters of the 
ST37 damper 

Model 
Ultimate 
strength, 
𝑉𝑢(𝑘𝑁) 

 𝜓∗  𝜓∗∗ 
Stiffness, 

K (
𝑘𝑁

 𝑚𝑚
) 

 𝜓∗  𝜓∗∗ 
Energy 

Absorption, 
EA (kN.mm) 

   𝜓∗ 𝜓∗∗ 

S-5-S-6 1071.07   111.97   69173.37   

S-10-S-6 1212.41   121.42   76624.23   

S-15-S-6 1334.32   129.9   85364.20   

S-5-L-15 1429.48 1.33  123.47 1.10  97219.09 1.41  

S-10-L-15 1383.14 1.14  129.86 1.07  101297.78 1.32  

S-15-L-15 1238.69 0.93  136.49 1.05  99172.13 1.16  

L-5-L-15 1398.27 1.30 0.98 117.68 1.05 0.95 94894.65 1.37 0.98 

L-10-L-15 1424.61 1.18 1.03 122.34 1.01 0.94 98176.37 1.28 0.97 

L-15-L-15 1358.46 1.02 1.10 128.47 0.99 0.94 101185.11 1.18 1.02 

L-12-L-15 1355.99 1.27 0.95 127.98 1.14 1.04 101021.76 1.46 1.04 

L-24-L-15 1258.93 1.04 0.91 125.3 1.03 0.96 100176.55 1.31 0.99 

L-36-L-15 1366.79 1.02 1.10 140.89 1.08 1.03 107409.77 1.26 1.08 

  𝝍∗: (
𝑆,𝐿−𝑖−𝐿−15

𝑆−𝑖−𝑆−6
),  𝝍∗∗:  (

𝐿−𝑖−𝐿−15

𝑆−𝑖−𝐿−15
)   

 

5.4. Investigating The Impact 0f Damper Steel Type on The Behavior Factor and 
Over-Strength Coefficient of The Analyzed Frame 

Referring to Table 6, while the utilization of steel with low yield stress, either in the damper 
web or in all its components, increases the behavior factor to some extent, the substantial 
rise in the values of the over-strength coefficient is more significant (approximately an 
increase of 40% and 60%).  

Table 6. Behavior factor (R) and over-strength (Ω) coefficient of the LYP damper divided 
by factors of the ST37 damper  

Model R   𝜓∗  𝜓∗∗ Ω   𝜓∗       𝜓∗∗ 

S-5-S-6 10.37   1.65 
 

 
S-10-S-6 10.49   1.63 

 

 
S-15-S-6 10.7   1.74 

 

 
S-5-L-15 11.7 1.13  2.37 1.44  

S-10-L-15 11.65 1.11  2.6 1.60  

S-15-L-15 11.25 1.05  2.65 1.52  

L-5-L-15 11.85 1.14 1.01 2.43 1.47 1.03 

L-10-L-15 11.83 1.13 1.02 2.48 1.52 0.95 

L-15-L-15 11.72 1.10 1.04 2.68 1.54 1.01 

L-12-L-15 11.72 1.13 1 2.69 1.63 1.14 

L-24-L-15 11.02 1.05 0.946 2.52 1.55 0.97 

L-36-L-15 10.95 1.02 0.973 2.44 1.40 0.92 

  𝝍∗: (
S, L − i − L − 15

S − i − S − 6
),   𝝍∗∗: (

L − i − L − 15

S − i − L − 15
) 
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Consequently, the use of LYP steel instead of ST37 elevates the behavior and over-strength 
coefficients of the studied frame, and this elevation is more pronounced in the case of the 
over-strength coefficient. 

5.5. Reviewing the Stress Distribution In Structural Members 

To consider the impact of adding the proposed damper to the RC frame on the stress 
distribution, the status of the stresses is shown in Figure 24. The stresses in the RC frame 
and the steel elements are shown separately for each case to provide a clearer 
understanding of the stress distribution. Referring to Figure 24, in the cases of (a), (b) and 
(c), the dampers are obviously yielded, whereas the other parts of the structures remain 
elastic. Since the studied frame in this paper was designed based on the capacity of the 
damper made of ST37 steel (as described in section 3), in the presented models in which 
all damper components are made of ST37 steel, the provided equation (5) for the damper 
design is satisfied, and the damper acts as a ductile fuse, as was shown in Figures 24(a), 
24(b), and 24(c). 

On the other hand, by utilizing LYP steel, in some cases such as (e), (f), (k) and (l), stress is 
transferred from the damper to the brace elements. This difference in stress distribution 
of ST37 and LYP models, despite identical shear capacities for ST37 and LYP models, is due 
to the distinct behavior of LYP steel. In fact, it is expected that based on the equations 
proposed to predict the shear behavior of each shear plate (or shear link), the shear 
capacity will be obtained based on the yield stress and its thickness. Therefore, to maintain 
this shear strength in both types of ST37 and LYP dampers, the same capacity was 
considered to predict and evaluate their nonlinear behavior. Expected results according to 
Figure 24 show that owing to the strain-hardening impact of the LYP steel, the ultimate 
strength of the LYP dampers is greater than the expected value. For this reason, if the LYP 
damper is designed based on the relationships governing the ST37 damper, the damper 
may cause buckling of the brace elements. Therefore, the members outside the LYP damper 
should be designed for amplified forces. Additionally, the LYP models exhibited higher 
energy absorption, stiffness, ultimate strength, behavior factor, and over-strength 
compared to the ST37 models, as shown in Table 5, demonstrating LYP effectiveness in 
enhancing the seismic performance. The LYP models (g), (h) and (i) with lower thickness 
of flanges indicate better status of stress distribution compared to models (j), (k), and (l), 
which suggests that the mere use of LYP steel does not guarantee the improvement of the 
frame's behavior, and this is subject to the thickness of the damper’s flanges. 

  

(a) S-5-S-6 
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(b) S-10-S-6 

  

(c) S-15-S-6 

  

(d) S-5-L-15 

  

(e) S-10-L-15 
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(f) S-15-L-15 

  

(g) L-5-L-15 

  

(h) L-10-L-15 

  

(i) L-15-L-15 
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(j) L-12-L-15 

  

(k) L-24-L-15 

  

(l) L-36-L-15 

Fig. 24. Distribution of stresses 

6. Conclusions 

In this paper, the effects of the steel type and the thickness of the damper flanges, 
pertaining to an I-shaped shear link, on the ultimate strength, stiffness, energy absorption, 
behavior factor, and over-strength coefficient were investigated. The findings are 
summarized in the following: 

• In the group of models where all damper components are made of ST37 steel, an 
increase in the thickness of damper flanges leads to an increase in the system's 
stiffness, ultimate strength, and energy absorption. Furthermore, this growth in 
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damper flange thickness indicates an increase in the behavior and over-strength 
coefficient by 1 to 5 percent. 

• With reference to the models where only the damper web is constructed using LYP 
steel, an increase in the thickness of the damper flanges has led to a decrease in 
ultimate strength by 3 to 13 percent, while the system's stiffness and energy 
absorption are increased. Additionally, the behavior coefficient is decreased by 1 to 
4 percent, while the additional resistance coefficient is increased by 10 percent. 

• In the group of models where the entire damper is made of LYP, increasing the 
thickness of the damper flanges has resulted in a reduction in strength by 
approximately 7 percent. Meanwhile, both stiffness and energy absorption are 
increased. Additionally, there is a decrease of approximately 5 to 10 percent in both 
the behavior coefficient and the over-strength coefficient. 

• Using LYP steel is led to an increase in the parameters of stiffness, ultimate strength, 
energy absorption, behavior coefficient, and over-strength coefficient. However, the 
positive impact of using LYP on the energy absorption parameter and the over-
strength coefficient is more noticeable. This indicates that the use of LYP steel not 
only improves the system's stiffness and strength, but also enhances the energy 
absorption capacity and ductility of the system. 

• The LYP models in the third group demonstrate that using LYP steel enhances the 
seismic behavior of the RC frame in terms of ultimate strength, stiffness, energy 
absorption, behavior factor, and over-strength compared to the ST37 models. 

• A comparison of the third and fourth groups of models reveals that while LYP steel 
can enhance the seismic behavior of the frame, the degree of improvement is 
contingent upon the thickness of the damper plates. 

• The use of LYP steel in the studied I-shaped shear link has a significant role in 
enhancing the performance of concentrically braced reinforced concrete frames in 
terms of ultimate strength, stiffness, ductility, and energy absorption, provided that 
the related equations for the damper design are satisfied.  
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 It has been observed that the fractional recrystallization characteristics of 
commercially pure copper is affected by the presence of individual or both the 
constituent elements of the Sn-Pb solder alloy. In order to design the experiment, 
commercially pure Cu, binary copper alloys (Cu-Sn and Cu-Pb) and ternary 
copper alloy, Cu-Sn-Pb are investigated. Cast alloys are homogenized, solution 
treated, and then quenched to complete the thermal treatment. In order to 
recrystallize, alloys are cold rolled to a 75% thickness and then annealed at 
700°K isothermally for varying durations, up to 3600 seconds. In this 
experiment, the fractional recrystallization of annealed samples is evaluated as 
the normalized difference in microhardness recorded at various time steps. 
Additionally, in an attempt to verify the experimental results, the well-known 
Johnson-Mehl-Avrami-Kolmogorov equation is also used to predict the 
associated recrystallization behavior. From the study, it can be inferred that the 
presence of Sn-Pb solder-alloy elements have a positive impact on the 
recrystallization behavior of pure copper due to the solid solution strengthening, 
in which the effect of tin is greater than that of lead. Quantitative analysis 
indicates that recrystallization of pure Cu, Cu-Sn, Cu-Pb, and Cu-Sn-Pb alloys 
attains 99.4%, 95.4%, 98.4%, and 89.5%, respectively. Sn forms intermetallic 
with Cu but Pb does not. Additionally, Sn forms different intermetallic with 
impurities and has a BCC crystal structure dissimilar to the FCC of Cu and Pb. As 
a result, the formation of GP zones and the intermetallic phases during annealing 
show greater differences in the recrystallization behavior between the two 
approaches. By combination, microstructural studies of the cold-rolled alloys 
reveal the elongated grains of the second phases, and the alloys almost 
completely re-crystallized after 1800 seconds of annealing at 700°K.  
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1. Introduction 

The numerous benefits of copper, including its exceptional electrical and thermal 
conductivity, resistance to atmospheric corrosion, and antibacterial properties with robust 
resistance to chemical attack, became more and more significant as industrialization 
expanded [1-4]. Copper can be combined with an extensive variety of metals to form alloys, 
and a multitude of alloy systems are currently on the market that allow for the controlled 
modification of mechanical and technological properties like hardness, tensile properties, 
and resistance to wear and corrosion [5, 6]. It should be noted that the addition of elements 
to an alloy can improve certain properties while affecting others in different ways. In the 
literature, there are lot of information on the influence of alloying elements in copper [2, 
4, 6]. For example, alloying with Sn provides strength and precipitation hardening, but 
reduces ductility and conductivity [7]. The addition of Al shows similar behavior but 
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decreases the corrosion properties [8]. When Si is added, it improves tensile strength as 
well as machineability but is less corrosion-resistant than other types of Cu alloys. While 
Ni-added alloys have high thermal stability, which enables them to keep their mechanical 
characteristics even at high temperatures, but their machinability is a result of their high 
toughness [3, 9]. Alloyed with Zr refines the grain structure and thermal stability of the 
alloys, and Sc furthermore provides precipitation strengthening [10, 11]. High 
conductivity, including thermal and electrical conductivities, and high strength are the two 
most desirable characteristics of high-performance copper alloys. Such property profiles 
could have a wide range of present and future uses in automotive and electronic industries, 
including busbars in commutators, casting molds, die-casting plungers, electric motors, 
generators, relays, switches, and welding electrodes. When Cu is used as the primary 
conductor in the above electrical sector, wires or parts are to be joined by using solders. 
Note that, at earlier stages, Sn-Pb solder alloys are mostly used for the joining processes. 
Therefore, the corresponding recycled copper would contain a small amount of Sn-Pb 
solder elements as well as trace impurities [12, 13].  

Once more, it might be suggested that using copper purposefully or under certain 
conditions requires plastic deformation. It is established that cold working is a simple and 
common method to improve strength by changing the crystal structure of common 
materials. When alloying elements are added, the quality of the improved strength of the 
base material varies. Obviously, the presence of Sn-Pb solder will play an important role in 
strength through significant dislocation hardening and grain refinement [3, 14, 15]. When 
worked again at a high temperature beyond half of its melting temperature, a group of 
processes known as recrystallization can release the stored energy, the deformed grains 
are replaced by a new set of original defect-free grains, etc. As a result, radically decrease 
in strength [16-18]. Once it comes to pure metals, the single crystal's original orientation 
determines the values of stored energy and recrystallization temperature. When elements 
are present in small amounts, they can occasionally have the opposite effect of pure metals, 
increasing the recrystallization temperature and reducing the stored energy. This depends 
on the properties, quantity, and rate of deformation of the elements [19, 20].  

There is no mention of the copper's reusable qualities, especially when affected by Sn-Pb 
solder. In order to thoroughly study and appropriately identify the engineering 
applications of scraped Cu for optimal exploitation toward the advancement of civilization, 
it is necessary to discover a number of its qualities. Recrystallization behavior is one of 
them. It may be investigated in several ways. Dynamic and isothermal resistivity 
measurements have been used by previous researchers to examine this attribute [21]. The 
most straightforward way to investigate the behavior of recrystallization is to use optical 
microscopy to calculate the fraction that has been recrystallized [22]. Vickers 
microhardness techniques and differential scanning calorimetry may also be used to 
investigate it [23]. It is challenging to discern between the recrystallized and deformed 
microstructures in severely deformed copper, though, the recrystallized fraction has also 
been ascertained by other indirect techniques. Considering all circumstances, 
microhardness data is the easiest procedure to determine the fractional recrystallization 
of the materials [24]. Consequently, the focus of this study is on how Sn-Pb solder affects 
the fractional recrystallization behavior of copper that has undergone significant plastic 
deformation. To compare and isolate the effect of individual elements on the 
recrystallization behavior, the same reduction ratio and subsequent annealing are 
employed for commercially pure Cu, Cu-Sn, and Cu-Pb alloys. It also takes into account the 
specific amounts of Sn and Pb based on the composition of the solder. Another, since the 
Johnson-Mehl-Avrami-Kolmogorov (JMAK) relationship follows the isothermal kinetics of 
the recrystallization process of the specific material system, an effort is made to analyze 
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and compare the results of the experimental study derived from the difference in micro-
hardness values for these trial alloys [25]. 

2. Experimental Methods 

2.1. Preparation of Alloys 

To prepare the copper-solder alloy (Cu-Sn-Pb), copper wires as well as soldered 
connecting structures after extensive use were collected from various sources, which was 
then melted using a suitable flux cover in a pit furnace powered by natural gas in a 
traditional manner. Optical emission spectroscopy has shown that the resulting cast 
copper contains trace amounts of lead and tin as well as few other elements with negligible 
amount. It was a Cu-Sn-Pb alloy composed of about one percent each of tin and lead. 
Simultaneously, based on the above minor alloying elements, three more samples of 
commercially pure Cu, Cu-Sn, and Cu-Pb were prepared to establish the impact of 
individual components of the solder. The chemical compositions of the major element are 
listed in Table 1, in which the negligible elements, like, Si, Fe, P, etc., are not included. One 
can however see from the table that the binary alloys, that is, Cu-Sn and Cu-Pb contain 
negligible amounts of Pb and Sn, respectively. 

Table 1.  Alloy chemical composition by wt.%  

Alloy Cu Sn Pb 

Pure Cu 99.986 0.0 0.0 

Cu-Sn 98.456 1.134 0.012 

Cu-Pb 98.433 0.002 1.197 

Cu-Sn-Pb 97.113 1.257 1.195 

2.2. Preparation of The Test Specimen 

The above four cast samples were homogenized for eight hours at 773°K and air-cooled to 
allow the release of internal stresses and to achieve the equilibrium conditions of 
solidification. Again, the solution treatment was done at 973°K for two hours and quenched 
into ice-salt water to get a super saturated single-phase region. To apply cold rolling, the 
samples were machined to assume the dimension of 300 × 15 × 12 mm. The cold working 
operation was then performed using a laboratory-scale 10HP cold rolling machine under 
1 mm reduction per pass. Consequently, the samples' thickness decreased from 12 mm to 
3 mm as they deformed by 75%. To study the recrystallization behavior, isothermal 
annealing of cold rolled samples was performed for a duration of 3600 seconds at 700°K. 
Additionally, all four samples were annealed at 773°K for four hours to achieve a fully 
recrystallized state [12]. For different tests, the finished surface was prepared with 
sandpaper and polished to a size of 15 x 15 x 3 mm.  

2.3. Working Instruments and Test data collection methods 

2.3.1 Hardness Test 

A Mitutoyo HM-200 Series 810-Micro Vickers Hardness Testing Machine was used to 
measure the hardness of various alloys at various annealed conditions. Diamond Indenter 
was applied to the sample with a load of 100 grams for a dwell time of 20 seconds. On each 
polished surface of the aged samples, at least eleven indentations were made at various 
locations of three test specimens prepared from each of the four categories.  

2.3.2 Resistivity Measurement 

The electrical conductivity of alloys under various conditions was measured using an 
Electric Conductivity Meter (type 979). In order to plot the graph, the conductivity data 
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was then converted to electrical resistivity. Likewise, the case of hardness, a minimum of 
eleven measurements were taken at different places on each polished surface of three test 
specimens prepared from each of the four categories.   

2.3.3 Microstructural Study 

Finally, to ascertain the microstructure and granular texture of the materials, an optical 
microscopic observation was performed on the cold rolled and annealed samples. An OEM 
BW-S500 optical electronic microscope was used for this study. The samples were 
ultimately polished with alumina to reveal the microstructure. The same combination of 
ammonium hydroxide and hydrogen peroxide (3%) was employed for metallographic 
copper etching. In addition, the surface morphologies of deformed samples were 
investigated with the help of a field emission scanning electron microscope model JEOL 
JSM-7600F. An electron dispersive spectrometer (JEOL EX-37001 model) connected to the 
setup to capture the samples' EDX spectra. Microstructural images were taken at different 
locations of the sample with various magnifications, and the representative images are 
presented. 

3. Results and Discussion 

3.1. Isothermal Annealing 

Figure 1 shows the change in average microhardness over time of commercially pure Cu, 
tin-doped binary Cu alloy (Cu-Sn), lead-doped binary Cu alloy (Cu-Pb), and the ternary Cu 
alloy, Cu-Sn-Pb under isothermal annealing at 700°K. The harness values corresponding to 
the initial state, that is, at zero time, represent the harness of 75% cold-rolled samples 
without any influence of annealing. It is clearly demonstrated that all alloys soften with 
time at different rates. Copper shows a relatively rapid and steeper decrease in hardness 
following a more or less constant value at higher time durations. The alloy samples also 
exhibit variation in hardness and follow trends nearly similar to that of pure Cu, although 
some variations may be noticed in higher time domain (1200 ≤ t ≤ 3600 sec). From the 
results it is observed that, at the steady-state condition (higher time domain) pure Cu 
assumes the lowest and the ternary alloy the highest hardness, and the hardness of the 
binary alloys remain in between. More specifically, tin is identified to be more influential 
than lead in assuming higher hardness of the binary alloys in the steady-state condition. 
All the samples were plastically deformed by 75%.  
 

 

Fig. 1. Microhardness variation, isothermal annealing at 700°K 
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A highly cold deformed alloy consists of huge dislocations, which result in its developed 
hardness. Hardness reduction in the early stages of annealing may be associated with 
rearrangement of dislocations as well as stress-relieving and higher annealing times for 
recovery, recrystallization, and grain growth [12, 26]. An elevated temperature during 
annealing for any metal that has been deformed and hardened will eventually nullify the 
effect of strain hardening. Formation of a defect free new grain structure during the 
recrystallization process is the primary cause of softening [27, 28]. Initially, higher 
hardness is observed for minor-added alloys compared to pure copper because the solid 
solution is strengthened through the Sn and Pb phases. The higher hardness of the Sn-
added alloy is due to its BCC crystal lattice, which differs from that of Cu’s FCC crystal 
lattice, and Pb has a similar FCC crystal lattice to Cu. The FCC and BCC lattice alloys exhibit 
different supersaturated solid solution patterns of higher internal stress than those of both 
similar lattices. One thing may be noted that atomic size of the Sn is higher than Pb as well 
as Cu. As a result, the addition of Sn to the Cu matrix accelerates the internal stress. The Pb 
element does not form any intermetallic with Cu. Nonetheless, Sn not only forms different 
intermetallic with Cu, but it also forms intermetallic with other negligible impurities as 
deposited during casting, which play an important role in strengthening the alloy [13, 29, 
30]. The main stable intermediate phases are Cu3Sn, Cu41Sn11, Cu10Sn3, and Cu6Sn5, where 
Cu3Sn and Cu6Sn5 two intermetallic, primarily have a significant impact on hardness [31]. 
Solder affected alloys bear the highest hardness for both alloying effects. At the initial stage 
of annealing, the element added alloys show a fluctuating nature of hardness due to the 
formation of different intermetallic. These intermetallic hinder the dislocation movement 
during the annealing, so such a type of nature is observed. 

3.2. Recrystallized Fraction 

In general, the maximum and minimum values of hardness represent the important 
characteristics of any material’s microstructure; therefore, recrystallization kinetics may 
be expressed in terms of fractional softening, as demonstrated by earlier researches [26, 
32]. Following the standard procedure of the above literature, the fractional 
recrystallization, X is defined as the ratio of change in hardness, which is as follows:  

𝑋 =
𝐻𝑚𝑎𝑥 −𝐻𝑖

𝐻𝑚𝑎𝑥 − 𝐻𝑚𝑖𝑛
 (1) 

Where, 
maxH  and 

minH represent the maximum and minimum hardness corresponding 

to the initial cold-rolled and the completely recrystallized state of the sample, whereas the 
hardness at any time step after applying thermal annealing is denoted by

iH . For the 

present material, no change in hardness is encountered at time intervals of 2, 4, 6, 8 hours, 
for example, after applying annealing at 773°K, which basically represents the state of full 
recrystallization, which has also been found in the work of reference [12]. Table 2 lists the 
maximum and minimum microhardness values of the experimental alloys under two 
conditions: unannealed and annealed for four hours at 773°K. Fig. 2 shows the variation of 
fractional recrystallization, X for the four samples annealed at 700°K as a function of 
annealing time, which is obtained based on Eq. (1) and Table 2. According to the figure, 
copper has the largest percentage of recrystallization. Pb-doped and Sn-doped Cu alloys as 
well as the Cu-Sn-Pb alloy respectively follow the gradually decreasing trends of 
recrystallization. The above recrystallization behavior of the alloys may be realized by the 
formation the different intermetallics that hinder the dislocation movement of the alloys. 
Note that it has already been discussed about the influence of individual and both the 
elements of Sn-Pb solder on the microhardness under annealing treatment. Similar 
observations were also found for other trace or minor added alloys [33]. 
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Fig. 2. Difference in the kinetics of recrystallization with annealing time derived from 

microhardness data 

The Johnson-Mehl-Avrami-Kolmogorov model (JMAK equation) may be used to investigate 
the kinetics of a material’s recrystallization [32, 34]. In order to theoretically study the 
fraction recrystallization as a function of annealing time, the JMAK equation can be stated 
as: 

𝑋 = 1 − 𝑒𝑥𝑝[−(𝑘𝑡)𝑛] (2) 

where t is the applied time for annealing, and k and n are the temperature dependent 
constants and the JMAK exponent, respectively. The parameters are contingent upon the 
conditions of the material and processing. Following a logarithmic operation, the JMAK 
equation can be reduced to a linear relationship as follows: 

𝑙𝑛[𝑙𝑛(
1

1 − 𝑋
)] = 𝑛𝑙𝑛(𝑡) + 𝑛𝑙𝑛(𝑘) (3) 

When plotted on a logarithmic scale, ln{1/(1 − X)} vs. t should show a straight line. The 
parameters can be obtained from Fig. 3 by way of the linear relationship whose slope is 
equal to the JMAK exponent. The kinetics of recrystallization of alloys annealed at 700°K 
can be obtained using the values of the JMAK exponent n and parameter k. The comparison 
of recrystallization kinetics for commercially pure Cu, binary tin, and lead-added alloys, as 
well as ternary tin-lead solder affected alloys obtained micro-hardness data and JMAK type 
investigation, is shown in Fig. 4-7. The experimental alloys exhibit different softening 
under annealing treatment and, as a result, exhibit varying slopes for their recrystallization 
performance. 

𝑋 = 1 − 𝑒𝑥𝑝[−(0.002114 ⨯ 𝑡)0.98744] for pure Cu (4) 

𝑋 = 1 − 𝑒𝑥𝑝[−(0.000894 ⨯ 𝑡)0.99975] for Cu-Sn alloy (5) 

𝑋 = 1 − 𝑒𝑥𝑝[−(0.001292 ⨯ 𝑡)1.02257] for Cu-Pb alloy   (6) 

𝑋 = 1 − 𝑒𝑥𝑝[−(0.000705 ⨯ 𝑡)1.37267] for Cu-Sn-Pb alloy (7) 
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Fig. 3. Plot of ln{1/(1-X)} Vs. (t) in logarithmic scale, to obtain linear relationship 

Table 2. Measured maximum and minimum microhardness of alloys with JMAK exponent 

Alloy  
maxH

 minH
 

n k 

Pure Cu 157.3 70.0 0.98744 0.002114 

Cu-Sn 190.8 80.3 0.99975 0.000894 

Cu-Pb 167.6 74.0 1.02257 0.001292 
Cu-Sn-Pb 196.4 84.7 1.37267 0.000705 

 

The experimental Cu sample displays the lowest disparity among two methods of fraction 
recrystallization (Fig. 4). Doped by Sn and Pb alloys, there are the higher differences 
between the two respective methods, as seen respectively in Fig. 5 and Fig. 6. The reason 
for this phenomenon is that the finely dispersed particles typically slow down the process 
of recrystallization, which has a greater slowing effect on nucleation than on growth. 

 

Fig. 4. Inconsistency of recrystallization kinetics determined by both JMAK type study 
and micro-hardness data for commercially pure Cu 
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Fig. 5.  Inconsistency of recrystallization kinetics determined by both JMAK type study 
and micro-hardness data for Cu-Sn alloy 

 

Fig. 6. Inconsistency of recrystallization kinetics determined by both JMAK type study 
and micro-hardness data for Cu-Pb alloy 

Consequently, the orientation dependent nucleation provides a rationale for the texture 
changes. In the case of commercially pure Cu, trace impurities may be exerted from the 
melt environment during casting, which forms an insignificant amount of intermetallic 
during the process of annealing, so some effect may be felt [18, 35]. In the case of Sn 
addition, dissolution of different phases and different intermetallic formations with Cu and 
impurities in the course of annealing treatment make the differences higher [31]. Pb 
addition shows a relatively low value as it does not form any intermetallic with copper. 
Solder-affected alloy displays the maximum variation because of the presence of both 
elements (Fig. 7). Finally, it can be summarized that Eq. (1) describes the experimental 
results of fractional recrystallization based on the actual measurements of hardness, 
whereas the JMAK equation gives the corresponding theoretical prediction of the behavior. 
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Fig. 7. Inconsistency of recrystallization kinetics determined by both JMAK type study 
and micro-hardness data for Cu-Sn-Pb alloy 

A comparison of the results shown in Figs. 4-7 reveals that, the discrepancy between the 
two approaches is basically observed in the early stages of the annealing treatment, 
showing good agreement in the steady-state regions. It can be noted that, for annealing 
under such higher temperature, the formation of intermetallic occurs within a very short 
period of time, which would be the probable reason for the above discrepancy. 

3.3 Resistivity 

In this section, the electrical resistivity of pure copper as well as its binary and ternary 
alloys is recorded in an attempt to assess the electrical conduction characteristics of the 
alloy samples during the process of fractional recrystallization as a function of annealing 
time. The resistivity curves of the alloy samples at the same annealing condition mentioned 
earlier are presented in Fig. 8, which show an initial drop, followed by a small increase, and 
finally a slow but steady decrease of resistivity. During isothermal ageing of the test alloys, 
the first drop in resistivity occurs due to dislocation rearrangement as well as the recovery 
phenomena of the cold-worked alloy. 

 

Fig. 8. Resistivity fluctuation, isothermal annealing at 700°K 
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The rate of resistivity reduction is the highest for solder-affected alloy because they consist 
of the highest dislocation density created by both elements. The second minor increase in 
resistivity of all alloys is linked to different intermetallic formations. The fine precipitate 
inhibits free electron movement, resulting in increased resistivity in alloys. The chemical 
composition previously stated that during the casting process, all alloys consist of different 
trace impurities, so they form different intermetallic through heat treatment. In the final 
stage of annealing, there is a slow and steady decrease in resistivity due to the following 
factors: particle coarsening, grain coarsening, and recrystallization, ultimately resulting in 
a decrease in electron anomalous scattering [36, 37]. Again, Sn added alloy normally 
demonstrates all the cases of higher intensity than Pb-added alloy and pure Cu has the 
lowest. Since Sn has a BCC lattice difference from the Cu FCC lattice, the lattice distortion 
is higher than that of the FCC Pb alloy. Additionally, Sn forms different intermetallic with 
Cu and trace impurities, resulting in a higher alloy resistivity than Pb. The alloy that is 
affected by the solder has an impact, which demonstrates the resistive effect of both 
elements. 

3.4 Optical images of Grains 

Optical micrographs of commercially pure Cu, tin-added Cu-Sn, lead added Cu-Pb, and 
solder affected Cu-Sn-Pb alloys at the combination of solution treated and cold-rolled by 
75% are displayed in Fig. 9a-d. Every single grain in the microstructure is heterogeneous 
and distributed in rolling directions. Extensive plastic deformation destroys grain 
boundaries to form sub grains. A minor addition of elements does not provide the foremost 
differences. But some deviations can be distinguished between alloys, as grain boundaries 
are relatively thin for Cu, followed by Pb-doped, Sn-doped and solder-affected alloys. 
Copper materials contain the minimum number of impurities, such as Fe, C, P, etc., so the 
intermetallic are smaller in both size and quantity during solution treatment. Tin forms 
denser grain boundaries than lead because alloys with FCC Cu and BCC Sn lattices exhibit 
different supersaturated solid solution patterns than similar lattices of both Cu and Pb. 
Additionally, the atomic size of Sn is larger than that of Pb as well as Cu, so it tends to be 
allocated to grain boundaries, resulting in denser grain boundaries for alloys containing 
Sn. Both material effects dominate the dense boundary of the solder affected Cu [38]. After 
30 minutes of annealing at 700°K, the appearance of the alloys’ microstructures entirely 
changed. The microstructure completely lacks elongated grains; most residual phases 
dissolve into the α-Cu matrix, the grain boundaries are clearly defined, and the grain 
outlines are equiaxed (Fig. 10a-d).  
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Fig. 9. Optical images of cold rolled (a) pure Cu, (b) binary Cu-Sn alloy, (c) binary Cu-Pb 
alloy and (d) ternary Cu-Sn-Pb alloy  

  

  

Fig. 10. Optical images of cold rolled (a) pure Cu, (b) binary Cu-Sn alloy, (c) binary Cu-
Pb alloy and (d) ternary Cu-Sn-Pb alloy annealed at 700°K for 1800 seconds  

The alloys contain a variety of trace impurities and small additional elements that can form 
intermetallic particles during the casting and annealing processes. However, most of these 
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precipitates are distributed along grain boundaries at higher annealing temperatures and 
times. For phases containing elements of Si and Fe, the dissolution temperature is very 
high. These phases are so tiny that they can still be found inside grains and next to grain 
boundaries [6]. 

3.5 SEM and EDX Analysis 

In order to comply with the optical microstructure, the SEM images and the respective EDX 
spectra of cold-rolled alloys are shown in Figure 11a-d. The EDX spectra are included 
mainly to demonstrate the elemental analysis of the SEM images of pure copper and its 
alloys. Due to plastic deformation, equiaxed grains elongate regularly in the rolling 
direction. For severe deformation, the crystal grains become blurred, and the crystal grains 
are difficult to distinguish. Thus, the microstructure of pure Cu consists of the solid phases 
of α-Cu and insignificant intermetallic produced by trace impurities. The alloy 
microstructure of tin is composed of primary copper, β-tin, and various impurity 
intermetallic. Since it has the BCC crystal structure, which is different from the FCC of Al, it 
tends to distribute at grain boundaries, resulting in dense grain boundaries. Similarly, 
alloys containing lead show primary aluminum, α-lead, and impurities distributed in the 
microstructure. But grain boundaries are not very thick because both Pb and Al alloys have 
the FCC crystal structure. The solder affected alloy reflects the addition of both elements 
[31]. 

  

(a) 

  

(b) 
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(c) 

  

(d) 

Fig. 11. SEM images along with EDX spectra of cold rolled (a) pure Cu, (b) binary Cu-Sn 
alloy, (c) binary Cu-Pb alloy and (d) ternary Cu-Sn-Pb alloy 

The corresponding EDX for each alloy conforms to the chemical composition listed in Table 
1. The EDX of the matching SEM of Cu reveals the following chemical composition by 
weight percentage: 99.70% Cu, 0.09% Si and 0.21% P. The EDX scan reveals the following 
chemical composition by the weight percentage of Cu-Sn Alloy: 97.18% Cu, 1.14% Sn, 0.25 
% Pb and 0.41% Si and 0.82% Fe. Similarly, the Cu-Pb alloy shows 97.52% Cu, 1.00% Pb, 
0.20% Si, 0.22% P, and 1.07% Fe. The solder affected Al-Sn-Pb alloy consists of 96.99% Cu, 
0. 75% Sn, 0.95% Pb, 0.15% Si, 0.29% P, and 0.87% Fe. 

4. Conclusions 

The main findings from the present study of fractional recrystallization behaviour of pure 
copper containing the elements of Sn-PB solder alloy are as follows: 

• The presence of the elements of Sn-Pb solder alloy shows positive effect on the 
fractional recrystallization characteristic of commercially pure copper. The cold-
rolled pure copper (75% deformation) is found to recrystallize 99.4% when it is 
annealed for a period of one hour at 700°K, whereas the same for the ternary copper 
alloy (Cu-Sn-Pb) is found to take place only 89.5% under the same condition. More 
specifically, when the results are analyzed in the perspective of individual 
constituent elements of the solder alloy, the effect of tin is identified to be more 
influential than lead in preventing the recrystallization of copper. This is because of 
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the fact that FCC Cu and BCC Sn lattice alloys exhibit different supersaturated solid 
solution patterns of higher internal stress than those of both similar lattices of Cu 
and Pb. Additionally, tin forms different intermetallic with Cu as well as trace 
impurities, but lead does not form any intermetallic with Cu.  

• Under isothermal annealing, the resistivity of heavily cold-rolled alloys 
demonstrates an initial drop in resistivity, followed by a small increase, and finally 
a slow but steady decrease. The initial drop of this property is associated with 
dislocation, rearrangement, and recovery phenomena; secondly, the minor increase 
is related to different intermetallic formation; and finally, a slow and steady 
decrease in resistivity is due to particle coarsening, grain coarsening, and 
recrystallization. The rate of change of resistivity for the ternary Cu alloy is all 
concomitances the highest because both the elements Sn and Pb play a part in 
creating dislocation density. 

• Pure Cu demonstrates almost identical fractional recrystallization behavior in 
micro-hardness data and JMAK analyses. The Sn added alloy shows the greater 
divergence between the two methods, followed by the individual Pb addition. In the 
early stage of annealing, various trace impurities create diverse intermetallic, 
particularly with Sn. Furthermore, Sn has a different crystal structure than Cu as 
well as Pb. As a result, the binary Cu-Pb alloy is less stable than the Cu-Sn alloy as 
well as the ternary copper alloy. When both the elements of the solder alloy are 
present in Cu, the resulting alloy eventually makes the discrepancy between the two 
methods quite significant. 

• All the alloys reached a state of almost fully recrystallized after annealing at 700°K 
for a period of 1800 seconds, but the ternary copper alloy demonstrates a higher 
fraction of the dissolved second phase in the microstructure and developed grain 
boundaries. 
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Article Info  Abstract 

Article History:  Porous asphalt (PA) mixtures typically contain a high proportion of coarse 
aggregates with minimal fine aggregates, along with a binder that creates ample 
space for water drainage. Since road construction consumes large quantities of 
aggregates, recycling and reusing materials have become common practices. This 
study focuses on developing PA by partially replacing traditional aggregates with 
pulverized surface-dressed pavement material (PSM) and modifying bitumen with 
low-density polyethylene (LDPE). The mixtures were produced using 60/70 
penetration grade bitumen modified with 2%, 4%, and 6% LDPE waste and 20%, 
40%, 60%, and 80% PSM. Adding LDPE waste to the bitumen altered key 
properties, such as the softening point, penetration, flashpoint, and ductility, 
resulting in a stiffer binder. Replacing aggregates with PSM reduced both stability 
and flow, leading to a lower Marshall quotient. Flow values for all trial mixes did 
not meet AAPA (2004) standards, while stability values slightly decreased as LDPE 
content increased from 2% to 6%. Despite this, all samples met the AAPA (2004) 
stability standard. The sample containing 2% LDPE and no PSM exhibited the 
highest Marshall quotient. Linear regression models were developed from 
experimental data to highlight the relationships between the measured responses 
and the variables. These polynomial equations demonstrated a strong correlation, 
indicated by high coefficients of determination. The study introduces an 
innovative approach by incorporating PSM and LDPE, largely unexplored in PA 
production, especially in Nigeria. The major societal benefits include reducing 
environmental pollution through plastic waste reuse, conserving natural 
aggregates, and promoting cost-effective construction practices. By advancing the 
use of recycled materials, this research supports sustainable infrastructure 
development while maintaining compliance with industry standards.  
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1. Introduction 

Porous asphalt (PA) is an innovative pavement technology widely applied across the globe. 
Designed as a specialized wearing course, it improves road safety, especially under wet conditions. 
The permeable friction layer in PA rapidly drains water from the surface, offering numerous safety, 
economic, and environmental benefits [1,2]. European countries extensively use PA to enhance 
driving quality, visibility during wet weather, and reduce road traffic noise [3].   
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Structurally, PA is an open-graded asphalt mixture composed of coarse aggregates, minimal fine 
aggregates, binder, and high air voids [4]. Its high content of coarse aggregates creates a porous 
structure with 25%-30% voids. This porosity allows water from rain and snow to drain effectively 
from the road surface, improving slip resistance and reducing braking distances [5]. 

PA pavement offers significant advantages over traditional asphalt pavement, particularly in terms 
of drainage, noise reduction, skid resistance, and other functional properties. To enhance and 
expand the capabilities of road pavements, PA pavement has become a key area of research in 
highway engineering [6]. The most notable feature of PA is its high air void content exceeding 20% 
compared to the 3-6% air voids found in traditional asphalt pavements [5]. This high porosity 
enables rainwater to infiltrate the road surface and drain through interconnected pores to the road 
edges. However, PA mixtures also have some drawbacks. These include aging, stripping, raveling, 
drain down, reduced porosity over time, higher maintenance requirements, and a shorter service 
life. Addressing these issues is important for the effective use of porous asphalt. 

Studies suggest that improvements in PA can be made by enhancing the properties and gradation 
of aggregates, modifying bituminous binders, and reinforcing the mixture with fibers [7]. Ashour 
investigated the stability and permeability of PA and provided reliable results on both aspects [8]. 
The study focused on optimizing aggregate mix ratios to achieve the desired permeability while 
maintaining the necessary stability. The findings showed that the tested samples exhibited 
excellent permeability, highlighting the effectiveness of these adjustments. Mayuni et al. evaluated 
PA mixtures by varying bitumen content, using a specific type of aggregate native to the West 
Kalimantan region of Indonesia [9]. The structural performance of the PA mixes was assessed using 
Marshall stability and Cantabro tests, while the functional performance was evaluated through an 
analysis of volumetric properties. This comprehensive approach allowed for an in-depth 
understanding of how bitumen content and aggregate properties affect the overall performance of 
porous asphalt. 

The improvement of PA quality through the use of polymer-modified asphalt, other additives, and 
coarse aggregates has been widely studied [10,11,12]. The durability of PA mixtures is typically 
evaluated based on their resistance to traffic impact, abrasion, and aggregate stripping, with the 
Cantabro test being a common method for measuring these properties [13]. Additionally, the 
Marshall stability test is frequently used to determine the stability of compacted PA mixes, ensuring 
they can withstand loads and maintain structural integrity. In a study exploring the mechanical 
characteristics of PA pavement, the influence of polymer modifications and aggregate compositions 
was examined. The research revealed that mixtures containing conventional bitumen failed to meet 
the Cantabro loss test criteria of a maximum 20% loss. However, polymer-modified asphalt 
mixtures demonstrated significantly superior performance in terms of permeability, Cantabro loss, 
and the ratio of indirect tensile strength, highlighting the impact of polymer modifications on 
improving the essential mechanical properties of PA [14]. Gupta et al. evaluated bitumen modified 
with high vinyl content SBS polymer. PA mixtures prepared with 4.5% polymer-modified bitumen 
exhibited higher elasticity, better fatigue resistance, and improved rutting behavior [7]. Ma et al. 
explored additives like SBS-modified bitumen, hydrated lime, and fibers. They found that hydrated 
lime improved moisture stability, while fibers enhanced durability and low-temperature cracking 
resistance of PA mixtures [15]. Zhang et al. assessed four fiber types (lignin, polyester, basalt, 
polyacrylonitrile) and their effects on PA. Fiber modifications improved drainage, rutting 
resistance, and fatigue life, with polyester fiber providing the best overall performance [16]. 
Sarsam compared PA and stone mastic asphalt under repeated tensile stresses. While stone mastic 
asphalt showed higher tensile strength ratios, PA with carbon fiber modifications had better 
resistance to moisture damage [17]. Ranieri et al. investigated Warm Mix Asphalt (WMA) 
technologies for PA in cold climates. Results showed that PA could be laid at temperatures 20°C 
lower without significant performance loss, though further study is recommended [18]. 

Road construction and rehabilitation consume large quantities of virgin materials, resulting in high 
costs, particularly for highways. Surface-dressed roads, typically used for light traffic, consist of 
aged chippings embedded in bitumen. These reclaimed materials, primarily made up of coarse 
aggregates and bitumen, may be suitable for open-graded mixes [19]. Developing porous asphalt 
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by partially replacing traditional aggregates with pulverized surface-dressed pavement material 
(PSM) and modifying bitumen with low-density polyethylene (LDPE) presents a promising 
approach to enhancing pavement performance and sustainability [20]. Incorporating recycled 
materials like PSM into porous asphalt mixtures can improve environmental sustainability and 
resource efficiency. Reclaimed asphalt pavement (RAP), a similar recycled material, has been 
successfully used in various pavement applications, demonstrating that recycled aggregates can 
maintain or even enhance pavement performance when properly processed and integrated. 
Modifying bitumen with LDPE enhances corrosion resistance and the mechanical properties, offers 
low moisture permeability of asphalt mixtures [21]. LDPE is generally used in the form of films as 
well as in the production of bags for food and other products [22]. Studies have shown that adding 
LDPE to asphalt binders improves resistance to deformation and aging, leading to longer-lasting 
pavements [23]. Combining PSM as a partial aggregate replacement with LDPE-modified bitumen 
in porous asphalt mixtures could synergistically enhance pavement performance. The recycled 
aggregates contribute to sustainability and cost-effectiveness, while the polymer-modified binder 
improves mechanical properties and durability. This integrated approach aligns with sustainable 
construction practices by reducing waste and conserving natural resources [24]. 

In Nigeria, many surface-dressed roads are being upgraded to dense asphalt mixes. Reclaiming 
these materials presents a valuable alternative, especially for porous asphalt, which requires a 
significant amount of coarse aggregates. Nigeria generates approximately 2.5 million tons of plastic 
waste annually, placing it ninth globally among contributors to plastic pollution [25,26]. 
Unfortunately, most of this plastic waste remains unrecycled. The use of Recycled Surface-dressed 
Pavement (RSP) and LDPE in hot mix asphalt has similarities to studies incorporating recycled 
asphalt pavement (RAP) and LDPE in porous asphalt. However, the use of RSP and LDPE in 
developing PA remains largely unexplored, particularly in Nigeria. Globally, Nigeria ranks 28th in 
publications on porous asphalt, with only three studies published between 1974 and 2022 [9]. 
Although many experimental works have been carried out to determine the properties of PA 
containing recyclable materials like LDPE and PSM, yet to the best of our knowledge, no models 
have been introduced to predict the properties of such material. Therefore, the aim of this study is 
to explore the potential of utilizing PSM and LDPE in the development of porous asphalt, focusing 
on their effects on the performance characteristics of the mix using statistical models. 

2. Materials  

2.1. Material Characterization 

For the purpose of this research, the following materials were used:     

• Aggregates: Two types of aggregates were used in this experimental study, which include: 

Pulverized Surface-Dressed Pavement Material (PSM): This material was obtained from an old 
surface-dressed road in Bida, Niger State. It was then pulverized into smaller sizes, as shown in Fig. 
1. RAP has been used in several studies in different percentages ranging from 5 to 100% in PA 
mixtures with varying levels of success [27,28]. The material used in this study is quite similar to 
RAP. They are pulverized surface dressed pavements materials that are aged with aggregate 
chippings embedded in bitumen physically [19]. Since bulk of this type of treatment is coarse 
aggregates and bitumen, they might be good for open graded mixes. For this study 20%, 40%, 60%, 
80% of PSM was replaced with conventional aggregate by weight. 

Virgin Aggregates: This crushed granite was obtained from local vendors in Minna, Niger State. 

• Bitumen 60/70: The bitumen was obtained from Dantata Construction Company in Abuja, 
Nigeria. 

• Low-Density Polyethylene Bags: The LDPE was obtained from Sani Basket Plastic Company 
in Minna, Niger State (Fig. 2). The LDPE used is colorless and has a density of 0.92 g/cm³ 
and a melting temperature between 110–160°C. Many studies have used LDPE in asphalt 
mixtures in various percentages ranging from 1 to 15% [29-32]. The optimum binder 
content used by them was 5%. Optimum Binder Content (OBC) refers to the percentage of 
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binder in the mix that optimizes performance parameters such as stability, flow, and 
durability while meeting the required standards. This study uses 2%, 4%, and 6% LDPE as 
a modifier for bitumen at an OBC of 5%. This is because PSM is already coated with aged 
bitumen; thus, higher percentages of LDPE and OBC were not used, as higher percentages 
might affect the stability of the mixtures. At more than 6% LDPE, the stability of the mix 
decreases [32]. 

  

Fig. 1. Pulverized surface dressed pavement 
material Fig. 2. Shredded LDPE 

Table 1. Bitumen tests 

No 
Test 

Standards 
Image of the tests 

1 
Penetration test 
ASTM D5 [36] 
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Sieve Analysis [33], specific gravity test [34], water absorption [35], Flakiness and Elongation tests 
were carried out on both virgin aggregates and PSM aggregates. The following tests on bitumen 
and binder (bitumen + LDPE) were conducted to characterize the binder. For porous asphalt, an 
asphalt binder with a penetration value higher than that of conventional asphalt types is used. 
Additional properties and details of the procedures can be found in the relevant standards, as 
shown in Table 1. 

3. Methods  

This study primarily focuses on the development of PA using readily available materials, such as 
PS) and bitumen modified with LDPE. The experimental procedure encompasses the following 
steps: material characterization, mix design, sample preparation, and testing of PA properties. 
Material characterization includes evaluating aggregates (sieve analysis, specific gravity, water 
absorption, flakiness, and elongation) and bitumen (penetration, softening point, flashpoint, and 
ductility). The mix design involves creating PA mixtures with varying proportions of PSM (20%, 
40%, 60%, 80%) and LDPE (2%, 4%, 6%) based on ASTM D704. The prepared samples undergo 
mechanical, hydraulic, and durability testing, such as stability, flow, permeability, and Cantabro 
loss evaluations. Statistical modeling techniques are applied to analyze the relationships between 
the variables and assess compliance with industry standards. An experimental procedure flowchart 
has been added and is shown in Fig. 3 to illustrate these steps clearly. The findings from these tests 

2 
Softening point test 

ASTM D36 EN 1427 [37] 

 

3 
Specific gravity 

ASTM D113 [40] 
- 

4 
Flash point 

ASTM D92 [39] 

 

5 
Ductility 

(ASTM D70) [38] 
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provide insights into the performance of PA mixtures and their suitability for sustainable road 
construction. 

3.1. Mix Design 

In order to achieve the set-out objectives virgin aggregates are blended together with PSM 
aggregates and are both mixed together with the binder with varying percentage of LDPE. Mixing 
multiple types of aggregates with different gradations is a crucial first step in producing any asphalt 
mix. The design criteria used are based on ASTM D704. The aggregate gradation, as outlined by 
NAPA, is presented in Table 2.  

Table 2. Porous asphalt aggregate gradation 

 

 

Fig. 3. Experimental procedure flowchart 

SN Sieve Sizes(mm) Gradation limits (% passing) 

1 19 100 
2 12.5 85-100 
3 9.5 55-75 
4 4.75 10-25 
5 2.36 5-10 

6 0.075 2-4 
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3.2. Mechanical and Durability Performance 

The PA mixtures was produced using a LDPE modified bitumen previously produced from optimum 
bitumen content of 5% and varying 0%, 2%, 4%, 6%, of LDPE. The binder was now mixed with 
1200 g of blended aggregates 20,40,60.80% PSM by weight of conventional aggregates to produce 
a test sample 63.5±1.27 mm thick. Cylindrical samples of 50 mm diameter and 100 mm height were 
used for the Marshall hammer test which used 75 blows on each face following the ASTM standards. 
The porous asphalt mix are then subjected to the following tests presented in Table 3 based on 
ASTM standards. 

The Drain down test was carried out to determine the portion of material which separates itself 
from the sample as a whole and is placed outside the wire basket during the test. The drained 
material could be either asphalt binder or a combination of asphalt binder, additives, or fine 
aggregate. The test was performed on one un compacted sample 

Marshall Properties of the asphalt mix such as stability and flow was carried out on compacted 
samples and the Cantabro abrasion test was performed based to determine the abrasion loss of 
porous asphalt samples where the test was performed on un-aged compacted samples for each 
binder content. Also the permeability of porous asphalt was carried out on the samples. All 
standards used can be found in Table 3. 

  3.3 Statistical Modelling 

Statistical analysis including correlation analysis, covariance analysis, trend lines, and regression 
analysis were employed to assess the strength of relationship between the variables. The models 
were created based on experimental data only to illustrate the relationships between the measured 
responses and variables and the interactions among the measured responses.  

Microsoft Excel package was used for the model development since all the models considered here 
is one parameter model. This is to allow validation of the models through statistical analysis. The 
regression was done at 95% confidence interval.     

Table 3. Mechanical and durability performance 

No Properties/specification Image 

1 
Permeability 

ASTM D5084 [41] 
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4. Results and Discussion 

4.1. Physical Properties of Materials and Mechanical/Durability of the Mix 

The results of the physical properties of the virgin and recycled surface-dressed aggregates used in 
this study are presented in Table 4. 

Table 4. Physical properties of Virgin and PSM aggregates 

Test Statistics 
Virgin 

Aggregates 
Recycled Surface-

dressed Aggregates 
Units 

Specific gravity 
Mean 

Standard deviation 
2.64 
0.04 

2.45 
0.17 

- 

Water 
Absorption 

Mean 
Standard deviation 

5.04 
0.96 

4.30 
0.23 

% 

Flakiness 
Mean 

Standard deviation 
10 

0.14 
5 

1.41 
% 

Elongation 
Mean 

Standard deviation 
44 
0.7 

15 
1.12 

% 

 

From Table 4, the specific gravity of virgin aggregate is higher than that of PSM, as the specific 
gravity of PSM is typically reduced due to the inclusion of asphalt binder. The water absorption of 
virgin aggregate is slightly higher, indicating a dense rock with fewer pores. While asphalt binder 
may expose more pores, the characteristics of the original parent aggregate before coating with 
bitumen are unknown. The elongation and flakiness indices of both aggregates provide insights 

2 
Particle Loss (Cantabro) 

(%) Maximum 
ASTM D7064 [42] 

 

3 
Bitumen Drain down 

(%), Max 
ASTM D6390 [43] 

 

4 
Marshal Stability 

ASTM D6927/AASHTO T 
245-13 [44] 
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into their quality and suitability for road construction, and both meet the NAPA 2003 general 
specifications.  

Table 5 presents the percentage passing of the aggregate blends comprising virgin aggregates (VA) 
and PSM aggregates. It illustrates the different blends of virgin aggregates and PSM in varying 
proportions and their gradation for porous asphalt. These gradations meet the standards specified 
by NAPA 2003. 

Table 5. Percentage passing of Virgin and PSM aggregates 

Test Percentage Passing 

 100% 
PSM 

100% VA 
80% VA & 
20% PSM 

60% VA & 
40% PSM 

40% VA & 
60%PSM 

20% VA & 
80%PSM 

20mm 86.96 81.67 81.93 79.25 82.33 84.80 

14mm 54.16 70.77 71.43 57.18 57.36 60.03 

10mm 26.58 53.67 40.99 34.96 39.45 34.62 

6.30mm 13.14 40.23 24.80 21.78 27.66 21.22 

5.00mm 9.33 34.83 19.70 18.67 23.78 17.58 

Pan       
 

The physical properties of the bitumen and binder (bitumen + LDPE) are shown in Table 6.  All tests 
were repeated 3 times and the average values and standard deviations are shown in Table 6. The 
physical properties of the bitumen + LDPE mixture show that as the proportion of LDPE increases, 
significant changes occur in the material's behavior. The penetration test results reveal a decrease 
in penetration values from 62 (0% LDPE) to 51 (6% LDPE), indicating that the bitumen becomes 
stiffer with the addition of LDPE. This increased stiffness enhances the mixture’s resistance to 
deformation under load, making it more suitable for applications requiring high stability. The 
softening point test shows a clear trend of increased temperature stability, with the softening point 
rising from 55°C at 0% LDPE to 74.5°C at 6% LDPE. This suggests that the bitumen + LDPE mixture 
can withstand higher temperatures before softening, which is crucial for pavement performance in 
hot climates. However, the ductility test results indicate a reduction in flexibility as the LDPE 
content increases, with ductility dropping from 57 cm at 0% LDPE to 25.67 cm at 6% LDPE. This 
reduction in ductility means the material becomes more brittle and less capable of elongating 
without breaking, which could affect its crack resistance under heavy traffic. Furthermore, the flash 
point improves with the addition of LDPE, increasing from 104°C to 167°C as the LDPE content 
rises. This higher flash point suggests that the bitumen + LDPE mixture is less prone to ignition at 
high temperatures, contributing to overall safety during handling and application. The results of 
the physical properties of the LDPE modified bitumen are quite similar and to the results reported 
by recent studies [29,30,31,32]. 

Similarly, the mechanical and durability tests were repeated 3 times and the average values and 
are shown in Table 7. 
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Table 6. Physical properties of bitumen and binder (bitumen + LDPE) 

Test Statistics 0% LDPE 2% LDPE 4% LDPE 6% LDPE 

Penetration 
Mean 62 60 55 51 

Standard 
deviation 

1 1 1 1.41 

Softening point test 
Mean 55 62.5 69 74.5 

Standard 
deviation 

1.41 0.7 0 0.7 

Specific gravity 
Mean 1.0845 0.769 0.602 0.59 

Standard 
deviation 

0.04 0.12 0.16 0.16 

Flash point 
Mean 104 127 149 163 

Standard 
deviation 

2.87 0.82 2.05 10 

Ductility 
Mean 104 127 149 163 

Standard 
deviation 

2.87 0.82 2.05 10 
 

The Stability values marginally decreases as LDPE content increases from 2 to 6% at 0% PSM, but 
all the samples meet AAPA standard (> 500 kg) [45].  But as the PSM content increases   all stability 
values (< 400 kg) do not meet this standard. The PSM materials has been coated with bitumen 
which will increase the bitumen content which will affect the stability of the porous asphalt mix. 
Flow values for all trial mixes do not meet the standards of 2-6% [45]. Even though a general trend 
shows that the addition of LDPE and PSM decreases the flow values closer to the standards.  

The Cantabro loss shows marginally changes with addition of LDPE. However, as the percentage of 
RSM increases in the mix, the value exceeds the standards of less than 20%.  The drain down value 
of < 0.3% is desired for porous asphalts. Most of the samples do not meet this standard. Only 
samples with no PSM materials meets the standards. This is connected with the fact that no fibres 
were used to prevent the drain down of the bitumen hence high values were recorded. Also because 
PSM materials are already coated with bitumen, so as the temperature increases, the more bitumen 
will melt and drain down. The occurrence of binder drain down through the specimen will reduce 
the permeability of mix. The addition of LDPE and PSM decreases permeability values. Since most 
agencies do not have standard values for the coefficient of permeability or permeability value It is 
therefore recommended that the standard values be selected based rainfall intensity of the 
pavement location in question [46]. 
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Table 7. Mechanical and durability properties of porous asphalt mixtures 

SN 
PSM 
(%) 

LDPE 
(%) 

Stability 
( kg) 

Flow (mm) 
Permeability 

(m/s) 

Drain 
down 
(%) 

Cantabro  
(%) 

Mean Mean Mean Mean Mean 

1 0 2 650 9.3 449 0 6.94 

2 20 2 370 7.3 413 0.8 8.14 

3 40 2 360 7.6 278 5.5 11.42 

4 60 2 290 9.9 275 9.4 14.52 

5 80 2 285 9.6 222 28.9 14.7 

6 0 4 590 9.6 397.5 0 6.72 

7 20 4 395 7.8 303.97 0 8.52 

8 40 4 380 8.3 283.13 4.7 14.25 

9 60 4 395 9.5 300.61 8.5 15.56 

10 80 4 295 7.7 293.83 19.2 19.72 

11 0 6 640 8.6 235.13 0 6.36 

12 20 6 395 8.2 279.4 0 8.92 

13 40 6 572 9.7 223.17 0.9 16.37 

14 60 6 520 9.5 329.4 5.7 21.52 

15 80 6 480 7.9 294.77 14.9 21.9 
 

4.2. Statistical Model Development 

Correlation analysis, covariance analysis, trend lines, and regression analysis were employed to 
develop these models. The models were created based on experimental data to illustrate the 
relationships between the measured responses and variables and the interactions among the 
measured responses. 

4.2.1 Correlation Analysis 

This analysis demonstrates the strength and direction of the relationship between the variables. 
The values range from -1 to 1, with a value close to 1 indicating a strong relationship, and the sign 
denoting the direction of the relationship. Tables 8-10 present the relationships for 2%, 4%, and 
6% LDPE while varying the content of PSM. The correlation coefficients are generally high, but the 
strength and direction vary depending on the specific relationship between variables. For instance, 
as the stability of the mix improves, the flow decreases, leading to a negative correlation. Similarly, 
the correlation between stability and the Cantabro value is also negative, indicating that as the 
stability of the mix decreases, the Cantabro value increases, suggesting poorer resistance to wear, 
tear, and disintegration. Similar trends can be observed in Tables 8 to 10. 

Table 8. Correlation analysis for LDPE 2% 

Factors Flow (mm) 
Permeability 
*(10-3m/s) 

Drain down 
test 

Cantabro test 
(%) 

Stability 
(kg) 

Flow (mm) 1     

Permeability * 
(10-3m/s) 

-0.99327 1    

Drain down test 
(%) 

0.772308 -0.809254379 1   

Cantabro test (%) 0.97284 -0.954629844 0.794474 1  

Stability (kg) -0.7998 0.811538002 -0.59368 -0.81971 1 
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Table 9. Correlation analysis for LDPE 4% 

Factors 
Permeability* 

(10-3m/s) 
Drain down test 

(%) 
Cantabro test 

(%) 
Stability 

(kg) 
Flow 
(mm) 

 

Permeability * 
(10-3m/s) 

1      

Drain down test -0.60055 1     
Cantabro test (%) -0.76669 0.936227 1    

Stability (kg) 0.861298 -0.89128 -0.98573 1   
Flow (mm) -0.67103 0.945931 0.950756 -0.91213 1  

 

Table 10. Correlation analysis for LDPE 6% 

Factors 
Permeability 
*(10-3m/s) 

Drain down test 
(%) 

Cantabro test 
(%) 

Stability 
(kg) 

Flow 
(mm) 

Permeability* 
(10-3m/s) 

1     

Drain down test -0.8435 1    

Cantabro test (%) -0.96523 0.773785 1   

Stability (kg) 0.968204 -0.89698 -0.93679 1  

Flow (mm) -0.98812 0.873321 0.970246 -0.95289 1 
 

4.2.2 Covariance Analysis 

The covariance matrix further aids in understanding the direction of linear relationships between 
variables. Positive values indicate that the variables increase together, suggesting a direct 
relationship, while negative values signify an inverse relationship, where one variable increases as 
the other decreases. The results of the covariance analysis are presented in Tables 11 to 13. 

Table 11. Covariance analysis for LDPE 2% 

Factors 
Flow 
(mm) 

Permeability* 
(10-3m/s) 

Drain 
down test 

(%) 

Cantabro 
test (%) 

Stability (kg) 

Flow (mm) 1.1544     

Permeability * 
(10-3m/s) 

-93.536 7681.84    

Drain down test (%) 8.7552 -748.368 111.3256   

Cantabro test (%) 3.33224 -266.7376 26.72352 10.16326  

Stability (kg) -115.24 9538.6 -840.02 -350.444 17984 

 

Table 12. Covariance analysis for LDPE 4% 

Factors 
Permeability* 

(10-3m/s) 

Drain down 
test 
(%) 

Cantabro test 
(%) 

Stability 
(kg) 

Flow (mm) 

Permeability* 
(10-3m/s) 

1719.117     

Drain down 
test 

-177.132 50.6056    

Cantabro test 
(%) 

-150.97 31.62988 22.55454   

Stability  (kg) 3656.884 -649.26 -479.378 10486  

Flow (mm) -21.0716 5.0964 3.41972 -70.74 0.5736 
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Table 13. Covariance analysis for LDPE 6% 

Factors 
Permeability* 

(10-3m/s) 

Drain down 
test 
(%) 

Cantabro 
test 
(%) 

Stability 
(kg) 

Flow (mm) 

Permeability 
*(10-3m/s) 

1522.212     

Drain down 
test(%) 

-187.821 32.572    

Cantabro test 
(%) 

-240.317 28.1812 40.72246   

Stability (Kg) 3129.594 -424.12 -495.272 6863.84  

Flow (mm) -27.3041 3.53 4.38508 -55.912 0.5016 
 

4.2.3 Relationships Between Responses and Proportion of LDPE and PSM 

The results illustrated in Figs. 4-8 can be understood by looking at the contrasting characteristics 
of PSM and LDPE. The PSM tends to be rigid and somewhat brittle, while LDPE is a more flexible, 
ductile material. When these two materials are combined in pavement mixtures, they produce 
various effects on the mechanical and functional qualities of the final product. For instance, the 
decreasing stability seen in Fig.4 can be linked to PSM's rigidity. It seems to weaken the mix's 
cohesion and binding strength. The more PSM you include, the less stable the pavement becomes. 
LDPE, though flexible, doesn’t quite make up for the cohesion loss caused by PSM particles. On the 
other hand, Fig. 5 shows that the flow increases as the PSM content rises, suggesting that PSM and 
LDPE together contribute to a more flexible and deformable mixture. LDPE's elasticity adds to the 
material’s ability to endure deformation, while PSM adds bulk. However, too much PSM can result 
in too much deformation, making the pavement vulnerable to rutting under heavy loads. 

Fig. 6 highlights how the Cantabro loss rises with higher PSM levels, which likely comes from the 
reduced cohesion and adhesion when more PSM is introduced. The rigid structure of PSM, 
particularly in large amounts, lowers the pavement’s durability, increasing surface wear. This effect 
is more pronounced when LDPE is not present in sufficient quantities to maintain a flexible and 
cohesive binder. The rise in drain down (Fig. 7) with higher PSM content suggests that the binder 
has trouble staying in place. RSP, because of its rigidity and granular nature, separates from the 
binder, which leads to more binder loss. Although LDPE enhances the mixture's elasticity, it can't 
stop the binder from draining, especially as PSM content grows.  

 

Fig. 4. Stability versus percentage PSM 
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Fig. 5.: Flow versus percentage PSM 

 

Fig. 6.  Cantabro versus percentage PSM 

 

Fig. 7. Drain down versus percentage PSM 
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Fig. 8. Permeability versus percentage PSM 

Lastly, the decrease in permeability shown in Fig. 8 can be attributed to the increased density and 
decreased porosity as more PSM is added. The relatively non-porous nature of PSM makes it harder 
for water to penetrate the mixture. LDPE fills in voids and forms a continuous matrix, further 
reducing permeability. However, too much PSM might make the pavement overly impermeable, 
which can cause problems with surface water drainage. In summary, the combination of PSM and 
LDPE shows a balance between stiffness and flexibility, and the results clearly demonstrate how 
these materials interact to influence pavement properties like stability, flow, durability, and 
permeability. 

4.2.4 Regression Analysis of the Impact of PSM and LDPE Content on Pavement Properties 

The regression analysis conducted on the relationship between pavement properties and the 
percentage of PSM at varying levels of LDPE content offers valuable insight into how these 
materials behave. For pavements containing 2% LDPE (Table 14), the results reveal a robust link 
between RSP content and permeability, with an R-squared value of 0.912, indicating a well-fitting 
model. This suggests that permeability decreases significantly as RSP increases, a trend further 
supported by a negative coefficient of -2.96 and a low P-value, which confirms the statistical 
relevance of the result. However, while stability also diminishes with more RSP, the model for this 
behavior is weaker, as shown by a lower R-squared of 0.729 and a P-value of 0.065, which suggests 
less confidence in this connection. Flow, by contrast, shows a strong positive relationship, as 
indicated by an R-squared of 0.898, meaning that as RSP rises, flow increases. For Cantabro loss, 
which is a measure of durability, the model demonstrates a strong fit with an R-squared of 0.943, 
and the positive coefficient points to reduced durability. Drain down also increases moderately as 
RSP content goes up, reflected by an R-squared of 0.792. 

When LDPE content is raised to 4% (Table 15), the analysis suggests stronger correlations. The 
reduction in permeability with increasing PSM is even more pronounced, with an R-squared of 
0.947, and is statistically significant. Similarly, the decrease in stability follows the same downward 
trend observed at the 2% LDPE level but with a better fit (R-squared of 0.935). Flow rates spike 
sharply, as seen by a very high R-squared value of 0.979, while Cantabro loss continues to increase, 
indicating a decline in durability. The drain down also rises significantly as PSM levels increase, 
with a reliable fit shown by an R-squared of 0.940. For pavements containing 6% LDPE (Table 16), 
the trends are consistent with the previous two LDPE levels. Permeability further decreases as PSM 
content rises, supported by a strong model fit (R-squared of 0.946). Stability continues to drop, 
again, with a very strong model fit (R-squared of 0.974). Flow increases further, with an R-squared 
of 0.947, while Cantabro loss continues to rise but with slightly less statistical strength than at 
lower LDPE levels. Drain down also increases, though its statistical significance is weaker. 
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In conclusion, these findings show clear linear relationships between PSM content and various 
pavement properties. As PSM content rises, permeability and stability decrease, while flow, 
Cantabro loss, and drain down increase. The models are reliable based on the high R-squared 
values, but the strength of statistical significance varies, particularly for Cantabro loss and drain 
down. These trends underscore the trade-off between incorporating recycled materials for 
environmental benefits and the associated drawbacks in terms of durability and cohesion, with 
LDPE offering some resilience but not entirely offsetting the effects of PSM. 

Table 14. Regression Statistics for 2% LDPE 

Statistics 
/Relationships 

R2 
Adjusted 

R2 
F  

Significance 
F  

P-value Coefficient 
Intercept Variable Constant variable 

Permeability versus %PSM 0.91 0.88 31.26 0.01 0.0004 0.0112 445.8 -2.96 
Stability versus %PSM 0.72 0.63 8.09 0.06 0.004 0.0653 553 -4.05 
Flow versus %PSM 0.89 0.86 26.44 0.01 0.0001 0.0142 10.18 -0.036 
Cantabro (%) versus %PSM 0.94 0.92 50.39 0.00 0.002 0.005 6.764 0.1095 
Drain down (%) versus %PSM 0.79 0.72 11.42 0.04 0.43 0.043 -4.36 0.332 

 

Table 15. Regression Statistics for 4% LDPE 

Statistics 
/Relationships 

R2 Adjusted 
R2 

F  Significance 
F  

P-value Coefficient 
Intercept Variable Constant variable 

Permeability versus %PSM 0.94 0.92 35.62 0.026 0.000 0.026 312.71 -0.34 
Stability versus %PSM 0.93 0.90 28.76 0.033 0.003 0.033 550 -3.15 
Flow versus %PSM 0.97 0.96 92.30 0.010 0.000 0.010 7.15 0.03 
Cantabro (%) versus %PSM 0.94 0.92 37.39 0.025 0.065 0.025 5.785 0.17 
Drain down (%) versus %PSM 0.93 0.90 31.30 0.030 0.137 0.030 -7.25 0.30 

 

Table 16. Regression Statistics for 6% LDPE 

Statistics 
/Relationships 

R2 Adjusted 
R2 

F  Significance 
F  

P-value Coefficient 
Intercept Variable Constant variable 

Permeability versus %PSM 0.94 0.91 35.28 0.02 0.00 0.02 322.88 -1.29 
Stability versus %PSM 0.97 0.96 75.0 0.01 0.00 0.01 634.5 -2.85 
Flow versus %PSM 0.94 0.92 35.5 0.02 0.00 0.02 7.65 0.02 
Cantabro (%) versus %PSM 0.88 0.82 15.1 0.05 0.18 0.05 6.15 0.22 
Drain down (%) versus %RSP 0.87 0.81 14.2 0.06 0.19 0.06 -7 0.24 

 

4.3. Failure Modes of Samples 

The failure modes of the porous asphalt (PA) samples were carefully assessed during the 
mechanical and durability testing phases. These observations provide critical insights into the 
performance of the mixtures under various conditions and offer guidance for optimizing mix 
design. Samples with higher Pulverized Surface-Dressed Pavement Material (PSM) content 
exhibited a brittle failure mode, characterized by visible cracks forming under load during the 
Marshall Stability Test. Conversely, samples with higher Low-Density Polyethylene (LDPE) content 
demonstrated a ductile failure mode, with significant deformation but delayed cracking. The 
brittleness in PSM-heavy samples is attributed to the reduced flexibility of aged aggregates. LDPE 
content enhanced elasticity, counteracting brittleness but requiring optimal proportions for 
effectiveness. This highlights the trade-off between rigidity and flexibility in PA mix design. 
Excessive PSM reduces load-bearing capacity, while LDPE improves deformation tolerance. Surface 
raveling and aggregate dislodgment were observed during the Cantabro Abrasion Test in samples 
with insufficient binder content. High PSM content exacerbated this effect due to reduced cohesion. 
The aged and granular nature of PSM decreased binder adhesion, increasing Cantabro loss.   
Optimized LDPE content mitigated these effects, enhancing resistance to disintegration. 
Maintaining sufficient binder content and incorporating LDPE is critical for durability under 
abrasion. During the Permeability Test, clogging and reduced water flow occurred in samples with 
excessive PSM content, impairing permeability. Balanced LDPE and PSM contents preserved 
structural integrity and functional porosity. The compacted structure of PSM-heavy samples 
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reduced voids, while LDPE enhanced void space continuity. Proper proportioning of PSM and LDPE 
is vital to retain permeability, a key functional property of PA. 

Binder drainage was prevalent during the Drain Down Test in samples with low LDPE content, 
resulting in binder separation. This issue was mitigated in samples with higher LDPE content. LDPE 
increased binder viscosity and adhesion, reducing the likelihood of binder separation during 
mixing and compaction. Optimal LDPE content ensures uniform binder distribution and minimizes 
material loss. 

Excessive flow and reduced stability were noted in samples with high PSM content, leading to 
structural instability under load. The rigidity of PSM decreased cohesive strength, while LDPE 
improved flexibility but required precise optimization. Achieving a balance between stability and 
flow is essential to prevent deformation or premature cracking. These failure modes underline the 
importance of balancing PSM and LDPE proportions in PA mix design. Excessive PSM compromises 
cohesion and stability, while insufficient LDPE limits elasticity and binder performance. By 
optimizing these components, durable and functional PA mixtures can be developed, meeting both 
performance and sustainability objectives. 

5. Conclusions 

From the results of this study, the following conclusions can be drawn:  

• Aggregate Standards: The aggregates, including granite and recycled surface-dressed 
pavement (RSP), were shown to meet porous asphalt (PA) standards. The specific gravity of 
virgin aggregates was 2.64, slightly higher than RSP (2.45), reflecting their suitability for PA 
applications. 

• Binder Property Enhancement: Adding low-density polyethylene (LDPE) significantly 
improved binder properties, increasing the softening point from 55°C to 74.5°C and 
flashpoint from 104°C to 167°C. However, ductility decreased from 57 cm to 25.67 cm, 
indicating reduced flexibility. 

• Porous Asphalt Performance: Porous asphalt mixtures were successfully produced with local 
materials, incorporating RSP as an aggregate replacement and LDPE as a binder modifier. 
These mixtures demonstrated sufficient stability and met most industry standards. 

• Stability and Permeability Trends: Stability decreased with increasing RSP content, and flow 
values were inconsistent, indicating room for optimization. Permeability also decreased due 
to reduced void spaces, impacting water drainage efficiency. 

• Sustainability and Hydraulic Benefits: The use of RSP and LDPE reduces reliance on virgin 
aggregates, providing a cost-effective and environmentally sustainable solution for road 
construction. Additionally, PA’s higher permeability enhances stormwater management and 
mitigates urban flooding, making it ideal for road shoulders and other applications. 

• Societal and Academic Contributions: This research offers practical solutions for managing 
plastic waste and reclaiming road materials, promoting sustainable infrastructure 
development. Academically, it fills a gap by introducing statistical models to predict PA 
performance and provides valuable insights for further studies on sustainable materials in 
road construction. 

6. Limitations and Recommendations 

• • Limitations: The study primarily focused on laboratory-scale testing, and the performance 
of porous asphalt mixtures with RSP and LDPE under real-world traffic and environmental 
conditions was not assessed. Additionally, the flow values of the mixtures require further 
refinement to meet AAPA (2004) standards. 

• • Recommendations for Future Work: Future studies should include long-term field 
performance evaluations under varying traffic loads and environmental conditions. 
Exploring the use of additional modifiers, such as fibers or alternative polymers, could help 
optimize the flow properties and overall durability of the mixtures. Research on the 
environmental impact and lifecycle assessment of these mixtures would also enhance their 
adoption in sustainable construction practices. 
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Article History: 
 The durability of road surfaces faces persistent challenges due to increasing traffic 

loads and the vulnerability of traditional asphalt binders to aging, temperature 
fluctuations, and fatigue cracking. To address these issues, researchers have 
explored the integration of nanomaterials into asphalt binders to enhance their 
durability and rheological performance. Bitumen 60/70 Penetration Grade, 
commonly produced in Iraq, is rarely used locally due to its sensitivity to 
temperature variations. In this study, Nano-Copper Oxide was incorporated as a 
modifier into the asphalt binder at concentrations of 2%, 4%, 6%, and 8% by 
weight. The modified binders underwent conventional tests such as Penetration, 
Softening Point, and Ductility, alongside rheological tests including the Dynamic 
Shear Rheometer and Bending Beam Rheometer. The results revealed significant 
improvements in penetration reaching about 25% and 37% at 6% content for both 
unaged and aged samples, respectively. While the lowest temperature 
susceptibility found at 4% content. Additionally, the viscoelastic behavior was 
improved, as indicated by higher G* values and lower δ values compared to the 
original binder with enhanced stiffness and reduced aging effects as confirmed by 
the Rolling Thin Film Oven Test. Furthermore, the nano-modified binders met 
SuperPave™ specifications and exhibited resistance to low-temperature cracking 
only at -6 °C and failed at -12 °C. These findings suggest the potential for extended 
pavement service life and increased durability through the use of nano-modified 
asphalt binders. 

 

© 2025 MIM Research Group. All rights reserved. 

Received 02 Jan 2025 

Accepted 13 Jan 2025 

Keywords:  
 

Nanomaterials;          
Nano-copper oxide; 
Asphalt conventional 
tests;                                 
Bending beam 
rheometer;                                    
Dynamic shear 
rheometer 

1. Introduction 

The success of any modifier for asphalt binder can be assessed built on two main criteria: (a) its 
behavior while performing, which includes features such as resistance to rutting, moisture damage, 
fatigue, and low-temperature thermal cracking once applied on sites; and (b) its practical 
requirements before site usage, including modifier dispersal within the asphalt binder medium, 
stability at high storage temperatures, resistance to aging throughout the construction phase, and 
workability [1-4]. Although currently applied modifiers, such as crumb rubber, polymers, and 
additives have demonstrated significant improvements in in-service performance, they still face 
challenges related to phase separation at high temperatures and poor compatibility before field 
application. Additionally, unmodified asphalt binders tend to become stiffer before application due 
to a higher degree of oxidation, presenting another functional challenge [5, 6]. 

Researchers are therefore working to address these challenges in modified binders while also 
seeking to improve the performance of unmodified asphalt binders through the use of innovative 
materials. Recently, nanotechnology has raised as a potential field, using elements such as nano-
clay, nano-silica (SiO2), nano-alumina (Al2O3), nano-copper oxide (CuO), carbon nanotubes (CNT), 
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nano-titanium oxide (TiO2) and other nanomaterials to improve the characteristics of bitumen. 
This technique provides unique options for sustainable and durable asphalt infrastructures, with 
several nano-sized elements demonstrating potential in enhancing the physicochemical 
characteristics of bitumen [7-9]. This advanced technology is regarded as the most recent 
innovation for creating safe and sustainable pavement infrastructure. Despite many years of 
research and exploration by scientists, material manufacturers, and engineers, the application of 
nanotechnology has remained restricted. Thus, there has been renewed effort and investigation 
into developing nanomaterials for pavement applications, focusing on enhancing the nanoscale 
rheological properties and the durability of the mixtures [10-15]. 

Numerous studies have demonstrated the potential of nanomaterials in enhancing bitumen 
properties. Yao et al. found that nano silica significantly improved rheological properties, stiffness, 
and resistance to rutting and aging, with optimal results at 4–6% concentrations [16]. Cheraghian 
et al. highlighted the benefits of fumed silica nanoparticles in enhancing binder stability and aging 
resistance [17], while Masri et al. identified 2% nano silica as optimal for maintaining viscoelastic 
behavior and minimizing strain under stress. Similarly [18], Alhamali et al. and Zghair et al. 
observed improved performance at higher nano silica concentrations, though challenges like 
reduced ductility and storage stability were noted [19, 20]. Also, recent studies by Ashish and Singh 
and Amini et al. demonstrated the use of nano-CuO with multi-wall carbon nanotubes to improve 
temperature susceptibility, viscosity, and resistance to aging and rutting, showcasing the potential 
for hybrid nanocomposites [12, 21]. Also, nanomaterials' role in improving moisture damage 
resistance, aging resistance, and high-temperature performance has been emphasized by reviewer 
[22, 23]. Other study by Yang and Tighe, explored the effectiveness of various nanoparticles like 
nano clay, nanotubes, and nano-titanium dioxide, with improvements in crack resistance, fatigue 
resistance, and environmental sustainability [24].  

Despite extensive research on enhancing asphalt binders, limited studies have focused exclusively 
on the use of nanomaterials, such as nano-CuO, either independently or without combining them 
with other compounds. This gap is critical, as it pertains to understanding the unique impact of 
nanoparticles on the performance of asphalt binders, offering the potential for more cost-effective 
and efficient alternatives. The primary objective of this study is to address the shortcomings of 
traditional asphalt binders, particularly in terms of aging resistance, temperature susceptibility, 
and fatigue cracking, which collectively contribute to the premature deterioration of asphalt 
pavements. This study aims to enhance the durability and performance of asphalt binders through 
the direct incorporation of nano-CuO, without the inclusion of other additives such as polymers, 
elastomers, rubbers, or chemical additives. 

2. Materials and Methods  

2.1. Materials 

2.1.1. Asphalt Binder  

In this study, a 60/70 penetration grade asphalt binder, supplied by the Directorate of Roads and 
Bridges – Duhok, was used in this study. Conventional tests according to American Society for 
Testing and Materials (ASTM) standards were conducted to analyze the rheological properties of 
the original asphalt binder, as detailed in Table 1. The results of the tests indicate that the asphalt 
binder generally meets the requirements specified by ASTM D946M-15, which is related to the 
standard specification for penetration-graded asphalt binder for use in pavement construction. 

Table 1. Asphalt binder properties per ASTM D946M-15 

Tests (Unit) Requirements Results 
Penetration at 25°C (0.1mm) 60-70 68.8 

Ductility at 25°C (cm) Min. 100 106 
Softening Point (°C) Min. 46 47 

Ductility after RTFOT (cm) Min. 50 93 
Retained Penetration after RTFOT (%) 50 + 78 

Rotational Viscosity at 135°C, 165°C (cp) - 365, 112.5 
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The penetration value of 68.8 (0.1 mm) indicates adequate stiffness, while the ductility of 106 cm 
reflects excellent resistance to cracking under tensile stress. The softening point of 47°C exceeds 
the required minimum, ensuring thermal stability during temperature fluctuations. The retained 
penetration value of 78% and ductility of 93 cm after rolling thin film oven test (RTFOT) confirm 
the binder's strong resistance to short-term aging, maintaining flexibility and durability. 
Additionally, rotational viscosity values at 135°C (365 cP) and 165°C (112.5 cP) ensure good 
workability during mixing and paving 

2.1.2. Nano-Material  

Nano-Copper Oxide, appears as a black to brown powder as shown in Fig. 1, was used to modify the 
asphalt binder, which were ordered from Hebei Suoyi New Material Technology Co., Ltd. – China. 
The nanomaterial properties are presented in Table 2. 

Table 2. Nanomaterial’s properties 

Properties Nano-Copper 

Chemical Formula CuO 
Appearance Black to Brown powder 

Purity 99% 
Particle size 45nm 

Particle Morphology Spherical 
Specific surface area 100-200 m2/g 

pH 5.5-6.5 
Molecular weight 79.55g/mol 

Melting point 1201°C 
 

 
Fig. 1. Nano-copper oxide powder 

  2.2. Asphalt Binder Sample Preparation  

2.2.1. Sample  

An oven is used to heat the original asphalt binder to achieve liquidity, slightly above its softening 
point, to allow easy pouring into the mixing pan. Precise amounts of nano-copper oxide, comprising 
2%, 4%, 6%, and 8% by weight of the asphalt binder, are then carefully measured and gradually 
added to the liquefied binder. Then a high shear mixer was used for mixing. Initially, the speed of 
the mixer was 4500 rpm for 5 minutes to ensure uniform dispersion of the nanomaterials, avoid 
clumping, and manage floating particles and bubbles [20]. After this, the mixer's speed is increased 
to 15000 rpm for 15 minutes, with the mixing temperature kept at 157 ± 1°C, which is determined 
in accordance with ASTM D2493 guidelines. The mixing criteria were selected based on findings 
from previous studies, which indicate a relationship between mixing time and speed. Specifically, 
when the mixing speed is high, the required mixing time decreases, and vice versa, to ensure 
optimal dispersion of materials [25-29]. Once the desired dispersion is achieved, the modified 
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bitumen is cooled and stored in sealed containers for subsequent testing and application. Fig. 2 
illustrates the procedure for sample preparation.  

 
Fig. 1. Asphalt binder sample preparation procedure 

2.2.2. Aging Process 

Bitumen gradually ages due to exposure to various environmental and operational factors, 
resulting in oxidation and volatilization [30, 31]. Volatilization and oxidation are the primary 
processes responsible for the formation of carbonyl and sulfoxide groups, which contribute to the 
aging of asphalt binders. These processes increase the viscosity of the binder, resulting in stiffer 
mixes and subsequently leading to various pavement distresses, such as raveling, fatigue cracking, 
and thermal cracking [32]. Short-term aging takes place throughout storage, mixing, 
transportation, and paving activities. To simulate this aging process in a controlled environment, 
the RTFOT test was conducted following ASTM D2872 standards [33]. In RTFOT test, a thin layer 
of asphalt binder is exposed to heat and air in a rotating oven to simulate oxidative aging. The test 
is carried out at 163°C for 85 minutes to ensure uniform exposure, and the results, which include 
changes in penetration, softening point, and viscosity, offer information about the binder's 
resistance to aging and suitability for practical uses. 

 2.3. Rheological Properties of Asphalt Binder   

Conventional laboratory experiments were performed on the binder both before and after the 
aging process. These tests included assessments of ductility in accordance with ASTM D113-2007 
guidelines, the softening point following ASTM D36/D36M-14 standards, penetration according to 
ASTM D5/D5M-13 specifications, and thermal susceptibility evaluated by the penetration index 
(PI). The Penetration Index (PI), derived from the softening point and penetration test results, 
measures the binder's susceptibility to temperature variations. A higher PI indicates a lower 
susceptibility of binder samples to temperature variations, which is preferable in terms of 
temperature sensitivity. The PI value, determined by equation 1, ranges from -3 (high 
susceptibility) to +7 (low susceptibility), providing insight into the binder's resilience to 
temperature fluctuations. [34-36]. 

𝑃𝐼 =  
1952 − 500 𝑙𝑜𝑔 (𝑃𝑒𝑛25) − 20𝑆𝑃

50 𝑙𝑜𝑔(𝑃𝑒𝑛25) − 𝑆𝑃 − 120
 (1) 
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To evaluate short-term aging resistance, researchers focus on two primary factors: the increase in 
softening point (ISP) and retained penetration (RP). ISP measures the change between the 
softening points of aged and unaged samples, while RP represents the percentage of penetration 
retained in aged samples compared to their original unaged state. These parameters are calculated 
using Equations 2 and 3 [15]. 

𝐼𝑆𝑃 (°𝐶) =  𝑆𝑃𝑎𝑔𝑒𝑑 – 𝑆𝑃𝑢𝑛𝑎𝑔𝑒𝑑  (2) 

𝑅𝑃 (%) =  
𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑔𝑖𝑛𝑔

𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑎𝑔𝑖𝑛𝑔
 ∗ 100 (3) 

Where; PI is Penetration Index, SP is Softening point (°C), and Pen25 is Penetration value at 25°C.  
As the asphalt binder ages, its penetration value decreases, and simultaneously, its softening point 
and viscosity increase. Generally, for aging resistance of bitumen, higher ISP and lower RP values 
are indicative of better aging resistance. Therefore, a higher ISP and lower RP value help to reverse 
further aging of the asphalt binder samples [15, 25].  

Typically, a rise in viscosity after aging is detected, representing higher stiffness. Although, at 
elevated temperatures, raised viscosity can advance rutting resistance, extreme stiffness may lead 
to cracking, particularly under low temperatures or frequent loads. Conversely, a reduction in 
ductility post-aging suggests less flexibility, causing the binder more prone to thermal and fatigue 
cracking.  

 2.4. Dynamic Rheologic Parameters for Nano-Modified Asphalt Binders 

The dynamic rheological parameters of nano-modified asphalt binders assess the material's 
response to applied stress or strain under varying temperatures and frequencies using both DSR 
and BBR tests.  

2.4.1. Dynamic Shear Rheometer Test 

Concerning the rheological characteristics of the binder at intermediate to high temperatures, a 
dynamic shear rheometer tester (Anton Paar RheoCompass™), as shown in Fig. 3, was utilized in 
accordance with AASHTO T315 [16]. The test was performed at a mean temperature of 70.0°C using 
a frequency of 10 rad/s (1.59 Hz) and a strain of 12%. The sample geometry included a parallel 
plate setup with 25mm diameter and 1mm thick. Each test included 10 data points, with significant 
values determined by averaging the results. For instance, the mean complex shear modulus (|G*|) 
was 0.968 kPa, and the |G*|/sin(δ) value was 0.9685 kPa, with a standard deviation of 0.0003 kPa 
and a 95% confidence interval of 0.9683–0.9687 kPa. The dynamic shear rheometer DSR test 
results yield two key parameters: the complex shear modulus (G*) and the phase angle (δ) [37]. 
These parameters aim to assess both the elastic and viscous behaviors of the modified asphalt 
binders. The asphalt binder specimen is subjected to frequent shearing which deforms the 
specimen and the overall specimen resistance to this deformation is known as complex modulus 
(G*), while the shift between the resulting shear strain and the practiced shear stress is called the 
phase angle (δ) which describes the relationship between components of the viscous and elastic 
behaviors [38-40]. Fatigue cracking and rutting are two indicators obtained from the (G*) and (δ) 
results [41]. A higher G* value is associated with greater stiffness, which enhances rutting 
resistance at high temperatures by limiting permanent deformation under repetitive loads. 
Conversely, the phase angle (δ) quantifies the lag between applied stress and resultant strain, with 
lower δ values indicating a more elastic behavior. This elastic behavior contributes to improved 
load recovery, further mitigating rutting potential. At low temperatures, cracking resistance is 
influenced by the binder's ability to relax thermal stresses, which is related to its viscous 
properties. While higher G* values enhance stiffness, they may reduce flexibility, increasing 
susceptibility to thermal cracking if not balanced by a sufficiently high δ value. The ratio G*/sin(δ), 
commonly referred to as the rutting factor, is used to evaluate high-temperature performance, with 
higher values indicating superior resistance to rutting deformation [14, 23]. After RTOFT aging, a 
greater (G*) value suggests improved stiffness and resistance to rutting, but if it is not balanced 
with an appropriate phase angle, it may also indicate a risk of brittleness.  
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Fig. 3. DSR tester 

2.4.2. Bending Beam Rheometer Test 

The Bending Beam Rheometer test was conducted on both original and modified asphalt binders, 
in accordance with AASHTO T313 standards, to assess the thermal cracking susceptibility of the 
binder samples, as shown in Fig. 4. This test was performed at temperatures of -6°C and -12°C and 
its increment, with a constant load applied for 240 seconds to measure the binder's ability to resist 
thermal cracking. The specimen geometry consisted of beams measuring 125 mm in length, 12.5 
mm in width, and 6.25 mm in thickness. The equipment used included a calibrated bending beam 
rheometer capable of maintaining precise temperature control. Each test involved multiple 
repetitions to ensure reliability, with significant values determined by averaging the results. This 
test aids in evaluating the stiffness and relaxation properties of asphalt binders at low 
temperatures, which is essential for predicting their performance in cold climates [7, 17, 42-44]. 

 
Fig. 4. BBR tester 

2.5. Morphology of the Nano-Modified Binder 

The energy-dispersive X-ray spectrometer and scanning electron microscope were used in tandem 
to provide information on the elemental composition of samples, identifying the elements present 
along with their concentration and dispersal. The EDX was operated at a magnification of 1000x 
and a voltage acceleration of 15kV to generate an elemental map for evaluating the dispersion of 
nanomaterials within the sample. Utilizing an X-ray spectrum, the EDX compresses compositional 
and topographical information of the sample into a single view. The elemental dispersion is then 
visualized with a colored map, where each color represents an element present in the sample [45-
48] 
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3. Results and Discussions  

3.1. Conventional Tests  

Throughout the aforementioned process, the integration of Nano-copper oxide into the asphalt 
binder has yielded notable enhancements in its physical characteristics. Fig. 5, Fig. 6, and Fig. 7 
illustrate its impact dosages on both aged and unaged samples concerning penetration, resistance 
to short-term aging, and susceptibility to thermal changes. 
Regarding the penetration, adding nano-copper oxide led to improvements in the penetration of 
unaged and aged modified asphalt binders. As illustrated in Fig. 5, the penetration value decreased 
with the increase in (CuO) ratio up to 6%, then started to increase with (CuO) 8%. This increase 
might be attributed to the excessive concentration of nanoparticles within the asphalt binder 
matrix, which can lead to particle agglomeration and subsequently increase the stiffness. 

 

Fig. 5. Penetration test results 

The data presented in Fig. 6 (a) and Fig. 6 (b) indicate that the lowest RP and maximum ISP value 
occurs at a concentration of 4%, respectively. Therefore, the 4% nano-copper oxide concentration 
exhibits the lowest RP and highest ISP values, demonstrating superior short-term aging resistance. 
Furthermore, 4% gives the lowest PI which demonstrate the lowest temperature susceptibility as 
shown in Fig. 7.  

  
(a) (b) 

Fig. 6. Retained penetration-RP (%) and Increment in softening point-ISP results (°C) 
(a) RP % (b) ISP (°C) 

The ductility test results are utilized to assess the anti-deformation and anti-cracking 
characteristics of modified asphalt binders. As depicted in Fig. 8, for unaged and aged modified 
binder asphalts, improvements in ductility cannot be observed except for unaged 2% content 
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sample which exhibits improvements about 4% compared to the original asphalt binders. This is 

attributed to the elasticity characteristics of the nano-CuO, which is not viscoelastic. 

 

Fig. 7. Penetration Index (PI) results  

 

Fig. 8. Ductility test results 

3.2. Rheological Tests 

3.2.1. Dynamic Shear Rheometer Test (DSR) 

This study evaluated modified asphalt binders in both aged and unaged states. Fig. 9 and Fig. 10 
display the complex shear modulus (G*) and phase angle (δ) of modified asphalt binder mixes 
across a range of temperatures. An increase in temperature resulted in a reduction of the complex 
shear modulus and a concurrent rise in the phase angle. Thus, higher temperatures led to increased 
viscosity in the asphalt binder. Notably, all modified asphalt binder samples demonstrated higher 
G* values and lower δ values compared to the original binder at the same temperatures, indicating 
enhanced stiffness and elastic properties in both aged and unaged samples. The effect of aging on 
the complex shear modulus (G*) and phase angle (δ) provides critical insights into the performance 
of asphalt binders. Aging typically increases G* due to stiffening of the binder, improving rutting 
resistance at high temperatures but potentially reducing flexibility. The phase angle (δ) generally 
decreases with aging, indicating a shift toward more elastic behavior. This effect is temperature 
and frequency-dependent, as higher temperatures and lower frequencies tend to amplify the 
viscoelastic changes caused by aging, which could influence the binder's susceptibility to thermal 
and fatigue cracking under varying field conditions. 
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Fig. 9. Unaged DSR results - complex shear modulus (G*) and phase angle (δ) 

 

Fig. 10. RTOFT aged DSR results – complex shear modulus (G*) and phase angle (δ) 

3.2.2. Bending Beam Rheometer Test 

To evaluate the impact of nanomaterial modifications on low-temperature performance, the creep 
stiffness and m-value parameters were assessed. The results, as illustrated in Fig. 11 and Fig. 12, 
demonstrate the effects of integrating nano-copper oxide into the asphalt binder. Notably, there 
were improvements in certain mix contents, particularly with 6% Content, where the m-value 
increased by approximately 3%, which reflect better stress relaxation capabilities, allowing the 
binder to dissipate thermal stresses more effectively, and creep stiffness decreased by about 10% 
indicating improved flexibility, reducing the binder's brittleness and enhancing its ability to resist 
thermal cracking at low temperatures. However, some contents showed a decline in performance. 
Despite these variations, all samples met the SuperPave™ requirements at a low temperature of -
6ºC, with an m-value of ≥ 0.3 and a creep stiffness of ≤ 300 MPa. Nevertheless, all samples failed to 
meet these requirements at -12ºC. This indicates that differences in the chemical composition of 
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the nanoparticles and the asphalt binder, as well as their interaction, may be the primary cause of 
the failure at lower temperatures. 

 

Fig. 11. m-Value  

 

Fig.12. Creep Stiffness 

3.3. Morphology of the Sample 

Employing the Energy-dispersive X-ray (EDX) analysis method alongside scanning electron 
microscopy (SEM) enables the evaluation of sample chemical compositions and the distribution of 
nanomaterials within asphalt binder mixes. This technique assigns a unique color to each element, 
allowing for the construction of an elemental map by overlaying all elements present, thus 
illustrating the sample's elemental composition. SEM images, along with elemental EDX maps and 
EDX spectra of nano-copper modified asphalt binders, is presented in Fig. 13. The SEM images 
indicate a high-quality dispersion achieved through the mixing technique utilized across all 
samples. Moreover, the EDX spectrum provides insight into X-ray intensities and their relative 
concentrations emitted from the sample in relation to their energy levels. By identifying the peak 
of each element, the EDX spectrum aids in determining the presence of these elements in each 
modified asphalt binder sample. 
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(a) SEM images 

 
(b) Overly EDX map 

 
(c) EDX spectrum 

Fig.13. SEM/EDX elemental scan, Spectrum and map for nano-copper oxide modified 
binder 

4. Conclusion 

This investigation explored into the durability and physical assets of asphalt binder when subjected 
to modification with nano-copper oxide. The subsequent findings are as follows:  

• The conditions used for mixing, including time, speed, and temperature, have resulted in a 
good dispersion of nanomaterials throughout the mixes which was established by utilizing 
EDX analysis and SEM images; 

• The integration of Nano-Copper oxide has vital impact on improving the penetration for both 
aged and unaged modified asphalt binders. The best improvement has found at 6% in which 
reached about 25% for unaged samples and 37% for aged ones at the same concentration 
level; 

• Significant improvements in short-term aging resistance were discerned in the modified 
asphalt binders with 4% ratio, characterized by increased increment in softening point ISP 
with 67% and reduced retained penetration RP with 19.2%, compared to the original asphalt 
binder samples; 

• The susceptibility of temperature, evaluated by the penetration index (PI), experienced a 
significant boost with 4% samples for each of aged and unaged modified asphalt binder 
reaching 25% and 113% for unaged and aged samples, respectively; 
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• Due to the brittleness of the Nano-Copper oxide, the addition of high ratios of (more than 
2%) led to decrease in ductility for unaged modified asphalt binders. However, post short-
term aging (RTFOT), the ability to endure low-temperature performance and resist cracking 
did not commonly improve across all mix contents; instead, some samples experienced 
brittle; and 

• Dynamic Shear Rheometer (DSR) testing revealed that the integration of nanomaterials 
notably bolstered resistance against rutting deformation and minimized bitumen's 
resistance to cracking and deformation under high temperatures. Furthermore, RTFOT-aged 
samples exhibited heightened stiffness, improved elasticity, and a greater rutting factor 
G*/sin(δ) upon incorporation of Nano-copper oxide, indicative of their exceptional capacity 
to withstand aging during construction, thereby ensuring prolonged durability for practical 
applications. 

• Although all the asphalt binder samples successfully met the SuperPave™ criteria for low-
temperature performance at -6°C, they failed to meet the required specifications at the more 
stringent temperature of -12°C, indicating a potential limitation in their low-temperature 
cracking resistance at colder climates or extreme condition. 

Although the initial cost of nano-CuO may be higher, its long-term benefits can offset these 
expenses. By improving the durability and performance of asphalt binders, nano-CuO can reduce 
maintenance and operational costs over time. Furthermore, its cost-effectiveness during the 
service life of the asphalt binder makes it a favorable option for environmental sustainability, as it 
can lead to fewer repairs and longer-lasting road infrastructure. Therefore, In this context, further 
investigation may be conducted in future studies, including the incorporation of additional 
nanomaterials to create composite nanomaterials and evaluating their cost-effectiveness in road 
applications. 
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Article Info  Abstract 

Article History:  Traditionally California bearing ratio (CBR) is obtained by conducting laboratory 
testing, which is often time-consuming, laborious, and costly. This delays the 
design and construction processes of important structures. Recently, several 
researchers have predicted CBR using ML algorithms. This study focused on 
understanding the uses of various ML algorithms in the prediction of CBR of 
treated and natural soils, and other applications. Factors like OMC (30%), MDD 
(29%), LL (25%), PL (20%), and PI (19%) were mostly used as contributing factors 
for estimating CBR. ANN, RF, and CNN were the best models for predicting 
settlement of shallow foundation, bearing capacity of piles and slope stability, and 
landslide identification, respectively. DNN, GEP, and ELM-CSO were the best 
models in estimating CBR for granular soil, fine-grained soil, and lateritic soil, 
respectively, and RFR, AB-DT, LR, and ANN for other types of soils. ANN and BBO-
MLP were the best models for expansive clay soil treated with HARHA, and pond 
ash treated with lime and lime sludge, whereas ANN was for lateritic soil treated 
with cement and RHA, sand with quartz, feldspar, calcite, corund, amorphous, and 
clay with pozzolan and lime powder, respectively. The quality and quantity of 
available training data were fundamental to observing the capacity of models, 
highlighting the importance of richer, better-labeled datasets.  
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1. Introduction 

California bearing ratio (CBR) is widely used as a key factor to assess the strength of subgrade 
and determine pavement thickness. CBR determines the relative force required to penetrate a soil 
sample compared to a standard material. CBR is determined in the laboratory by placing a 
standard diameter plunger into a sample of compacted soil [1]. This evaluates the relative quality 
of subgrade soil. These laboratory tests encountered numerous obstacles such as inappropriate 
compaction, difficulties in preserving proper moisture content, improper alignment of the pistol 
during penetration, swelling in soil samples after soaking, and errors in recording test results. 
The traditional method of CBR test requires a substantial amount of time (minimum 4 days per 
sample per composition), money, and experienced and trained laboratory staff. The field test of 
CBR comprises driving a piston into the soil mass and soil subgrade using a loading jack. This 
requires more labor for carrying bulky instruments, making boreholes in the field, and skilled 
operators to get proper results. Field compaction may not accurately match with laboratory 
compaction which may lead to erroneous results [2]. This delays the design and construction 
processes of important structures. Recently, there has been an increasing demand for a faster, 
more precise, and much less expensive alternative, especially given the increasing complexity of 
infrastructure projects and new sustainable construction practices. This has attracted 

mailto:dpl@nerist.ac.in
mailto:pal_here00@yahoo.co.in
https://orcid.org/0000-0002-6419-4639
https://orcid.org/0000-0002-6419-4639
https://orcid.org/0000-0002-6419-4639
http://dx.doi.org/10.17515/resm2025-623ml0115rv


Tado et al. / Research on Engineering Structures & Materials 11(1) (2025) 383-398 
 

384 

considerable interest in exploring machine learning (ML) algorithms as predictive tools for 
estimating CBR [3]. Over the last decade, numerous ML methods have been investigated to 
forecast the CBR value. This includes Artificial Neural Network (ANN) [4], Decision Tree (DT) [5], 
Support Vector Machine (SVM) [6], and ensemble models such as Random Forest (RF) [7], 
Extreme Gradient Boosting (XGB) [1], and Light Gradient Boosting (LightGBM) [8]. The training 
of such models mainly takes on data relating to soil characteristics; including particle size 
distribution (fine content (FC), gravel content (GC), sand content (SC)), Atterberg limits (liquid 
limit (LL), plasticity index (PI), plastic limit (PL), shrinkage limit(SL)), compaction parameters 
(maximum dry density (MDD), optimum moisture content (OMC)), natural moisture content 
(NMC), Specific gravity(G) [9]. The MDD is a key variable, with studies indicating its substantial 
impact on CBR predictions [10]. While MDD is important, other factors like particle size 
distribution, including gravel and sand content, were essential for accurate CBR prediction [9, 5]. 
ML models depend on data quality, quantity, and choices of appropriate algorithms. Issues such 
as overfitting, model interpretability, and generalizability for diverse soil types were still a 
challenge [3]. This study is an effort to overview the ML model that functions superior in 
predicting the CBR value of soil. Efforts have also been made to find the most common soil 
properties being used to build such a model. This paper elaborates on the studies conducted using 
ML algorithms to predict various soil properties and narrates the review related to the prediction 
of CBR from natural soil as well as treated/stabilized soil. It also briefly summarizes the reviews 
and highlights the conclusions and future direction of this study. 

2. Uses of Machine Learning (ML) in Geotechnical Engineering 

The application of ML offers numerous advantages with respect to conventional approaches in 
the field of geotechnical engineering, through enhanced forecasting capabilities and efficiency in 
data processing. In comparison to regression, the ML model can handle several outputs and 
responses, whereas regression models can handle a single response at a time [11]. ML techniques, 
such as ANN, DT, and SVM, excel in modeling complex, non-linear relationships of geotechnical 
materials like soil, which traditional methods often struggle to capture due to their reliance on 
simplified assumptions [12-13].  

 

Fig. 1. Structure of the study on application of ML in Geotechnical Engineering 

ML can significantly enhance site characterization and scour assessment, providing more reliable 
estimation and real-time monitoring capabilities [14]. However, challenges persist, including the 
need for large, high-quality datasets and the chances of overfitting, which can undermine model 
reliability [15]. Additionally, traditional methods, while laborious, often provide a more 
straightforward interpretable framework that can be beneficial in certain contexts, highlighting 
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the need for a balanced approach that integrates both methodologies for optimal outcomes in 
geotechnical applications [13]. The ML techniques, contrary to the traditional statistical and 
empirical methods that depend on previously available data regarding relationships in data, have 
very much been adapted to represent the complex behavior of geotechnical engineering materials 
[16]. Similarly, a novel parameter estimation model was presented by [17] in a study on 
Backpropagation (BP) neural networks along with geotechnical properties using MATLAB. They 
chose the expert system method from the BP neural network theory to forecast geotechnical 
parameters because it had a convenient programming function and strong nonlinear fitting ability 
and did not need the distribution of the drilling hole. The data source for their study was mainly 
from geotechnical investigation and engineering geological survey including hydrogeological 
survey. It was concluded that the forecasting capability of the model satisfied the requirement. A 
structure of the study showing the flow of the application of ML in geotechnical engineering is 
presented in Fig. 1.  

2.1 Foundations 

Finite Element Methods (FEM) are precise but resource-demanding and Boundary Element 
Methods (BEM) reduce computational load but are incapable of handling heterogeneous and 
nonlinear conditions [18]. Researchers [19] predicted the settlement of bigger-diameter helical 
piles in cohesive soil using ML algorithms. They have created a complete database by linking fields 
and calibrating numerical models. A total of 40 load cases were considered to develop a database 
of 3600 numerical models for training and validating four different ML algorithms such as DT, RF, 
ANN, and Adaboost. They evaluated the models using cross-validation techniques and assessed 
them on a separate dataset. The results confirmed that the DT (R2 values of 0.92) and RF (R2 values 
of 0.96) models had high accuracy. Moreover, ML algorithms also demonstrated great potential 
in projecting the bearing capacity of piles. Researchers [20] carried out an ML analysis to estimate 
the bearing capacity of piles. They used cohesionless soil for the study. A dataset of 59 cases was 
employed to train and validate six different ML models. They were optimized by using the particle 
swarm optimization (PSO) algorithm. From the results, it was observed that among all, the 
optimized XGB model was superior with an R2 value of 0.9615, and the PSO algorithm is efficient 
in hyperparameter tuning. Researchers [21] investigated the use of ML in predicting the 
geotechnical axial capacity of reinforced concrete-driven piles. A dataset of 439 piles from six 
projects in Penang, Malaysia was used. 80% of the data set was used to train the model. The 
remaining 20% was used for testing the model. The RF model stood to be the superior for 
forecasting pile geotechnical axial capacity with an R2 value of 0.962. Researchers [22] examined 
the ability of ANNs to predict foundation settlement more effectively. The model predictions were 
also evaluated with three traditional methods. A total of 189 case histories were compiled from 
existing literature. Input parameters included the footing width, average SPT blow count, footing 
geometry, applied pressure, and embedment ratio; and the target variable was the settlement. It 
was found that ANN outperformed the traditional approaches. The ANN was particularly excellent 
in predicting a wide interval of settlements between 0.6 and 121 mm, while the other traditional 
methods showed limitations for large settlements. Sensitivity analysis showed SPT blow count, 
footing width, and applied pressure as the most relevant factors with 33.3%, 23.2%, and 17.7%, 
respectively. Researchers [23] discussed the usage of ML techniques to forecast the dynamic 
response of geogrid-reinforced foundation beds for industrial machines using ANN and GP. The 
consultant ANN and GP models based on field test data were written for parameters such as 
geogrid depth, shear strain, excitation angle, damping ratio, natural frequency, shear modulus, 
and operating frequency. They found that both the GP and ANN models can be successfully used 
to estimate the dynamic response, although GP turned out to be a slightly better model. The most 
critical parameter was operating frequency. 

2.2 Geohazard Assessment 

Researchers [24] used ML algorithms for mapping landslide susceptibility prediction in the Abha 
Basin, Saudi Arabia. They used an inventory map of landslides and twelve landslide-conditioning 
factors to train and validate seven different ML models. The models were assessed through a 
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comparison of the predicted susceptibility to the actual landslide occurrences. It was found that 
linear discriminant analysis (LDA) and RF model performed with good accuracy. Researchers [25] 
gave a new approach that combined both deep learning and ML methods to recognize landslides 
of natural terrain through integrated geotechnical data. In this research, they used landslide-
related data, such as topographic, geological, and rainfall, to build three general-purpose 
geodatabases. They implemented and compared five different algorithms RF, LR, SVM, CNN, and 
boosting methods, over the datasets. They have also shown an application of the current method 
with a case study that was executed at Lantau in Hong Kong. They found that CNN was the best 
model with an accuracy of 92.5% in the RecLD dataset and that it outperformed other algorithms. 
Boosting methods were the second most accurate and then RF, LR, and SVM. Similarly, 
researchers [26] used SVM to predict maximum ground surface settlement (MGS) beneath a road 
embankment, with embankment height, applied surcharge, and side slope as inputs. Four kernel 
functions were used to design the SVM network. The RBF kernel function outperforms the SVM 
(mean absolute relative error (MARE) = 0.048 and root mean square error (RMSE) = 0.007). The 
SVM model was compared with an ANN for performance evaluation, and it was found that SVM 
RBF improves MGS prediction accuracy over neural networks. 

2.3 Soil Mechanics 

Researchers [27] estimated the residual angle of friction of clay soil using characteristics such as 
index properties of the soil to train and validate different models based on ANN and SVM. From 
the result, it was seen that the SVM model was superior compared to ANN models in forecasting 
the residual strength of clay soils. A comparison of four ML algorithms for forecasting the shear 
strength of soft soil was carried out [28]. The datasets were obtained from 188 samples of plastic 
clay soil gathered from bridge construction projects in Vietnam. For predicting shear strength, 
the four ML techniques were Genetic Algorithm Adaptive Network based Fuzzy Inference System 
(GANFIS), ANN, Particle Swarm Optimization Adaptive Network based Fuzzy Inference System 
(PANFIS), and SVR. Evaluation of performance was done using different criteria such as RMSE and 
Pearson coefficient of correlation (R). The PANFIS model showed the highest accuracy in 
prediction (R=0.601, RMSE=0.038) of the strength of the soil. Researchers [29] used ANNs to 
estimate the plasticity index, MDD, and OMC of Clayey soil (CH, CL, and MH classes) stabilized 
with lime. The ANN model was validated on a fresh data set. The sensitivity of each parameter 
was also carried out. They concluded that the ANN model predicted PI, MDD, and OMC of a lime-
stabilized clayey soil with high accuracy. Researchers [30] provided a series of procedures for 
creating a deep learning predictive model (DNN) predicting the geo-mechanical attributes of 
samples of marlstone sampled from the South Pars region of southwest Iran. They have predicted 
unconfined compressive strength (UCS), specific gravity (G), elasticity modulus(E), and an angle 
of internal friction. The models were used on a dataset obtained by conducting multiple 
geotechnical tests while evaluating the geotechnical parameters of 120 samples. They suggested 
that the proposed DNN-based model showed peak accuracy (=0.95), precision (=0.97), and the 
minimum error rate (RMSE = 0.17, mean absolute error (MAE) = 0.13, and mean square error 
(MSE) = 0.11). This model was an accurate predictor of geotechnical indices in terms of R2 (0.925 
for E, 0.941 for G, 0.933 for UCS, and 0.954 for the angle of internal friction). Researchers [31] 
developed an ML algorithm to predict permeability by optimizing the image sample data 
enhancement process to get a sufficient training dataset. They trained an extreme learning 
machine neural network to predict the permeability of sandstone and compared its relative error 
with other established ML methods. They applied the same data collection and forecasting 
method to granite and bentonite to verify the correctness of the technique. The recommended 
method accurately predicted the gas permeability of different geomaterials with low error rates 
(4.1782% for sandstone and granite, 3.2479% for bentonite). RF as an ML algorithm in 
geotechnical engineering was used by [32] for forecasting the UCS of soil. The key features were 
soil content, water-holding capacity, relative density, OMC, and plasticity index. The model was 
assessed using correlation coefficient (R), MAE, and RMSE. They observed that the RF model could 
efficiently predict UCS values for a wide range of soils with higher accuracy than those of 
conventional empirical models. Researchers [33] have developed a broad-based model for 
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machine-learned geotechnical subsurface modeling that essentially includes spatial 
autocorrelations. They applied geotechnical distance fields (GDFs) to six local mapping ML 
methods: GB, ETs, RF, XGBoost, KNN, and general regression neural network (GRNN). These GDFs 
allowed the ML models to learn the spatial association among the sampled and unknown 
locations, and therefore, enhance the accuracy and spatial continuity compared with the 
conventional XY coordinate fields. GDF-ML is generic and applicable to multi-variable and high-
dimensional datasets, as well as incomplete datasets. They concluded that the GDF-ET method 
results in an accurate and speedy interpretation of soil property profiles with quantified 
statistical uncertainty. 

Researchers [34] used ML to predict key tunnel boring machines (TBM) operational parameters. 
The ML models employed to develop prediction models were Bayesian ridge regression (BR), 
nearest neighbors’ regression, RF, GTB (Gradient Tree Boosting), and SVM. Two different DNNs, 
CNN (convolutional neural network), and long short-term memory network (LSTM) were also 
evaluated. The GTB and LSTM methods provided the best prediction accuracy. 

2.4 Slope Stability Analysis 

ML Algorithms are also being used to predict and analyze slope stability by finding the 
relationship between slope stability and influential factors based on available slope data. 
However, ML model accuracy depends greatly on the appropriate setting of hyperparameters. 
Different optimization algorithms, like the firefly algorithm (FA) and PSO were used to optimize 
hyperparameters while improving the accuracy of prediction [35]. 

Table 1. Summary of the literature on the application of ML in Geotechnical Engineering 

Reference Input parameter used Model used R2/R 
Number of 
data used 

Target variable 

Researchers 
[27] 

LL, PI, CF, ΔPI 
SVM 0.954 

137 
Residual friction 

angle ANN 0.888 

Researchers 
[28] 

LL, PL, CC, NMC 

PANFIS 0.601 

188 Shear Strength 
GANFIS 0.569 

SVR 0.549 

ANN 0.49 

Researchers 
[20] 

L, A, σ', ɸs, ɸt 

PSO-DT 0.9428 

59 
Bearing Capacity 

of piles on 
cohesionless soil. 

PSO-KNN 0.7706 

PSO-MLP 0.8408 

PSO-RF 0.9235 

PSO-SVR 0.8222 

PSO-XGB 0.9807 

ANN N/A 

Researchers 
[29] 

LL, PL, LC 

ANN 0.94 280 PI 

ANN 0.94 122 OMC 

ANN 0.94 122 MDD 

Researchers 
[22] 

B, q, N, L/B, Df/B ANN 0.865 N/A 

Settlement of 
shallow 

foundations on 
cohesionless 

soils 

Researchers 
[21] 

Dp, As, Ab, Ab, Sp, Ns, 
Nb, S1, S2 

SVM 0.956 

439 

Geotechnical 
axial capacity  
of reinforced 

concrete-driven 
pile 

RF 0.962 

DT 0.959 

KNN 0.919 
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Notation Used: MGS = Maximum ground surface settlement, CC = Clay Content, MLP = Multilayer 
perceptron, L = Length of the pile, A = Cross-sectional area of the pile, ɸt = Soil shear resistance 
angle at the tip of the pile, ɸs = Soil shear resistance angle at the shaft of the pile, σ' = Effective 
stress at the tip of the pile, ΔPI = Deviation from the A-line in casagrande's classification chart = 
PI-0.73(LL-20), β = Side slope, h = Embankment height, q = Surcharge, RBF = Radial basis function, 
LC = Lime content, B = Footing width, N = Average SPT blow count, L/B = Footing geometry, Df/B 
= Footing embedment ratio, CF = Clay fraction, Dp= Pile depth, As = Pile shaft area, Ab = Pile base 
area, Sp = Pile shape, Ns = Shaft SPT-N, Nb = Base SPT-N, S1 = Soil along pile shaft, S2 = Soil at pile 
base, Duw=Dry unit weight, CoU=Coefficient of uniformity, CoC=Coefficient of curvature, 
ClayA=Clay activity, LS=Liner shrinkage, DFS=Differential free swell. 

From the above studies, it was observed that the best ML models depended on the specific 
location and data set and the predicted variable. ML algorithms were used to predict UCS, ground 
settlement, internal angle of friction, specific gravity, modulus of elasticity, slope stability, 
geotechnical axial capacity, etc. It was also observed that ML algorithms outperformed traditional 
statistical techniques. ANN was the best ML algorithm in many cases. RMSE, MAE, R, and MSE 
were used as a validation parameter for verifying the precision of the ML model. Table 1 presents 
the summary of the literature on the application of ML in Geotechnical Engineering. 

3. Prediction of CBR of Natural Soil 

Estimating the CBR of the soil is primarily required in geotechnical and pavement engineering for 
its crucial role in the design of flexible pavement. Recent advancement in artificial intelligence 
(AI) and ML offers alternative solutions with much-enhanced accuracy and efficiency of 
prediction. Initial attempts at predicting CBR were based largely on statistical correlations 
between soil properties and CBR values. Researchers [36] proved ANNs to be effective in 
predicting CBR values while identifying important input parameters by sensitivity analysis.  

Recent studies have also focused on hybrid and ensemble ML models. Researchers [37] studied 
the impact of the physical properties of soil on the Un-soaked CBR of soil. A total of 99 soil samples 
were collected from Nigeria to develop a simplified CBR model using ANN and Least Square 
Regression (LSR). Both the ANN and LSR models forecasted CBR quite similarly to its laboratory 
value. The model without the percentage passing through the 200-micron sieve ranked as top. 
Researchers [38] hybridized ANN with optimization algorithms, such as gradient-based 
optimization (GBO) and firefly algorithms, and nearly perfect R² values were obtained from the 
training and testing phases. 

Researchers [6] compared SVM, RF, and ANN models and concluded that the RMSE and R2 values 
of RF were maximum. Researchers [10] forecasted the CBR of soils for pavement designs using 
ML algorithms. A total of 679 data were taken from published literature for this study. ML models 
such as MLP, KNN regressor, Support Vector Regression (SVR), Random Forest regressor (RFR), 
and Multilinear regression (MLR) were used. Analysis showed that RFR was the best model 
followed by KNN, MLP, SVR, and MLR. MDD of soils followed by the percentage of gravel was the 
supreme dependent parameter of CBR's outcome. Researchers [39] used five ANN models with a 
database of 521 records based on CBR and eight other index variables from standard laboratory 
tests of soil to predict CBR. Deep Neural Networks (DNNs) were applied in forecasting the CBR of 
subgrade soil [40] Various soil characteristics such as grain-size distribution, Atterberg limits, 
and compaction characteristics were considered as input variables. The results indicate that 
DNNs give better performance on CBR prediction compared with shallow ANNs and conventional 
MLR models. 

Researchers [41] fused ELM with PSO to develop an accurate prediction model. They also 
optimized DT with meta-heuristic techniques for superior prediction accuracy (R2 = 0.996). Such 
recent findings have led to novel hybrid methods compositing various ML algorithms with 
optimization techniques. Researchers [5] found that the hybrid model (AB-DT) was more reliable 
than the single model (DT). From the result, it was revealed that the suggested AB-DT model can 
forecast successfully and precisely the CBR values, and MDD was the most important parameter 
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influencing CBR value. Researchers [42] combined meta-heuristic algorithms with Least Square 
Support Vector Regression for an overfitting solution. Researchers [43] highlighted the demerit 
of conventional statistical methods that failed to capture the complex interdependencies among 
the different soil properties like plasticity, gradation, and compaction-related characteristics. 
Researchers [44] introduced the GMDH model, which optimized network architecture based on 
input variables and showed better performance than MLR. Research like [45] strongly shows the 
ability of ML and AI to substitute empirical methods to make fast and economical CBR estimations. 
Table 2 represents a brief overview of various literature that employed ML algorithms to forecast 
the CBR value of natural soil. The ANN was the top performing and the most frequently used ML 
model for CBR prediction. 

Table 2. Summary of the literature in predicting the CBR value of natural soil 

References Input Parameter 
Model 
used 

R2 
Number of soil 

samples 

Researchers [6] 
NMC, FC, SC, GC, G, LL, 

PL 

SVM 0.7 

480 

RF 0.94 

MLR 0.3 

ANN 0.43 

M5 TREE 0.16 

Researchers [36] 
MDD, OMC, LL, PI, FC, 

SC, GC 
ANN 0.78 358 

Researchers [10] 
FC, SC, GC, LL, PL, 

OMC, MDD 

KNNR 0.86 

697 

SVR 0.86 

RFR 0.93 

MLP 0.9 

MLR 0.7 

Researchers [46] 
FC, SC, GC, LL, PL, 

OMC, MDD 

ELM-CSO 0.996 
149 

ELM 0.974 

Researchers [39] 
FC, SC, GC, LL, PL, 

OMC, MDD, PI 
ANN 0.96 70 

Researchers [40] 
FC, SC, GC, LL, PL, 

OMC, MDD, PI 
ANN 0.945 77 

Researchers [38] 
FC, SC, GC, LL, PL, 
OMC, MDD, PI, SL 

ANN 0.997 100 

Researchers [43] 
FC, SC, GC, LL, OMC, 

γd, PI 

ANN 0.91 
354 

GEP 0.918 

Researchers [5] 
FC, SC, GC, LL, PL, PI, 

OMC, MDD 

DT 0.815 
214 

AB-DT 0.967 

Researchers [4] 

FC, LL, OMC, MDD, PL, 
PI 

DNN M-1 0.836 105 

FC, LL, OMC, MDD, PL, 
PI 

DNN M-2 0.36 175 

FC, OMC, MDD DNN M-3 0.965 282 

Researchers [47] 
D10, D60, D30, D50, 

Cu, Cc 

DNN 0.999 
90 

MLR 0.957 

Researchers [48] MDD, G LR 0.92 34 
 

Hybrid models are the combination of one or more different types of ML models to enhance 
overall performance like combining the interpreting ability of DT and predicting ability of Neural 
Networks to achieve better results than a single model could achieve. For more information about 
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Hybrid Models, readers can refer to the cited article for RF [2], XGB [9], Light GBM  [8], etc. From 
the above study, it was observed that ML and AI are the most accurate and fast techniques to 
predict the CBR of natural soil with the available dataset. However, from this study, it was not 
clear whether soil characteristics of different soil types can be combined or not. No study has 
shown the influence of different soil types on predicting CBR. Therefore, a study may be 
conducted to verify the impact of soil types on CBR estimation using ML and AI algorithms. 

4. Prediction of CBR of Treated Soil 

A soil sample mixed with admixtures such as lime, cement, rice husk, etc. to enhance the strength 
of the soil is known as treated soil. In this section prediction of CBR of treated soil sample data is 
reviewed. Prediction of CBR of treated soil is challenging as there are different additives and 
different treatment methods which makes it difficult to generalize prediction for different 
treatment methods. Developing models for this prediction requires a complex interaction 
between soil characteristics and additives. Moreover, Datasets of treated soil are hard to find. 
However, ML (for example ANN model) has the potential to address this complexity by learning 
the relationship and dependencies between soil properties and additive types from large datasets 
[49]. ML can also adapt to different soil conditions and additive types, identify patterns, and 
provide accurate predictions. ML can also optimize additive combinations and quantities for 
specific soil conditions. The geographical location of soil samples used for the training of the ML 
model can influence the model’s predictive ability [50]. ML models offer enhanced precision in 
estimating CBR values compared to traditional methods [49-50]. 

Different researchers have used ML models for the forecasting of CBR of problematic soil such as 
expansive soil and black cotton soil treated with different admixtures. Researchers [51] 
investigated the stabilization of expansive soil subgrades for pavement construction by using 
bagasse ash (BA) as well as geotextile reinforcement. The CBR value of soil was estimated using 
the ANN model. The treated soil was 6.84% stronger than the natural soil. The MLR analysis tool 
was 91% reliable in predicting the CBR value. Similarly, researchers [52] used Gaussian process 
regression (GPR) in forecasting the CBR of expansive soil treated with hydrated lime-activated 
rice husk ash (HARHA). GPR performed better than the previously constructed models of ANN 
and GEP for the forecasting of CBR. Sensitivity analysis revealed that HARHA was the most 
important parameter. Researchers [53] explored the application of three distinct algorithms of an 
artificial neural network- namely, Levenberg-Marquardt Backpropagation, Bayesian 
Programming, and Conjugate Gradient algorithms-for assessing strength performance for 
expansive soils treated with HARHA. The study found that all the ANN algorithms could forecast 
the values of CBR and UCS of the HARHA-treated soil with good accuracy, and the LMBP algorithm 
performed better than the others. Researchers [8] validated the predictability of CBR of 
agricultural and industrial waste mixed expansive soils. This study used Light Gradient Boosting 
(LGB) as an ML algorithm. The result obtained was, Pearson correlation coefficient (R) = 0.9452, 
RMSE = 0.3225, and MAE = 0.2522. The important feature in predicting the CBR value was found 
in order as: ash content, MDD, ash type, OMC, LL, and PL. Researchers [54] presented and 
compared the predictive capacity of the three ML models namely, Multivariate Adaptive 
Regression Splines (MARS), RF, and Gradient Boosting Machines (GBM) for the estimation of the 
CBR value of expansive soil stabilized with sawdust ash, ordinary Portland cement (OPC) and 
quarry. The RF model indicated better predictive potentiality as compared to MARS and GBM. The 
influence of stabilizers, incorporated into the model creation process, had considerably improved 
predictive accuracy. Researchers [55] applied multiple regression analysis to forecast the CBR of 
cement and waste glass admixture-treated black cotton soil. The model obtained had precisely 
predicted the CBR with a coefficient of multiple determination, R² equal to 0.98 for the standard 
proctor compactive effort and 0.94 for the treated proctor compactive effort. 

Similar studies were also conducted for lateritic soil. Researchers [46] discussed employing an 
integrated extreme learning machine-cooperation search optimizer approach toward forecasting 
the CBR of lateritic soils. Two models were developed namely ELM-CSO and ELM. It assesses the 
ability of models pertaining to minimizing the MAE, MSE, RMSE, or maximizing R and R2. The 
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values of CBR were better predicted with the model ELM-CSO than with the ELM model. 
Researchers [56] focused on efficient model development for forecasting the CBR value of cement 
and RHA (Rice husk ash) mixed lateritic soil. For this study, 1288 samples were used and the data 
gathered was analyzed using three ANN algorithms. The model’s ability was assessed by a set of 
statistical performance indicators, namely R², and RMSE. Based on the results they reported that 
the ANN model was the best technique for forecasting the lateritic soil's CBR values. 

Similar studies were also carried out using clay soil. Researchers [57] did the strength prediction 
of difficult clayey soils treated with nano-scale combinations of natural source pozzolan (NNP) 
and lime powder (NL) using MLR, ANN, and FL. In the developed model, the performance criteria 
suggested that ANN as well as FL techniques predict the value of CBR and PI accurately, but in 
better terms, ANN is preferred compared to FL. Similarly, researchers [58] used a soft computing 
approach to estimate Nigerian black clay CBR values, using ANNs and MLPs. The models were 
trained with the feed forward back propagation algorithm to predict the unsoaked and soaked 
CBR value of black clay stabilized with cement kiln dust. 

Researchers [59] used MR and ANN models to foresee the CBR of pond ash from a thermal power 
plant. The plant was stabilized with lime and lime sludge. The period of curing was the most 
crucial parameter affecting the estimation of treated pond ash CBR value. The ANN model was 
superior among the two. Similarly, in another study, researchers [7] studied the application of 
two ML techniques, namely RF and M5P model tree, for forecasting the CBR value of pond ash 
from a thermal power plant. The pond ash was mixed with lime and industrial waste lime sludge. 
The output of statistical parameters shows that RF performed better than M5P. The curing period 
was the dominating factor in estimating the CBR value. 

Some researchers studied the application of ML algorithms in determining the CBR of fine-grained 
soil treated using admixtures. Researchers [60] estimated the soaked CBR of fine-grained plastic 
soils using ML algorithms. A total of 1011 data sets were taken from a highway project for this 
study. Three ML algorithms, GPR, Kernel Ridge Regression (KRR), and KNN were used in this 
study. The GPR model developed by the FCM data division method (GPRF) proved to be the 
superior model for predicting the CBR of fine-grained plastic soils. The K-fold data division 
method was also proved to be effective in preventing overfitting of the models. It was also found 
that the geological location of the soil samples used for developing the models can significantly 
affect the models' predictive ability. Researchers [61] applied soft computing systems in 
estimating the value of CBR for the fine-grained soil combined with QD and lime, and RHA and 
lime. Then, the CBR values of the soils were estimated using Simple Linear Regression (SLR), MLR, 
ANN, and SVM. They found that the ANN model surpassed all the models because it gave the 
highest R2 value for both QD-lime and RHA-lime stabilized soils. The optimal content of QD-lime 
stabilized soil was found to be 40% QD and 4% lime and that for RHA-lime stabilized soil was 
12% RHA and 4% lime. 

Similar experiments were also conducted with sand. Researchers [62] explored the application of 
evolutionary polynomial regressions (EPR) and ANN in forecasting the UCS and CBR of micro 
silica-lime stabilized sulfate silty sand. They used 90 CBR and UCS tests on sulfate silty sand 
treated with various percentages of micro silica and lime. Similarly, researchers [63] used ANN 
and MR models to estimate the CBR of Aegean sands. The work had its basis on nine different 
sands of the Aegean with contrasting soil properties. Laboratory tests on the sands were 
conducted for an extensive dataset through various parameters like the distribution of particle 
size, Atterberg limits, and CBR. Among both, the ANN model was superior in predicting CBR 
values. Researchers [64] used eight ML models, which include RF, Least Median of Squares 
Regression (LMSR), ANN, Elastic Net Regularization Regression (ENRR), GPR, Lazy K-star (LKS), 
M-5 Model Trees Alternating Model Trees (AMT) to foresee the CBR of geosynthetic reinforced 
subgrade. The data used for calibrating and validating the models were collected from earlier 
studies, covering various soil types. The input parameters for the model's development include 
soil properties, geosynthetic reinforcement properties, and the position of reinforcement layers.  
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The results showed that ANN models showed better prediction accuracy in predicting the CBR 
value. Numerous studies [9, 65] have shown that the accuracy of the ANN model was the highest 
in predicting CBR value. Researchers [9] found the effects of gradation and compaction 
characteristics on the CBR of granular materials in subbase and landfill liner construction. 
Experimental data and six different computational intelligence models ANN, GP, Evolutionary 
Polynomial Regression (EPR), RF, XGBoost, and Response Surface Methodology (RSM) were used 
to predict CBR value. Accuracy for ANN was 88%, followed by GP, EPR, and RF with a similar 
accuracy of 85%, while XGBoost was the least 81%. It was also found that the optimum 
performance of CBR depends on D50 (Particle size at which 50% of the sample is finer) and D60 

(Particle size at which 60% of the sample is finer). Researchers [66] applied ANNs to foresee the 
CBR of remolded soils.  Three types of soil normally found in the central region of India such as 
yellow soil, copra soil, and murum soil were used. Two ANN models, specifically GRNN and MLPN 
with the Levenberg-Marquardt back-propagation algorithm were developed using MATLAB. 
GRNN model was superior in forecasting the CBR in terms of R2. Researchers [65] explored the 
usability of chemically stabilized Coal Gangue (CG), a coal mining byproduct, as a sustainable 
filling material for earthworks by estimating its engineering properties using ANN and RF models. 
The Chemicals used were lime and gypsum. Parametric analysis revealed that for obtaining 
maximum unsoaked and soaked CBR, the optimum contents of gypsum and lime were 1.50% and 
4%, respectively, and for UCS, it was 1.50% and 6%, respectively. Both ANN and RF models 
demonstrated high accuracy, with ANN being slightly superior. 

Table 3. Summary of literature predicted the CBR value of treated soil 

References 
Techniques 

used 
Additives used 

Sample 
size 

R2/R 
Soil 

Properties 
used 

Soil type 

Researchers 
[53] 

ANN 
hydrated-lime 
activated rice 

husk ash 
121 

More 
than 0.9 

OMC, CA, 
MDD, LL, PL, 

PI 

Expansive clay 
Soil 

Researchers 
[66] 

MLPN Remolded the 
Soil 

60 
0.97 LL, SC, FC, PI, 

OMC, MDD 
Yellow, Copra 

and Murum 
GRNN 0.99 

Researchers 
[69] 

BBO-MLP 
Lime and Lime 

sludge 
51 0.997 MDD, NMC pond ash 

Researchers 
[56] 

ANN 
Cement and 

Rice husk ash 
1288 0.99 

LL, PI, MDD, 
OMC 

Lateritic 

Researchers 
[59] 

ANN 
Lime and Lime 

sludge 
51 

More 
than 
0.96 

MDD, OMC pond ash 
MR 

Researchers 
[63] 

ANN Quartz, 
Feldspar, 

Calcite, Corund, 
Amorphous 

N/A 

0.978 
G, Cu, Cc, 

MDD, OMC 
Sand 

MR 0.812 

Researchers 
[57] 

MLR 
Pozzolan and 
lime powder 

120 

0.869 
G, LL, PL, 

OMC, MDD 
Clay ANN 0.989 

FL 0.975 
 

Researchers [67] investigated the possibilities of AI methods in estimating the CBR of soil 

stabilized with alum sludge. They concluded that AI could estimate CBR with high accuracy 

for MAE values ranging between 0.30 to 0.51, and R2 values between 0.94 to 0.99. The number 

of hammers for compaction was the most important parameter, and MDD and mixture were the 
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least important. Researchers [68] utilized the MLR algorithm to forecast the CBR values of the 

Makkah area soil of Saudi Arabia, based on less complicated tests like the Los Angeles 

Abrasion test, sieve analysis, OMC, and MDD. The results provided a good relationship 

between the CBR and sieve analysis parameters, OMC, and MDD, with R2 = 0.95.  Table 3 

summarizes the literature which predicted the CBR value of treated soil. From the above studies, 
it can be said that the CBR values obtained from treated or treated soil could easily be predicted 
using ML algorithms. Many researchers have considered only one or two types of additives to 
treat the soil to improve its capacity.  However, limited research could be seen in predicting the 
CBR using different additives. The most effective additives of all were not compared to predicting 
the CBR using ML algorithms.  Fig. 2 represents the soil properties used as an input parameter for 
CBR prediction. It is observed from Fig. 2 that OMC is the most frequently used as input for 
modeling CBR followed by MDD, LL, PL, and PI. 

 

Fig. 2. Most commonly used soil properties as input parameters for CBR prediction 

5. Summary and Conclusion 

This study focuses on reviewing the literature related to the application of machine learning in 
forecasting the CBR of natural and treated soils. In addition to that, a few applications of machine 
learning in geotechnical engineering such as foundation engineering, slope stability, geohazard 
assessment, and soil mechanics were carried out. The important findings of the reviews are given 
below. 

• ANN (0.865) was found to be the best model for forecasting the settlement of shallow 
foundations. 

• The rank of ML models was RF (0.962), DT (0.959), SVM (0.956), and KNN (0.919) for 
forecasting load bearing capacity of the driven pile, whereas PSO-XGB (0.9807) was found 
to be the best model for forecasting bearing capacity of piles on cohesionless soils. 



Tado et al. / Research on Engineering Structures & Materials 11(1) (2025) 383-398 
 

394 

• Though SVM (0.964) was the best in terms of AUC, however, for practical consideration, RF 
was found to be the best model for forecasting slope stability. 

• RF (AUC=0.951) was the best model in forecasting landslide susceptibility, whereas CNN 
was found to be the best in landslide identification. 

• PANFIS, SVM, and ANN were the best models in forecasting shear strength, residual friction 
angle, and plasticity index, respectively for clay soil. The superior models for predicting PI, 
MDD, and OMC was ANN.  

• In the case of CBR of natural soils, DNN (0.99), GEP (0.918), and ELM-CSO (0.996) were the 
best models for granular soil, fine-grained soil, and lateritic soil, respectively. Several 
studies have found the best models as RF (0.94), RFR (0.93), AB-DT (0.967), and LR (0.92). 
However, multiple studies have found that ANN (0.96/0.945/0.997/0.91/0.78) was the 
best model, and the most frequently used model was the ANN. 

• In the case of CBR of treated soils, ANN (>0.90), BBO-MLP (0.997), ANN (0.99), ANN/MR 
(>0.96), ANN (0.978), ANN (0.989) was found to be the best models for expansive clay soil 
with HARHA, pond ash with lime and lime sludge, lateritic soil with cement and RHA, pond 
ash with lime and lime sludge, sand with Quartz, feldspar, calcite, corund, amorphous, and 
clay with pozzolan and lime powder, respectively.  GRNN (0.99) was found to be the best 
model for yellow, copra, and murum soil remolding.  

• OMC was the most frequently used input for modeling CBR followed by MDD, LL, PL, and PI. 

Though ML models are advantageous over other techniques and tedious laboratory experiments, 
they have also certain limitations. While ML made CBR prediction easy and reliable, ML also faced 
challenges such as limited data availability, variation of soil properties for different soil, and 
difficulty in selecting input features. ML models may also suffer from overfitting, underfitting, or 
poor generalizability when applied to different datasets. ML also faced significant challenges 
when additives were used as it required complex interaction between soil characteristics and 
additives. 

RF has superior predictive accuracy and reduces overfitting by ensemble learning but it can also 
be intensive with large datasets, and the complication of the model can hinder interpretability. 
ANN can learn complex nonlinear relations and is suitable for various types, but the training 
process is complex and difficult to select hyperparameters. SVM performs well with high 
dimensional data and has different kernel functions that can adapt to various types of data, but it 
takes a lot of time to train large datasets, and performance is largely dependent on parameter 
selection. DT is easy to visualize. It can perform numerical and categorical problems and has a 
certain level of robustness against missing data, but this model uses a greedy tree which may lead 
to getting stuck in local optimal solutions. DNN can detect complex features and has better 
generalizability than simple networks, but it has problems too and needs modification when 
problems arise since network architecture is initialized at the beginning and it depends on the 
family of ANN. 

Future research on CBR prediction should focus on using deep learning techniques like CNN to 
detect complicated associations among soil properties and CBR values and developing hybrid 
models that integrate traditional methods with ML algorithms that could enhance interpretability 
and applicability. Similarly, ensemble models like RF and GB can be explored to combine the 
strengths of multiple algorithms and improve prediction accuracy. Moreover, Big data analytics 
should be utilized to handle and extract insights from large-scale geotechnical datasets, 
incorporating regional and global soil variability. Advanced engineering features such as 
automated feature selection, dimensionality reduction, and the use of domain-specific knowledge 
to create interaction terms, are essential to improve model inputs and understanding the 
interplay between influencing factors. These directions would pave the way for more robust, 
accurate, and generalizable predictive models in forecasting CBR. 
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Article Info  Abstract 

Article History:  This article proposes the virtual partially reconstruction of the missed 
architectural units of the citadel of Sheikh al-Arab Hammam that is located in the 
western mountainside, north of al-Arki village in Farshout, Qena, Egypt. In order 
to achieve this, the following methodology was followed: Evaluation of the current 
state of the citadel by two methods: firstly, evaluation of building materials by 
several scientific techniques, and secondly, evaluation of the structural condition 
of the building by numerical analysis based on finite elements method (F.E.M.). 
This research presents the virtual reconstruction of the citadel by Building 
Information Modeling, "BIM". A 3D virtual reconstruction of the citadel has been 
based on the archived documents in National Books and Documents House. 
AutoCAD (2022), Extended 3D Analysis of Building System (ETABS-2023), and 
Autodesk 3D Max (2022) were used to get plans, elevations, and details of the 
citadel with real dimensions and the appropriate drawing scale, which aim to 
revive the citadel and provide a way to document it. By evaluating the current 
status of the citadel, it was found that there are weaknesses in the properties of 
building materials such as High porosity and water absorption and low resistance 
to compressive stresses, as well as the exposure of most of the citadel walls to 
tensile stresses higher than the permissible limit, in addition to the missing 
architectural units. The study concluded that it is necessary to improve the 
properties of building materials and carry out restoration work for the various 
symptoms of damage.  
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1. Introduction 

Although adobe architectural hasn't gotten as much scholarly attention as stone architecture, mud-
brick architecture was actually more prevalent in all time periods throughout Egyptian history. 
Unfired brick made from mud, river, or desert clay was used as the main building material for the 
various buildings such as citadels, mosques, monasteries, and houses [1]. 

Adobe architecture provided a more comfortable and versatile living and working environment 
compared to stone buildings. It was also more affordable and technically straightforward to 
construct walls and vaults [2]. Mud bricks are a part of masonry structures. Since it is an essential 
component of a wall mass, it must be understood both structurally and chemically. The type of raw 
materials used, the construction methods used, the location, the microclimatic conditions, and the 
mechanical and microstructural characteristics of the brick itself all affect how susceptible a mud 
brick is to deterioration agents [3]. Adobe buildings' durability depends on factors like soil type, 
construction techniques and regional climate [4, 5]. Clay sediments, commonly found in deltas and 
near construction sites, are the primary component of mud bricks [6]. Despite their widespread 
historical use, mud bricks are vulnerable to mechanical damage due to environmental factors, 
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temperature changes carried on by sunlight or water influence, such as rainfall or seepage water 
carried on by variations in groundwater levels [7]. Because of atmospheric conditions that 
deterioration of clay bricks, buildings made of these materials are destroyed, necessitating ongoing 
restoration [8]. This study examines a military citadel, a significant historical building witnessing 
events between Prince Hammam and Ali Bey al-Kabir during the Mamluk army's invasion of 
Farshut, Egypt [9,10]. The citadel suffered intentional destruction, resulting in architectural units’ 
loss and physical deterioration, in addition to its poor physical condition as a result of neglect and 
exposure to many different damage factors. Since the late 20th century, "virtual archaeology" 
leverages digital technologies to simulate and reconstruct the past [11]. Advances in video game 
industry technology enable improved quality and accessibility [12, 13, 14]. Virtualizing heritage 
involves conserving, reproducing, representing and digitally reprocessing cultural evidence using 
advanced virtual reality imaging [15, 16]. We live in an era of significant technical innovation. 
Mechatronic systems optimize computing, enhancing efficiency and effectiveness [17]. 
Interdisciplinary knowledge structures hierarchies for cultural heritage protection [18,19,20]. 
Recent studies highlight 3D GIS and BIM significance in conservation [21,22,23]. Digital models, 
accurate and detailed virtual reproductions, result from survey phases preceding cultural heritage 
digitization [24,25]. Reverse engineering produces scaled models, coherent in metric terms, 
enhanced with material aesthetic appearance and reflectance qualities [26, 27,28]. Digital models, 
accurate and detailed virtual reproductions, result from survey phases preceding cultural heritage 
digitization [29, 30]. Reverse engineering produces scaled models, coherent in metric terms, 
enhanced with material aesthetic appearance and reflectance qualities [31]. 

The underlying assumptions of Historical Building Information Modeling (H-BIM) differ from those 
of BIM applications for new structures since architectural heritage objects must have historical, 
cultural, and social parameters included when taking into account the building's identity. The three 
key issues that the architectural BIM model must address are "what," "why," and "how" each 
component that has to be replaced was constructed. It is not always necessary to create a 3D model 
of the complete structure, but often only a part of it is sufficient [32, 33]. 

The present study aims to : 

• Monitoring various symptoms of damage . 
• Evaluation of the building's current state informs material properties and structural 

behavior [34]. 
• The evaluation process identifies and categorizes citadel deterioration symptoms, focusing 

on material degradation and architectural integrity. 
• Precise structural assessment may help to have better restoration methodologies. 
• Conservation strategies require comprehensive risk assessments and material evaluations. 
• The current status report may provide the basis for targeted interventions and restoration 

strategies. 
• This study presents a virtual module approach for reconstructing missing architectural units 

of historical citadels, facilitating accurate restoration and preservation. 

2. Sheikh Al Arab Hammam Citadel  

2.1. Historical Background of The Citadel   

In The eponymous Sheikh al-Arab Hammam Citadel commemorates Prince Sharaf al-Dawla 
Hammam ibn Yusuf bin Ahmad ibn Muhammad bin Hammam (1709-1769/1121-1183 AH), an 
influential leader in Upper Egypt's Farshût region. Sheikh al-Arab Hammam Citadel (18th century) 
was built by Prince Hammam bin Youssef to protect Farshout. It witnessed the war between Ali 
Bey al-Kabir and Prince Hammam, enduring destruction by the Mamluk army. The Sheikh Al Arab 
Hammam Citadel's walls stand testament to traditional construction techniques. Composed of mud 
bricks forged from Nile-sourced straw, sand and silt, the structure's 22x7x7 cm bricks showcase 
precise alternating headers and stretches. Excavations revealed foundations built upon a single 
layer of mud bricks, merely 15 cm high [35,36]. 
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2.2. Architectural Design Of The Citadel  

The Prince Hammam citadel's main building covers around (2,156) m2. It has four facades, the 
eastern façade is the major façade, and it looks out over the main road that leads to the village. This 
facade is (47.5) meters long and 6 meters high, extending from north to south. The citadel's 
southern tower, which is square in design and measures (5.25) meters on each side and (7) meters 
in height, is situated at the southern end of this facade. It extends (4.4) meters from the southern 
facade and (2) meters from the eastern facade. At a distance of five meters north of this tower (Fi. 
1). The western façade is stretching (40) meters from north to south. The citadel's western tower 
rises in the southern half of the wall, dividing it into two sections: the (1.1) m long section facing 
south, followed by the (5)m long tower block, and the (23.5) m long section facing north. This 
facade is comparable to its structure, and its aesthetics are consistent with the other citadel facade, 
and it features viewing openings. 

The citadel's southern façade, which is its secondary façade, looks out over the remains of the 
military barracks. Its design is similar to that of the main façade, and it is (47.5) meters long and 6 
meters high, extending from east to west. Its easternmost point is the castle's eastern tower, while 
the secondary entrance is (15) meters away. The structure attached to the citadel is visible from 
the 48-meter-long northern façade, which runs from east to west. It is composed of two parts: the 
eastern part is (21) meters long and extends (3.5) meters from the western part, and the second 
component is 21 meters long and extends westward, with a length of (27) m. The southeast corner 
of the castle is home to the southeast corner tower. It is square in shape, with a side length of (5.25) 
m and a height of (7) m. It consists of two floors. The first floor is covered with a shallow dome 
supported by spherical triangles, and the second floor is exposed. The Western Tower is located on 
the western façade, (11.5m from its southern end. It is square in shape, with a side length of (5) m. 
It consists of two floors. The first floor is roofed with a hemispherical dome supported by spherical 
triangles, and the second floor is exposed. After entering through the main entrance of the citadel, 
which is located on the eastern wall, we see a huge courtyard whose sides, from east to west, are 
(9.25) m long and from north to south, (8.25) m. This courtyard opens onto a corridor that is (29.5) 
m long and (3.25) m wide as we head north. With a length of (19.5) m and a width of (2.6) m, it 
moves north until breaking to the west. A door leading south across the courtyard in front of the 
main entrance leads to an open architectural block that has two square rooms on the east side. This 
architectural block had a second level that led to the southeast tower. 

 
Fig. 1. General site of Sheikh al Arab Hammam citadel (Google map: 

https://www.google.com/maps/@26.011198,32.1626764,1624m/data=!3m1!1e3!5m2!1e1
!1e4?entry=ttu&g_ep=EgoyMDI1MDExNC4wIKXMDSoASAFQAw%3D%3D)  

https://www.google.com/maps/@26.011198,32.1626764,1624m/data=!3m1!1e3!5m2!1e1!1e4?entry=ttu&g_ep=EgoyMDI1MDExNC4wIKXMDSoASAFQAw%3D%3D
https://www.google.com/maps/@26.011198,32.1626764,1624m/data=!3m1!1e3!5m2!1e1!1e4?entry=ttu&g_ep=EgoyMDI1MDExNC4wIKXMDSoASAFQAw%3D%3D
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3. Present Condition of The Citadel  

The Sheikh Al Arab Hammam citadel's building materials were deteriorated due to multiple factors, 
including intentional destruction, resulting in architectural units loss and physical deterioration, in 
addition to its poor physical condition as a result of neglect and exposure to many different damage 
factors such as, man-made deterioration, human activity and neglectance, lack of Maintenance: 
Inadequate preservation accelerates decay, also climatic conditions: temperature, humidity, wind, 
and rainfall accelerate deterioration, biological degradation, vandalism, temperature and humidity 
fluctuations, structural damage, elevated groundwater levels and contaminated soil saturation. All 
the aforementioned causes of deterioration have led to the emergence of several symptoms, 
including the following: The citadel shows significant loss of its architectural elements, either 
partially or entirely, and detachment and losing of considerable areas of plaster layers. In addition 
to Human actions have led to the deterioration and loss of wall sections, the adobe materials exhibit 
significant thermal-induced deterioration, characterized by: Temperature stresses causing tiny 
cracks/fractures, plaster degradation and disintegration. Facade’s damage: Detachment and losing 
of considerable areas of plaster, fissures, cracks, missing parts of walls, and partial collapses and 
losses of bricks and mortar in walls (Fig. 2).  The mud-brick structures were susceptible to 
deterioration due to rainfall and solar exposure, exacerbated by human activity. Climate change 
and human intervention are primary factors in the degradation of earthen fortifications. Removal 
of the protective silt layer exacerbated degradation processes, affecting the citadel's mud-brick 
structure. The exposure duration and neglect of buildings significantly impact mud-brick 
deterioration, both qualitatively and quantitatively. 

 
Fig. 2.  A. Shows the western façade of the citadel. B. loose parts of the wall. C. fissures in along 

the wall (western tower). D. loose parts of the wall due man-made deterioration. E. Partial 
collapse and separation in the wall. F. loose parts and slanting in the wall. 

4. Materials and Methods 

4.1. Materials 

Mud brick samples were collected from the detached and fallen parts of the citadel's walls, the 
studied samples were cut into cubes 4 × 4 × 4 cm in order to conduct physical and mechanical 
properties tests. 
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4.2. Methods 

4.2.1. Examination and Mineralogical Composition 

Mineralogical composition analysis of mud brick samples carried out using X-ray diffraction (XRD) 
on a Philips PW 1840 diffract meter (Cu-Kα radiation, 40 kV/40 mA, 2θ: 5-50°). XRD analysis 
characterized mud brick mineralogy between 5° and 50° 2θ.  

Petrographic characterization employed ZEISS Axio Imager. A1m Polarized Light Microscopy 
(PLM) at 20× magnification. Deteriorated mud brick samples were examined using an Olympus 
BX40 optical stereo microscope with digital camera recording at 40-60× magnification. 
Microstructural and chemical analyses of deteriorated mud brick samples were performed using 
Scanning Electron Microscope (SEM) Model Quanta 250 (FEG) Field Emission Gun (Accelerating 
voltage 200V-30kV Operating Voltage 5-30kV, Magnification: 30X- 300kX) coupled with X-ray 
energy dispersive system (EDS) with accelerating voltage 30 K. V., Magnification (14X) up to 
(1,000,000) and resolution for Gun. In, K550X Sputter Coater, England. 

4.2.2. Physical and Mechanical Properties of Mud Brick 

The properties of building materials of the citadel carried out according to (ASTM C62-17). The 
bulk density was calculated by the following Eq (1): 

𝜌 𝑑𝑟𝑦 =
𝑀(𝑠𝑜𝑙𝑖𝑑)

𝑉(𝑡𝑜𝑡𝑎𝑙)
 (1) 

Where, ρ = density, m = mass, V = volume. The water content was calculated by the following Eq 
(2): 

𝑊𝐶 =
𝑊2 −  𝑊1

𝑊1
𝑥100 (2) 

Where, W1= sample weight after drying, W2= sample weight before drying. Compressive strength 
carried out according to (ASTM C67/C67M-19). The compressive strength of mud brick was 
calculated by the following Eq (3): 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ, 𝐶 =
𝑃

𝐴
 (3) 

Where, P= maximum recorded load indicated in testing machine (N), A= Average of the gross of the 
upper and lower bearing surface of the specimens mm2.  

4.2. Structural Analysis of The Citadel 

3D numerical model of the citadel carried out using the finite element (FE) software (ETABS). The 
aim was to understand the structural behavior under the different loading conditions that citadel 
had subjected to. These loading included the self-weight and earthquake. ETABS 2021 was used to 
simulate the structural response of Sheikh Al Arab Hammam Citadel to own weight and earthquake 
loads, using the finite element (FE) with shell elements for walls. Data of building materials 
properties have been entered into ETABS software. Earthquakes loads were calculated in two 
orthogonal directions (X-X) and (Y-Y), structural elements were represented with consideration 
that the walls as load-bearing walls [37]. 

When calculating stresses due to loading on a building, it's essential to consider the following 
factors: 

• Building design and construction details 
• Type of materials used 
• Site conditions and climate 
• Architectural and engineering standards and specifications 

4.2.1. Self-Weight Stress 

The self-weight stress (σ) can be calculated using the following Eq (4): 
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𝑆𝑒𝑙𝑓 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑠𝑡𝑟𝑒𝑠𝑠 (𝜎)   =  (𝑊 × 𝑔 / 𝐴) 

Self − weight stress (σ)  =  (
14290 × g

559.03
) =  250.60 kPa 

(4) 

Where, σ= self-weight stress, W= self-weight of the building = 14290 ton, g: acceleration due to 
gravity= 9.8 g , A= cross-sectional area of the building = 559.03 m2 . The resulting value from the 
equation (250.60 kPa) is the maximum allowable stress of the building under its own self-weight. 
The self-weight induced stress values derived from the finite element method of the building are 
calculated to be 2000 KPa. Which appears as shown in (Fig. 3) deformation that appear in dark 
orange and dark green in the corners of the building. The deformations are shown in dark green 
and dark orange at the corners represent the maximum stress the building is exposed to, which is 
equal to 2 MPa. 

4.2.2. Earthquake Stress 

The earthquake stress (σ) can be calculated using the following Eq (5a): 

𝐸𝑎𝑟𝑡ℎ𝑞𝑢𝑎𝑘𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 (𝜎)  =  (𝑆 ×  𝑊)/(𝐴) (5a) 

𝐸𝑎𝑟𝑡ℎ𝑞𝑢𝑎𝑘𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 (𝜎) =
1 ×  14290

559.03 
= 250.60 𝐾𝑃𝑎 (5b) 

where: σ: earthquake stress, S: seismic coefficient (dependent on building location) = 1,W: self-
weight of the building =14290 ton, A: cross-sectional area of the building = 559.03 m2 ,Eq (5b). The 
resulting value from the equation (250.60 KPa) is the maximum allowable stress of the building 
under earthquake stress. The resulting value from the equation is the average shear stress of the 
building under earthquake loading. The earthquake induced stress values derived from the finite 
element method of the building are calculated to reach 5000 KPa due to stress concentrations in 
two orthogonal directions (X-X) and (Y-Y) as shown in (Fig. 4 - 5) 

 

Fig. 3. Variation of the stresses (self-weight stress) in considered building (MPa)of the citadel 
walls. 

 



Mohamed / Research on Engineering Structures & Materials 11(1) (2025) 399-415 
 

405 

 

Fig. 4. Locations of the maximum principle stresses (earthquake stress) (MPa) in direction (X-
X)of the citadel walls 

 

Fig. 5. Locations of the maximum principle stresses (earthquake stress) (MPa) in direction (Y-
Y)of the citadel walls 

5. Building Information Modelling for the Partial Reconstruction of The Citadel 

5.1. Documentation of the Citadel 

The study commenced with a comprehensive review of the building's historical, architectural, and 
construction significance, followed by material evaluation and structural analysis. A virtual model 
of the archaeological building was subsequently developed. 
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5.1.1. Archaeological Documentation 

Sheikh Al-Arab Hammam Citadel (12th century AH/18th century AD) is a prominent Ottoman-era 
military fortification, officially registered as a monument under Prime Minister Resolution No. 
2661 (2011) and Minister of Culture Resolution No. 661 (2011). 

The citadel's construction is attributed to Prince Hammam bin Youssef, who, as leader of the 
Hawara tribes, sought to fortify Farshout, the center of his authority in Upper Egypt. Sheikh Al-Arab 
Hammam Citadel bears testament to the 1769 conflict between Ali Bey al-Kabir and Prince 
Hammam, suffering deliberate destruction by Muhammad Bey Abuo al-Dahab's Mamluk forces. 

5.1.2. Architectural Documentation 

Through meticulous exterior and interior surveys, the citadel's architectural features were 
recorded. These dimensions facilitated the creation of detailed horizontal projections and 
architectural facades, revealing a main facade spanning 48.21m with a height of 6m. (Fig.6) 

5.1.3. photographic Documentation 

The citadel building was photographed from different angles to highlight on the architectural 
details. (Fig. 7 and Fig. 8). 
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Fig. 6. A. Horizontal projection of the citadel. B. the eastern façade (the main facade). C. the 
western façade d. The northern facade. E. the southern façade 

 

 

 

Fig. 7. A. The western façade of the citadel. B. the southern façade. C. The northern facade. D. the 
eastern façade (the main facade). E. The western tower F. the citadel from inside. G. the 

southern tower 
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Fig. 8. A. and B. the courtyard of the citadel. C. the destroyed architectural units of the citadel 

5.2. Design of the Virtual Models of The Citadel 

The following software applications were utilized to create the virtual model of the citadel:  

5.2.1. Data Collection and Correction 

The data collection and validation phase encompass the systematic gathering, categorization, and 
verification of case study data, facilitating the development of virtual models. 

5.2.2. The Data Input and Construction of The Database 

This stage entailed digitizing collected case study data, converting paper-based records into 
computer-readable formats to facilitate analysis and modeling. 

 

A 

B 

C 
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5.2.3. Data Storage and Retrieval Subsystem 

Data Digitization Phase: Paper-based case study data was converted into digital format for 
computer processing and analysis. 

5.2.4. Data Manipulation and Analysis Subsystem 

Data Processing Phase: This stage includes data standardization, error correction, updates, and 
calculations (e.g., measurements, spatial analysis, and distance calculations). 

5.2.5. Data Display and Modeling Subsystem 

The data visualization stage employs multidisciplinary methods (modeling, graphical 
representations, multimedia) to communicate refined data insights, emphasizing spatial contexts 
and dimensional accuracy. This phase leverages visualization techniques (2D/3D modeling, graphs, 
images) to facilitate comprehension of complex data, focusing on spatial relationships, 
measurements and feature definitions.  

  

  

Fig. 9. The virtual models of the citadel a. the northern façade of the citadel. b. the southern 
façade 
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6. Results and Discussion 

6.1. Results of Examination and Mineralogical Composition 

Scientific analysis of the mud brick samples taken from Prince Hamam Castle revealed the following 
chemical and mineral components: X-ray diffraction patterns revealed that mud brick sample 
mainly consist of quartz (SiO2) Kaolinite AlSi3O8 (K, Na) and Calcite (CaCO3), Indalite 
Mg2Al3(AlSi5O18). The analysis results showed the presence of Indalite mineral, which is a 
transformed form of Cordierite mineral (MgFe)2Al3(AlSi5O18), resulting from the effect of high 
temperatures. 

 

 

Fig. 10. A. X-ray diffraction analysis results of mud brick B. PLM investigation shows coarse 
texture of quartz grains. C. Stereo microscope shows granular disintegration and salt crystals. 
D. SEM photomicrograph shows disintegration and erosion of quartz crystals and salts . E. EDS 

analysis results of mud brick 

Polarized Light Microscopy (PLM) analysis of mud brick thin sections revealed a coarse mosaic 
texture comprising quartz crystals and fragments, along with feldspar. Stereo microscopy revealed 
mud brick deterioration: surface roughening, relief, granular disintegration, and crystallized salt 
deposits. SEM analysis confirmed internal micro-cracks, quartz crystal disintegration, binding 
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material loss, and quartz crystal erosion (Fig. 10). Scientific analysis of mud brick samples revealed 
compromised physical, chemical, and mechanical properties, primarily attributed to 
environmental factors. An assessment of the Sheikh al-Arab Hammam Citadel's mud brick 
materials demonstrated significant degradation, underscoring the interplay between material 
properties and environmental conditions. 

6.2. Results of Physical and Mechanical Properties of Mud Brick 

The results obtained from the physical properties tests demonstrate that the mud brick specimens 
were taken from the case study exhibit the average density values are between 1.31 to 1.52 
gm/cm3, the means values of water content are between 1.89 % and 2.96 % (as shown Table. 1). 
The results obtained from the mechanical properties tests demonstrate that the mud brick 
specimens were taken from the case study exhibit the compressive strength values between 0.5 to 
2 MPa. High variation is attributable to non-uniform degradation due to durability effects. The 
results indicate a reduction in the density of the mud brick, accompanied by an increase in moisture 
content and a decrease in compressive strength 

Table 1. The means values Physical and mechanical properties of mud brick 

  Average of physical properties of mud brick   
 Test code  Density gm / cm3    water content % 

ASTM C62-17 1.31 - 1.52    1.89 % - 2.96 
  Average of Compressive strength of mud brick MPa 
  Test code Load (N) Compressive strength (MPa) 

ASTM C67/C67M-19    65.5- 75.6   0.5 – 2 
 

6.3. Results of Digital Modelling 

Finite element modeling simulations indicated that the maximum stress generated by the self-
weight of the citadel (250.69kPa) is generally exceeded in wall corners. The maximum stressed 
sections generated by the earthquake loading of the citadel reaches values around 5 MPa which is 
highly above the average shear stress. Areas subjected to excessive stresses are observable on the 
southeast elevation of the castle, and is also apparent in the upper portions of the eastern and 
southwest towers. 

6.4. Results of Design of The Virtual Models 

Engineering programs were used to develop a virtual design for the partial reconstruction of the 
citadel as shown (Fig. 11). 

 

Fig. 11. The virtual model of Final appearance after a partial reconstruction the of citadel 
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7. Conclusions 

This study explores the 18th-century citadel's partial ruin, attributed to Muhammad Bey Abuo al-
Dahab's 1769 destruction and subsequent environmental degradation, informing conservation 
strategies. Seismic analysis of the 3-D numerical model revealed critical structural vulnerabilities. 
Recommendations include material treatment, completing missing sections, and wall 
reinforcement prior to partial reconstruction. 

The comprehensive assessment of the castle's building materials, encompassing inspections, 
analyses, and testing, reveals a degradation of the mud brick structure and a corresponding decline 
in its physical and mechanical characteristics. To mitigate these effects, the application of 
strengthening treatments using consolidation treatments of mud brick such as Ethyl Silicate, 
Wacker OH 100, Nano Estel, and Nano Silica, which are deemed necessary to restore and enhance 
its physical and mechanical properties. 

The results of the finite element modeling simulations reveal that the castle walls necessitate 
structural reinforcement measures, encompassing the repair of cracks, restoration of damaged 
elements, and reconstruction of degraded architectural components. This comprehensive 
approach will effectively mitigate structural weaknesses, restore the building's integrity, and 
revive the castle's original visual splendor. 

Undoubtedly, the first steps in the architectural restoration of the castle begin with determining 
the soil's ability to withstand the pressures and loads imposed on it by the various buildings above 
it. From here, specialists in architectural restoration try, to the best of their abilities, to treat weak 
soil layers and inject them with suitable chemical materials to strengthen their weak components 
and restore cohesion to their separated layers. 

We recommend following the subsequent steps for the restoration of the citadel walls : 

• Treating structural cracks in the castle, especially those extending vertically from top to 
bottom or from bottom to top, resulting from the imbalance between the building and the 
soil beneath it. This treatment is one of the most important operations and is carried out in 
well-defined and studied stages, the most important of which are: 

• Cleaning the cracks and voids in the building walls from dust, salts, and various damage 
residues, then moistening these cracks and voids with a spray of pure water without affecting 
the brick components. Subsequently, filling these cracks and voids with a scientific mortar 
mixed with sand, lime, and a small proportion of gypsum, and mixing these components with 
a solution of silicates and siliconates. 

• Breaking the edges of the cracks from the back, thoroughly cleaning and moistening them 
with pure water, and filling them with the aforementioned mortar. 

• Rebuilding missing parts of the walls or any architectural element in the archaeological 
building using new brick blocks that carry the specifications of the old brick, with 
improvements to their physical and chemical properties using suitable chemical materials . 

• As for walls on the verge of collapse, they are dismantled using scientific and technical 
methods known in this field, separating the brick blocks from each other, thoroughly cleaning 
them from various damage residues, strengthening them with the aforementioned suitable 
chemical materials, and rebuilding them anew. 

• External coating stage: A system was followed in the castle, which is coating its external walls 
with a layer of mortar with good properties. Therefore, we propose coating those walls with 
a layer of clay mortar composed of lime and sand or clay and straw, or covering these walls 
with a block of mud brick similar to the old brick in its composition, with some additions to 
improve its properties and increase its resistance to damage factors. This method has been 
adopted in earthen buildings found in Mexico, Peru, Ghana, and Nigeria . 

• Reinforcement with wooden panels: Walls of the castle on the verge of collapse are reinforced 
and strengthened with wooden supports characterized by high rigidity. The roof of the 
building is covered with a wooden canopy resting on supports built from mud brick. This 
method has been used to protect earthen buildings from wind and rain, especially in Peru 
and Italy during the 19th century, and is still followed in some countries. 
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• Reinforcing foundations with mud brick blocks: As for the castle's foundations, many mud 
brick blocks that have been affected by various damage factors are reinforced and completed 
with new brick blocks similar to the old brick, with the addition of a proportion of clay, sand, 
lime, and red brick powder to their components. This is done to increase their mechanical 
strength and ability to resist damage factors. 

The article highlights on the virtual partial reconstruction of the citadel of Sheikh al-Arab Hammam 
through of several key conclusions: 

• Technological Advancement: The use of virtual reconstruction techniques demonstrates 
significant advancements in architectural preservation, allowing for a more detailed 
understanding of historical structures. 

• Cultural Heritage Preservation: By reconstructing missing architectural units, the project 
contributes to preserving cultural heritage and offers insights into the historical significance 
of the citadel. 

• Educational Value: The virtual model serves as an educational tool, enabling researchers, 
students, and the public to engage with the site's history and architecture in an interactive 
manner. 

• Future Restoration Projects: This reconstruction can inform future physical restoration 
efforts, guiding decisions on materials and techniques that align with the original design. 

• Interdisciplinary Collaboration: The project illustrates the importance of collaboration 
among  historians, architects, and technology experts to achieve a comprehensive 
reconstruction. 

• Overall, the article emphasizes the potential of virtual reconstructions to enhance our 
understanding of historical sites and support preservation efforts. 
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