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 The study focuses on developing new methods for assessing the effective 
properties and modeling the thermal conductivity of fibrous composites with 
functional fibers for lightning protection systems on aircraft. The aim is to create 
more efficient and lightweight composites to enhance flight safety and reduce 
maintenance costs. The research methodology involves analyzing two types of 
whiskerized interphase layers in composites and modeling their thermal 
conductivity using a two-step homogenization procedure. The results indicate 
that composites with functional fibers can significantly outperform classical 
composites in terms of thermal conductivity. For composites where the 
whiskerized layer is formed by randomly grown and interwoven carbon 
nanotubes, the effective thermal conductivity in the plane perpendicular to the 
fiber axis and in the direction along the fiber can exceed those of classical 
composites by more than 2 and 1.2 times, respectively. For composites where 
the whiskerized layer consists of carbon nanotubes grown perpendicular to the 
fiber surface, these values can exceed those of classical composites by more than 
3 and 1.1 times, respectively. Such findings suggest the potential use of functional 
composites as an effective replacement for metallic meshes in lightning 
protection systems on aircraft. 

 
© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

Polymer composite materials (PCM) are widely used in aviation. Such materials are light 
in weight and have higher strength and stiffness values compared to materials such as 
aluminum, titanium and steel. For example, in the structures of Boeing 787 and Airbus 
A380 aircraft, the volume of PCM used in the structure reaches 50% by weight. However, 
polymer matrix composites are poor heat conductors, so non-conductive aircraft 
structures can be damaged by lightning strikes. 

Lightning strikes can directly affect aircraft and sometimes cause sparks that pose a risk of 
igniting materials inside aircraft skins. A lightning bolt takes the path of least resistance. 
Therefore, if an aircraft is encountered on the way, it passes through its metal skin without 
penetrating inside and without touching important devices. To do this, the skin sheets 
must be tightly fitted to each other. In the case of using composite materials, it is necessary 
to apply additional technologies to protect against lightning, for example, the aircraft skin 
is covered with a layer of conductive copper foil mesh. 

Efforts to enhance the thermal conductivity of carbon fiber and epoxy resin composites 
have been made in studies [1-3]. In study [4], zinc oxide particles hexagonally shaped and 
coated with boron nitride were introduced into the composite to increase conductivity. 
The thermal conductivity of such composite laminates increased by 78% and 90% at 

mailto:kriven_galina@inbox.ru
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temperatures of 25°C and 100°C, respectively. In study [5] was shown that CNT/Al 
composite with a layered configuration exhibits the highest thermal conductivity. When 
the volume fraction of CNTs is approximately 3.7%, the CNT/Al composite demonstrates 
an outstanding effective thermal conductivity of 400 W/m⋅K, representing an increase of 
approximately 84% compared to that of the Al alloy. 

In a number of works ([1-3]), it was shown that the addition of a small amount of carbon 
nanotubes (CNTs) leads to a disproportionate increase in the thermal conductivity of the 
composite. Thus, polymer composites can be converted into conductive materials, which 
increases their versatility. For example, in [1] it was found that adding 1% of single-walled 
carbon nanotubes (SWCNTs) of the total weight to epoxy resin leads to an increase in the 
thermal conductivity of the material by 125% at room temperature. In [2], an increase in 
thermal conductivity by 55% was measured for a composite containing 7% SWCNTs of the 
total weight of the polymer matrix. Authors of [3] reported a 57% increase in thermal 
conductivity with the addition of 7% multiwalled CNTs based on the total weight of the 
phenolic resin. The study [6] explores carbon nanotube (CNT) reinforced composites for 
honeycomb sandwich structures. Results show that adding CNTs up to 0.075 wt.% 
increases thermal stability and energy absorption. 

Technologies for obtaining modern fibrous composites with special nanostructures 
(whiskers) grown on the surface are being actively developed at the present time. Such 
whiskers can be, for example, CNTs (fuzzy fibers) [7]. Since the improvement in the 
properties of composites depends on the characteristics of the whiskers grown on the fiber 
surface, the whiskerized fiber system is functional [8-11]. It has already been shown that 
it is possible to obtain a composite with simultaneously improved stiffness, strength, and 
damping proper-ties by modifying the CNT fiber surface [12-14]. Tests in [8] showed that 
the whiskerization of a fiber by CNTs leads to an increase in the interfacial strength of the 
composite material under longitudinal shear by 206% compared to the classical fibrous 
composite. Similar tests carried out in [9-10], showed an increase in the interfacial 
strength of whiskerized composites com-pared to classical composites by 175% and 
150%, respectively. And authors of [11] conducted tests to determine the longitudinal and 
transverse compressive strengths, and showed that the longitudinal strength of the 
whiskerized composite increases by 43% compared to the classical composite, and the 
transverse strength, in turn, increases by 94%. 

The dynamic properties of modified fibrous composites containing fibers with a 
whiskerized layer were first studied in works [15-17]. It was assumed that the fibers and 
the microstructure of the whiskerized layer are elastic, and the damping properties of the 
composite as a whole are related to the viscoelastic properties of the matrix. It was shown 
that the effective loss properties of the modified composite exceeded the loss modulus of 
the matrix by more than 20 times. Improved aircraft performance and reduced airframe 
weight can be achieved with new conductive modified composite materials with 
whiskerized fibers, since such materials combine high mechanical, thermal, electrical and 
physical proper-ties. 

Two types of modified composites that differ in the orientation of whiskers in the 
interfacial layer are considered in the proposed work: 1) a modified compo-site, in which 
the whiskerized interfacial layer consists of randomly located and intertwined whiskers, 
2) a modified composite in which the whiskers are grown perpendicular to the fiber 
surface. The purpose of the study is to simulate the effective thermal conductivity of 
modified composites with whiskerized fibers using a method based on a polydisperse 
model of a medium with spherical inclusions. The problems of determining the influence 
of the volume content of whiskers, the thickness of the interfacial layer and the volume 
content of the modified fiber on the effective thermal conductivity of the studied modified 
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composites with whiskerized fibers are solved within the framework of the study. For the 
case when the interfacial layer is formed by whiskers grown perpendicular to the fiber 
surface, the effect of the whiskers radius and packing density (number of whiskers) on the 
effective thermal conductivity of the modified composite is estimated.   

2. Study Description 

Figure 1 shows the structure of the studied modified composite material with whiskerized 
fibers. The whiskerized interfacial layer is a nanocomposite that consists of whiskers and 
a matrix. 

 

Fig. 1. Structure of modified composite material with whiskerized fibers: a) whiskers 
are arranged randomly and intertwined (case 1), b) whiskers are grown perpendicular 

to the fiber surface (case 2) 

When modeling the effective thermal conductivity of such composites, we assume that the 
composite has a transversally isotropic structure with an isotropy plane across the fiber. 
Fiber and matrix are isotropic materials. In the case when the whiskers are randomly 
located in the interfacial layer and intertwined with each other (Fig. 1a), the whiskerized 
interfacial layer is also considered an isotropic material. And in the case when the whiskers 
are grown perpendicular to the surface of the base fiber (Fig. 1b), we consider that the 
whiskerized interfacial layer corresponds to a transversely isotropic material with an 
isotropy plane across the whiskers (case 2). Kriven, Shavelkin [18] study a fiber with a 
whiskered layer of CNTs grown randomly and intertwined. Carbon fiber with CNT 
whiskers grown perpendicular to the fiber surface was demonstrated in study [19]. 

The two-stage homogenization procedure is used to determine the effective thermal 
conductivity of the modified composite. At the first stage, the effective coefficient of 
thermal conductivity of the whiskerized layer is determined. The effective thermal 
conductivity coefficient of the whiskerized layer is determined using the polydisperse 
model of the medium in the case when it is assumed that the whiskerized layer is a 
macroscopically isotropic heterogeneous medium. And the effective thermal conductivity 
coefficient of the whiskerized layer is determined using a polydisperse model of a medium 
with cylindrical inclusions in the case when the whiskered layer is considered as a 
transversely isotropic material with an isotropy plane across the whiskers. When 
determining the effective thermal conductivity coefficient of such a composite, the 
volumetric content of whiskers in the interfacial layer is found taking into account all the 
geometric and physical parameters of the whiskers layer - the length of whiskers, their 
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density, diameter, and thermal conductivity coefficient. After determining the effective 
thermal conductivity of the whiskerized interfacial layer, the effective thermal 
conductivity of the whiskered fibrous composite is found. For this, a polydisperse model 
of a medium with cylindrical inclusions, extended to a multiphase medium, is used.  

A comparative evaluation of the effective thermal conductivity coefficients of modified 
composites with whiskerized fibers with the effective thermal conductivity coefficients of 
similar classical composites is carried out. The studied composites are formed by T-650 
[20] carbon fiber and an epoxy matrix with thermal conductivity coefficients indicated in 
Table 1. In the modified composite, CNTs are grown on the surface of the carbon fiber. The 
influence of the volumetric content of inclusions (whiskers) on the effective thermal 
conductivity coefficient of the interfacial layer, as well as the influence of the thickness of 
the whiskerized layer, the volumetric content of whiskers and the volumetric content of 
modified fiber on the effective thermal conductivity of the entire composite is assessed. 
The volumetric content of whiskers in the interfacial layer and the volumetric content of 
modified fiber in the composite vary from 0 to 78%. 

3. Effective Thermal Conductivity Coefficient Of The Studied Composite 

The effective thermal conductivity of the modified whisker fiber composite is determined 
using a two-stage homogenization procedure. At the first stage, the effective coefficient of 
thermal conductivity of the whiskerized layer is determined.  

In the case when the whiskerized layer is considered as an isotropic material, the effective 
thermal conductivity coefficient   s determined by the well-known equation [21] for a 
three-phase model of a medium with spherical inclusions: 

𝑘2
(1) = 𝑘𝑀 (1 +

𝐶0
(1 − 𝐶0) ∕ 3 + 𝑘𝑀 ∕ 𝑘1 − 𝑘𝑀)

) (1) 

where, c0 = a3/b3: volume content of whiskers in the whiskerized interfacial layer, a: radius 
of the whiskers, b: radius of the shell from the matrix, k1: thermal conductivity of the 
whiskers, km: thermal conductivity of the matrix. 

In the case when the whiskerized layer is considered as a transversally isotropic material 
with the symmetry axis directed along the 1 axis, the Fourier heat conduction law can be 
written: 

𝑞𝑖
(2) = −𝑘𝑖𝑗

(2)𝑇,𝑗
(2)

𝑞𝑖
(2) = −𝑘𝑖𝑗

(2)𝜃,𝑗
(2)

 (2) 

where, 𝑞𝑖: heat flux vector in the whiskerized interfacial layer, 𝑘𝑖𝑗
(2)

: tensor of thermal 

conductivity coefficients in the whiskerized interfacial layer, θ,𝑗
(2): temperature in the 

whiskerized interfacial layer. In the last equation, only two components kij(2) are 
independent: 

[

𝑞1
(2)

𝑞2
(2)

𝑞3
(2)

] = [

−𝑘11
(2) 0 0

0 −𝑘22
(2) 0

0 0 −𝑘33
(2)

] [

𝜃,1
(2)

𝜃,2
(2)

𝜃,3
(2)

] (3) 

Then the effective thermal conductivity in the axial direction 𝑘11
(2)

  is determined by the 
mixture rule [4]: 
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𝑘11
(1) = ∑𝑐𝑛

𝑁

𝑛=1

𝑘𝑛 (4) 

where, N : number of phases with volume fractions nc  and thermal conductivity 

coefficients nk . The effective thermal conductivity coefficient in the plane perpendicular 

to the whiskers axis 
2

33

( )k is determined by the equation: 

2

2 0

33 2

0

1
1 2

( )

( )

M ( )

M I M

c
k k ( )

( c ) / k / ( k k )
= +

− + −
 (5) 

The volumetric content of whiskers in the whiskerized layer is determined by the equation: 

( )

2 2

2

0
4

( ) b b

b

M d
c  

l D D
=

+
 

(6) 

where, 
2

0

( )c : volume content of whiskers in the whiskerized interfacial layer in the case 

when the whiskers are grown perpendicular to the fiber surface, bM : number of whiskers 

grown on the fiber surface, bd : whiskers diameter, bl : whiskers length, D : base fiber 

diameter. Taking into account the geometric features of the whisker layer, in which the 
whiskers are grown perpendicular to the fiber surface, it must be taken into account that 
the number of whiskers is limited: 

/b bM D d
 

(7) 

At the second stage, the effective thermal conductivity of the entire composite is 
determined. In view of the transversal isotropy of the modified composite with the 
symmetry axis directed along the 3 axis, the Fourier heat conduction law can be written 
as: 

i ij , j

i ij , j

q k T

q k 

= −

= −
 

(8) 

where, iq : heat flux vector, ijk : tensor of thermal conductivity coefficients,  : 

temperature. Only two components ijk are independent in the last equation: 

1 11 1

2 11 2

3 33 3

0 0

0 0

0 0

,

,

,

q k

q k

q k







−     
    

= −     
    −     

 (9) 

The effective thermal conductivity in the axial direction 
33

effk  is determined by the mixture 

rule: 

33

1

N
eff ( i )

n n

n

k c k
=

=  (10) 

where the index ( i ) corresponds to the considered case of the symmetry of the 

whiskerized interfacial layer. The following condition must be satisfied at infinity: 
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1r
x 

→
→  (11) 

where   is the temperature gradient. The stationary equations of heat conduction in the 

components of the composite have the form: 

2 1

1
2 2

1 2
2 3

2 3
2

3

0 0

0

0

0eff

, r r ,

, r r r ,

, r r r ,

, r r ,






 =  

 =  

 =  

 =   

 (12) 

where 
1 2 3 eff, , ,     are the temperatures in the fiber, the whiskerized interfacial layer, 

the matrix, and the effective medium, and  is the Laplace operator. In a cylindrical 

coordinate system with axial symmetry with respect to 3x we have: 

2 2 2

2 2 2 2

1 1u u u u

r rr r z

   
 = + + +

  
 (13) 

Then solution (12) with 2r , ( r, ) r cos   → → has the form: 

1

1 1

2 2

2 1 2

3 3

3 2 3

3

0

effeff

eff

A r cos , r r ,
B

( A r )cos , r r r ,
r

B
( A r )cos , r r r ,

r
B

( A r )cos , r r ,
r

 

 

 

 

=  

= +  

= +  

= +   

 (14) 

It is assumed that a uniform field is realized at infinity, which corresponds to 0effB = with 

a unit heat flux 1effA =  [21-22]. To write the boundary conditions, we assume that the 

heat fluxes are also continuous at the phase boundary. Six unknowns, including the 

effective thermal conductivity effk , are determined from a system of six equations: 

2

2

11

2

1
2 3

2
3

3
1 2

1 1

2 3

3 2

3

3 3

1 0

2 0

3 0

4 0

5 0

6 0

I

eff

( i )

( i )

eff
eff ( i )

) , r r ,

) , r r ,

) , r r ,

) k k , r r ,
r r

) k k , r r ,
r r

) k k , r r ,
r r

 
 
 

 

 

 

− = =

− = =

− = =

 
− + = =

 
 

− + = =
 

 
− + = =

 

 (15) 

Thus, in the case of a whiskerized interfacial layer with isotropic properties 
2 2

1( i ) ( )k k=  (1), 

and in the case of a whiskerized interfacial layer with transversally isotropic properties

2

2

33

( i ) ( )k k=  (4). 

The solution of the system of equations (15) taking into account (14) with respect to 
11

eff ( i )k  

has the form: 
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11

2 2 2

3 2

1 3 1 3

3
2

1

eff ( i )

( i ) ( i ) ( i )
k k

D / ( k k m k k n ( k ) m k k n )

 
= − − 

 + − + − 

 (16) 

where 2m ( l )l= − + , 2 2n ( l )l= + − + , 2 1l r r= − is the thickness of the interfacial layer, 

2 2 2

2

1 3 1 3

( i ) ( i ) ( i )

vol vol vol volD k k c a k k c b ( k ) c a c k k b= + − − . Thus, the effective thermal 

conductivity coefficients of the whiskered layer ( 
1

2

( )k ,
2

11

( )k ,
2

33

( )k ) and the modified 

composite with whiskered fibers in the direction along the fiber 
33

eff ( i )k and in the plane 

perpendicular to the fiber axis
11

eff ( i )k  are determined. 

4. Results and Discussion 

The effective thermal conductivity of the modified composite with whiskerized fibers was 
determined using a two-stage homogenization procedure. In the first stage, the effective 
properties of the whiskerized interfacial layer were determined. 

This study investigated the influence of the volume content of inclusions (whiskers) on the 
effective thermal conductivity of the interfacial layer formed by grown CNTs in two 
versions. The first variant of the interfacial layer is formed by randomly grown, 
intertwined CNTs, considered as an isotropic material. The second variant of the interfacial 
layer is formed by CNTs grown perpendicular to the fiber surface, considered as a 
transversely isotropic material. The properties of the structural elements of the interfacial 
layer are shown in Table 1. 

Table 1. Physical properties of structural elements of a modified composite with 
whiskerized fibers [20, 23.24] 

 Carbon fiber T-650 CNT Epoxy Matrix 

Thermal conductivity 
coefficient (W/(m·K)) 

14 3000 0.195-0.255 

 

The effective thermal conductivity of the interfacial layer, considered as an isotropic 
material, was determined by equation (1). The effective thermal conductivity coefficients 
of the interfacial layer, considered as a transversally isotropic material, were determined 
by equations (4) and (5). 

The effective thermal conductivity coefficient of the interfacial whiskerized layer in the 
plane perpendicular to the fiber surface (case 2), as the volume content of the inclusion 
increases, grows commensurately with the increase in the effective thermal conductivity 
coefficient of the interfacial whiskerized layer, considered as an isotropic material (case 1) 
(Figure 3). And the effective thermal conductivity of the interfacial whiskerized layer in 
the direction along the whiskers (case 2) rapidly increases with the increase in the volume 
content of CNTs (Figure 4) - more than 12,000 times compared to the thermal conductivity 
of the matrix. However, in the direction across the whiskers, the whiskerized layer formed 
by interwoven whiskers allows achieving an effective thermal conductivity exceeding that 
in the whiskerized layer formed by whiskers grown perpendicular to the fiber by more 
than 1.5 times. But in the direction along the whiskers, in the case where whiskers 
intertwine, the effective properties of the whiskerized layer (case 1) remain the same as in 
the direction across the whiskers, while the properties of the whiskerized layer formed by 
whiskers grown perpendicular to the fiber (case 2) increase by more than 1000 times 
compared to the effective properties of the whiskerized layer formed by interwoven 
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whiskers (case 1). The effective thermal conductivity of the whiskerized layer with a low 
volume fraction (up to 2.5%) of randomly oriented and interwoven whiskers (case 1) is 
approximately 0.2-0.3 W/(m·K), which corresponds to the experimental results obtained 
in [4]. 

 

Fig. 2. Dependence of the effective thermal conductivity coefficient (in the direction 
along the fiber axis) on the volume content of CNTs in the interfacial layer 

 

Fig. 3. Dependence of the effective coefficient of thermal conductivity in the direction 
along the CNT of a transversally isotropic layer on the volume content of CNTs in the 

interfacial layer 

The effective thermal conductivity coefficient for a modified composite with whiskerized 
fibers, consisting of T-650 carbon fiber, CNTs, and an epoxy matrix, has been studied. The 
properties of the structural elements of such a composite are shown in Table 1. For the 
cases where the whiskerized layer is a macroscopically isotropic heterogeneous medium 
and when the whiskered layer is a transversely isotropic medium, the effective thermal 
conductivity coefficient in the plane perpendicular to the fiber axis was obtained using 
equation (16), and the effective thermal conductivity coefficient in the direction along the 
fiber axis was obtained from equation (10). 

It is necessary to evaluate the effect of the thickness of the whiskerized layer on the 
effective thermal conductivity of the composites under consideration. For this, we consider 
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a composite with a constant modified fiber radius 2 1r =
, the thickness of the whiskerized 

interfacial layer 2/ r
, and the matrix radius 3r depending on the volume content of the 

modified fiber 3 2 volr r / c=
 at 

78volc %=
and 0 78c %=

characteristic of the most dense 
packing of inclusions in a square periodic structure. Figure 5 shows the plots of effective 

thermal conductivity coefficients in the plane perpendicular to the fiber axis 11

eff ( i )k
and in 

the direction along the fiber axis 33

eff ( i )k
on the thickness of the whiskerized layer 2/ r

. 

 

(a) 

 

(b) 

Fig. 4. Graphs of dependences of effective thermal conductivity coefficients on the 

thickness of the whiskered layer: a) 11

eff ( i )k
- in the plane perpendicular to the fiber 

axis, b) 33

eff ( i )k
 - in the direction along the fiber axis 

In Figure 5 and all subsequent figures, the graph corresponding to the case when the 
whiskerized interfacial layer is an isotropic medium is indicated by the number 1, and the 
graph corresponding to the case when the whiskerized interfacial layer is a transversely 
isotropic medium is indicated by the number 2. 

Figure 5a illustrates that the effective thermal conductivity in the plane perpendicular to 
the fiber surface remains practically unchanged for the case when the whisker layer is a 
transversely isotropic medium, regardless of the thickness of the whisker layer. However, 
for the case when the whisker layer is an isotropic medium, there is a slight decrease in the 
thermal conductivity coefficient as the thickness of the whisker layer increases. In Figure 
5b, the decrease in the effective thermal conductivity in the direction along the fiber is 
shown as the thickness of the whisker layer increases for both considered cases. 

Since the study involved a fixed radius of modified fibers, the decrease in the effective 
thermal conductivity is associated with the replacement of fibers by a whiskerized layer 
with a low thermal conductivity matrix. The effect of reducing the effective thermal 
conductivity is observed only in case 2 in the plane perpendicular to the fiber axis because 
in such a composite, the effective properties of the whiskerized layer in the direction across 
the fiber axis (along the whisker axis) significantly exceed the properties of the carbon 
fiber (Figures 2 and 3), and there is no substitution of a high thermal conductivity layer 
with a low thermal conductivity layer. From the perspective of achieving stable high values 
of the effective thermal conductivity in both considered directions, case 2 is preferred, 
where short fibers are grown perpendicular to the fiber surface. 
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The influence of the volume content of whiskers on the effective thermal conductivity of 
the modified composite is shown in Figure 6. When plotting graphs (Figure 6), the fixed 

values were the thickness of the whiskerized layer ( 20 2, / r ) and the volume content of 

the modified fiber 𝑐𝑣𝑜𝑙= 75%. 

 

(a) 
 

(b) 

Fig. 5. Graphs of dependences of effective thermal conductivity coefficients on the 

volume content of CNTs in the whiskerized interfacial layer: a) 11

eff ( i )k - in the plane 

perpendicular to the fiber axis, b) 33

eff ( i )k  - in the direction along the fiber axis 

Figure 6a shows that even with a slight increase in the volume content of whiskers in the 
interfacial layer of the composite with CNTs grown perpendicular to the fiber surface, the 
effective thermal conductivity coefficient in the plane perpendicular to the fiber axis is 
more than 2 times higher than the thermal conductivity coefficient of the classical 

composite (the value on the graph at 0 78c %=
) with the same volumetric fiber content (

78volc %=
 ). At the same time, these properties remain stable with a further increase in 

the volume content of CNTs in the interfacial layer. In the direction along the fiber, the 
composite with CNTs grown randomly and intertwined with each other demonstrates 
slightly higher effective thermal conductivity than the composite with CNTs grown 
perpendicular to the fiber surface (Figure 6b). The effective thermal conductivity 
simultaneously takes the highest values in both considered directions with the maximum 
volume fraction of whiskers in the whiskerized interphase layer. However, in the plane 
perpendicular to the fiber axis, the effective thermal conductivity for case 2 exceeds that 
for case 1 by more than 1.2 times, while in the direction along the fiber axis, the effective 
thermal conductivity for case 1 exceeds that for case 2 by more than 1.06 times. This is 
because in the direction along the fiber axis, which corresponds to the direction across the 
whisker axis, the properties of the whiskerized layer formed by both whiskers grown 
perpendicular to the fiber and randomly grown whiskers differ, but not as significantly as 
in the direction perpendicular to the fiber axis, which corresponds to the direction along 
the whisker axis (Figures 2 and 3). Therefore, the optimal structure of the modified 
composite with whiskerized fibers can be considered as the composite with the maximum 
possible volume fraction of whiskers grown perpendicular to the fiber (case 2).  

When constructing graphs (Figure 7), the volume content of CNTs in the interfacial layer 

was a fixed value equal to 0 70c %=
and the length of the whiskers was also a fixed value 

equal to 20 2, / r
. Figure 7 also plots the dependence of the effective coefficient on the 

volumetric fiber content in the classical composite. 
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(a) 

 

(b) 

Fig. 6. Graphs of dependences of effective thermal conductivity coefficients on the 

volume content of the modified fiber: a) 11

eff ( i )k - in the plane perpendicular to the fiber 

axis, b) 33

eff ( i )k  - in the direction along the fiber axis 

It can be seen (Figure 7) that at the maximum volume content of the modified fiber

78volc %=
 it is possible to achieve a significant increase in the effective thermal 

conductivity coefficients in the plane perpendicular to the fiber axis compared to the 
effective thermal conductivity coefficients of similar classical composites (more than 2 
times for case 1 and more than 3 times for case 2). In such composites, the matrix layer 
with a low thermal conductivity is practically absent, and the role of the binder is 
performed by the whiskerized layer, the effective thermal conductivity properties of which 
depend on how this whiskerized layer is formed. In the plane perpendicular to the fiber 
axis, the effective thermal conductivity for case 2 exceeds that for case 1 by more than 1.2 
times, while in the direction along the fiber axis, the effective thermal conductivity for case 
1 exceeds that for case 2 by more than 1.01 times. Therefore, the optimal structure of the 
modified composite with whiskerized fibers can be considered as a composite with the 
maximum volume fraction of modified fibers, in which the modification is carried out by 
growing whiskers perpendicular to the fiber surface (case 2). 

Let us consider a specific example of a modified composite consisting of a 5 µm diameter 
carbon fiber and carbon nanotubes grown perpendicular to the fiber surface. The 
geometric parameters include whisker lengths ranging from 1 to 2 µm and whisker 
diameters ranging from 0.00051 to 0.00085 µm   [19], [23]. The physical properties of the 
composite under study are provided in Table 1. According to equation (7), with a whiskers 
diameter of 0.00051 µm, the maximum number of whiskers grown perpendicular to the 
fiber surface is 30 799, and with a whiskers diameter of 0.00085 µm, the maximum number 
of whiskers is 18,480. With a whiskers length of 1 µm, this is corresponding to the 
volumetric content of whiskers in the interfacial layer 65%, and with a whiskers length of 
2 μm - 56% (eq. 6). It has already been shown (Figure 4) that an increase in the length of 
the whiskers (thickness of the whisker layer) negatively affects the effective thermal 
conductivity in the direction along the fiber. It has also been shown that an increase in the 
volume content of the modified fiber is accompanied by an increase in the effective thermal 
conductivity in all directions (Figure 7). Therefore, having fixed the minimum possible CNT 
length equal to 1 μm and the maximum possible volume content of the modified fiber 

78volc %= , we estimate the effect of the number of whiskers on the effective thermal 

conductivity of the composite under study. 
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Figure 8 shows the dependences of the effective thermal conductivity coefficients on the 
number of whiskers associated with the whiskers diameters. It can be seen (Figure 8 a) 
that the effective thermal conductivity in the plane perpendicular to the fiber axis grows 
rapidly as the number of whiskers increases, but when the number of whiskers reaches a 
certain value (in this case, 5000 whiskers), the effective thermal conductivity in the plane 
perpendicular to the fiber axis remains practically unchanged at further increase in the 
number of whiskers. Also, the effective thermal conductivity in the plane perpendicular to 
the fiber axis is not significantly affected by the whiskers diameter. And in the direction 
along the fiber axis (Figure 7b), the following trend is observed: an increase in the thermal 
conductivity coefficient is achieved only with simultaneous increases in the number and 
diameter of the whiskers, as only in this case can a dense packing of whiskers with a high 
thermal conductivity coefficient be obtained. Otherwise, the space between the whiskers 
in the whiskerized layer is occupied by a matrix with a low thermal conductivity 
coefficient, which leads to a decrease in the effective thermal conductivity of the 
whiskerized interphase layer in the direction perpendicular to the whiskers, and 
consequently, to a decrease in the effective thermal conductivity of the entire composite in 
the direction along the fiber axis. Therefore, if it is important to maintain high values of the 
effective thermal conductivity coefficient in the direction along the fiber axis, it is 
necessary to select the number of whiskers taking into account their diameter so that the 
volume fraction of whiskers in the whiskerized layer is maximum (Equation 7). 

 

(a) 

 

(b) 

Fig. 7. Graphs of dependences of effective thermal conductivity coefficients on the 
number of CNTs in a whiskerized interfacial layer, in the case when whiskers are 

grown perpendicular to the fiber surface: a) 11

eff ( i )k - in the plane perpendicular to the 

fiber axis, b) 33

eff ( i )k - in the direction along the fiber axis 

Thus, modified composites with whiskers grown perpendicular to the fiber surface are 
preferable to modified composites with whiskers grown randomly and intertwined with 
each other from the perspective of increasing the effective thermal conductivity in the 
plane perpendicular to the fiber axis. The effective coefficient of thermal conductivity in 
the direction along the fiber axis is insignificant but higher for modified composites with 
whiskers grown randomly and intertwined with each other. Despite this, it is difficult to 
control the volume content of whiskers that are randomly located and intertwined with 
each other, and in fact, the interfacial layer consisting of such whiskers and a matrix has 
anisotropic properties. Therefore, to ensure the planned thermal conductivity coefficients, 
it is preferable to use modified composites with whiskers grown perpendicular to the fiber 
surface. Growing CNTs perpendicular to the fiber surface makes it possible to control the 
effective thermal conductivity in various directions and in a wide range by changing the 
thickness of the whisker layer, the volume content of the modified fiber, and the volume 
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content of whiskers, which depends on the length of the interfacial layer, the diameter of 
the whiskers, and the number of whiskers. 

5. Conclusion 

In this research study, an analysis of the effective thermal conductivity of modified 
composites with whiskerized fibers was conducted. The impact of various parameters such 
as the thickness of the whiskerized interphase layer, volume fraction of whiskers, number, 
and diameter of whiskers on the thermal conductivity of the composite in different 
directions was investigated. To achieve this, a polydisperse medium model with spherical 
inclusions, as proposed by Hashin and Shtrikman, was used to determine the effective 
thermal conductivity coefficient of the composite with whiskerized fibers. The obtained 
results were analyzed to identify the optimal structure of the composite with the maximum 
effective thermal conductivity coefficient. 

The study revealed that the effective thermal conductivity coefficient of modified 
composites with whiskerized fibers can be significantly increased by increasing the 
thickness of the whiskerized interphase layer. For instance, when the thickness of the 
whiskerized layer increases from 1 µm to 2 µm, the effective thermal conductivity 
coefficient in the direction along the fiber can increase by more than 1.2 times. It was found 
that the optimal structure of modified composites with whiskerized fibers is those with the 
maximum possible volume fraction of whiskers, grown perpendicular to the fiber surface. 
Such composites provide a high effective thermal conductivity coefficient both in the plane 
perpendicular to the fiber axis and in the direction along the fiber axis. The effective 
thermal conductivity coefficient of modified composites with whiskerized fibers increases 
depending on the increase in the volume fraction of whiskers in the interphase layer. For 
example, when the volume fraction of whiskers increases from 30% to 65% in the plane 
perpendicular to the fiber axis (case 2), the effective thermal conductivity coefficient can 
increase by more than 2 times. 

Analysis showed that increasing the volume fraction of modified fibers also contributes to 
the increase in the effective thermal conductivity coefficient. For instance, with the 
maximum volume fraction of modified fibers (volume fraction of whiskers in the 
interphase layer being 65%), the effective thermal conductivity coefficient in the plane 
perpendicular to the fiber axis can increase by more than 3 times compared to classical 
composites. A numerical analysis was conducted to investigate the influence of the number 
of whiskers on the effective thermal conductivity coefficient. The dependency graphs of 
effective thermal conductivity coefficients on the number of whiskers show that in the 
plane perpendicular to the fiber axis, the effective thermal conductivity coefficient rapidly 
increases with the increase in the number of whiskers and reaches an almost constant 
value after a certain value (for example, around 5000 whiskers). 

As a result of analyzing the influence of whisker diameter and their number on the effective 
thermal conductivity coefficient, it was revealed that the optimal value of the effective 
thermal conductivity coefficient is achieved with a certain combination of whisker number 
and diameter. This highlights the necessity of careful control over these parameters when 
designing modified composites with whiskerized fibers.  

Our studies also confirmed that modified composites with whiskerized fibers, grown 
perpendicular to the fiber surface, are preferable compared to composites where whiskers 
are grown randomly and intertwined. This preference is due to higher values of the 
effective thermal conductivity coefficient in the plane perpendicular to the fiber axis. 



Galina and Elizaveta / Research on Engineering Structures & Materials 11(3) (2025) 1003-1017 

 

1016 

Funding 

This work was supported by Russian Science Foundation grant no. 23-19-00680. 

References 

[1] Biercuk MJ, Llaguno MC, Radosavljevic M, Hyun JK, Johnson AT. Carbon nanotube 
composites for thermal management. Appl Phys Lett. 2002;80(15):2767–9. 
https://doi.org/10.1063/1.1469696  

[2] Bonnet P, Sireude D, Garnier B, Chauvet O. Thermal properties and percolation in 
carbon nanotube-polymer composites. Appl Phys Lett. 2007;91:201910. 
https://doi.org/10.1063/1.2813625  

[3] Kim YA, Kamio S, Tajiri T, Hayashi T, Song SM, Endo M. Enhanced thermal conductivity 
of carbon fiber/phenolic resin composites by the introduction of carbon nanotubes. 
Appl Phys Lett. 2007;90:093125. https://doi.org/10.1063/1.2710778  

[4] Kim HS, Jang J, Yu J, Kim SY. Thermal conductivity of polymer composites based on the 
length of multi-walled carbon nanotubes. Compos Part B Eng. 2015;79:505–12. 
https://doi.org/10.1016/j.compositesb.2015.05.012  

[5] Zhou L, Yuan TB, Yang XS, et al. Micro-scale prediction of effective thermal conductivity 
of CNT/Al composites by finite element method. Int J Therm Sci. 2022. 
https://doi.org/10.1016/j.ijthermalsci.2021.107206  

[6] Lida N, Zhong H. Effects of Carbon Nanotubes on Thermal Behavior of Epoxy Resin 
Composites. J Compos Sci. 2023;7(8):313. https://doi.org/10.3390/jcs7080313 

[7] Chatzigeorgiou G, Siedel GD, Lagoudas D. Effective mechanical of “fuzzy fiber” 
composites. Compos Part B Eng. 2021;43:2577–93. 
https://doi.org/10.1016/j.compositesb.2012.03.001  

[8] Song Q, Li K, Li HL, Li HJ, Ren C. Grafting straight carbon nanotubes radially onto carbon 
fibers and their effect on the mechanical properties of carbon/carbon composites. 
Carbon. 2012;50:3943–60. https://doi.org/10.1016/j.carbon.2012.03.023  

[9] Zhang FH, Wang RG, He XD, Wang C, Ren LN. Interfacial shearing strength and 
reinforcing mechanisms of an epoxy composite reinforced using a carbon nano-
tube/carbon fiber hybrid. J Mater Sci. 2009;44(13):3574–7. 
https://doi.org/10.1007/s10853-009-3484-x  

[10] Peng L, Feng Y, Zhang P, Chen HM, Zhao N, Feng W. Increasing the interfacial strength 
in carbon fiber/epoxy composites by controlling the orientation and length of carbon 
nanotubes grown on the fibers. Carbon. 2011;49:4665–73. 
https://doi.org/10.1016/j.carbon.2011.06.064  

[11] Sharma SP, Lakkad SC. Compressive strength of carbon nanotubes grown on carbon 
fiber reinforced epoxy matrix multi-scale hybrid composites. Surf Coat Technol. 
2010;205:350–5. https://doi.org/10.1016/j.surfcoat.2010.06.055  

[12] Lurie SA, Kriven GI, Rabinsky LN. О прочности модифицированного композита с 
вискеризованными волокнами. Композиты и наноструктуры. 2019;11(1):1–15. 

[13] Kriven GI, Lurie SA, Thang TQ, Orekhov AA. Strength, stiffness, and damping 
properties of whiskerized fiber composites with longitudinal shear. Compos Mech 
Comput Appl Int J. 2021;12(4):1–22. 
https://doi.org/10.1615/CompMechComputApplIntJ.2021039237  

[14] Kriven GI. Оценка демпфирующих свойств композитов. Труды МАИ. 2022;(127). 
[15] Lurie S, Minhat M, Tuchkova N, Soliaev J. On remarkable loss amplification mechanism 

in fiber reinforced laminated composite materials. Appl Compos Mater. 2014;21(1). 
https://doi.org/10.1007/s10443-013-9371-2  

[16] Lurie SA, Minhat M, Tuchkova N. Estimation of effective dynamic properties of bristled 
fiber composite materials based on self-consistent Eshelby method. J Eng Math. 
2015;95(1):7–29. https://doi.org/10.1007/s10665-014-9719-0  

https://doi.org/10.1063/1.1469696
https://doi.org/10.1063/1.2813625
https://doi.org/10.1063/1.2710778
https://doi.org/10.1016/j.compositesb.2015.05.012
https://doi.org/10.1016/j.ijthermalsci.2021.107206
https://doi.org/10.1016/j.compositesb.2012.03.001
https://doi.org/10.1016/j.carbon.2012.03.023
https://doi.org/10.1007/s10853-009-3484-x
https://doi.org/10.1016/j.carbon.2011.06.064
https://doi.org/10.1016/j.surfcoat.2010.06.055
https://doi.org/10.1615/CompMechComputApplIntJ.2021039237
https://doi.org/10.1007/s10443-013-9371-2
https://doi.org/10.1007/s10665-014-9719-0


Galina and Elizaveta / Research on Engineering Structures & Materials 11(3) (2025) 1003-1017 

 

1017 

[17] Volkov-Bogorodsky DB, Lurie SA, Kriven GI. Modeling the effective dynamic 
properties of fiber composites modified across length scales. Nanosci Technol Int J. 
2018;9(2):117–38. https://doi.org/10.1615/NanoSciTechnolIntJ.2018026537  

[18] Kriven GI, Shavelkin DS. Моделирование тепловых свойств модифицирован-ных 
композитных материалов с вискеризованными волокнами. Механика 
композиционных материалов и конструкций. 2023;29(1):81–97. 
https://doi.org/10.33113/mkmk.ras.2023.29.01.06  

[19] Sager RJ, Klein PJ, Lagoudas DC, Zhang Q, Liu J, Dai L. Effect of carbon nanotubes on 
the interfacial shear strength of T650 carbon fiber in an epoxy matrix. Compos Sci 
Technol. 2009;69:898–904. https://doi.org/10.1016/j.compscitech.2008.12.021  

[20] Thornel T650/35 fiber PAN-Based Fiber [Internet]. Fibermax Composites. Available 
from: https://www.fibermaxcomposites.com/shop/datasheets/T650.pdf. Accessed 
25 Jan 2023. 

[21] Christensen RM. Introduction to the mechanics of composites. New York: Wiley; 1982. 
p. 334. 

[22] Hashin Z, Shtrikman S. A variational approach to the theory of the effective magnetic 
permeability of multiphase materials. J Appl Phys. 1962;33:3125. 
https://doi.org/10.1063/1.1728579  

[23] Wan X, Demir B, An M, Walsh TR, Yang N. Thermal conductivities and mechanical 
properties of epoxy resin as a function of the degree of cross-linking. Int J Heat Mass 
Transf. 2021;180:121821. https://doi.org/10.1016/j.ijheatmasstransfer.2021.121821  

[24] Lee DK, Yoo J, Kim H, Kang BH, Park SH. Electrical and thermal properties of carbon 
nanotube polymer composites with various aspect ratios. Materials (Basel). 
2022;15(4):1356. https://doi.org/10.3390/ma15041356  

https://doi.org/10.1615/NanoSciTechnolIntJ.2018026537
https://doi.org/10.33113/mkmk.ras.2023.29.01.06
https://doi.org/10.1016/j.compscitech.2008.12.021
https://doi.org/10.1063/1.1728579
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121821
https://doi.org/10.3390/ma15041356


 

 

 

 

 

 

 

 
 

 

 

 
 

 



*Corresponding author: soldatkinmy@mai.ru  
aorcid.org/0009-0006-6141-5906; borcid.org/0000-0001-7063-5261; corcid.org/0009-0006-4345-3335;         
dorcid.org/0009-0005-4534-0089 
DOI: http://dx.doi.org/10.17515/resm2024.287cs0514rs  

Res. Eng. Struct. Mat. Vol. 11 Iss. 3 (2025) 1019-1033  1019 

 

Research Article 

Experimental research of a structural health monitoring system 
concept based on fiber Bragg grating sensors on composite panels 
of an aircraft  

Maksim Soldatkin *,a, Ekaterina Prilipko b, Kirill Ibrishev c, Konstantin Illarionov d  

Moscow Aviation Institute (National Research University), Moscow, Russia 
 

Article Info  Abstract 

Article history: 
 
Received 14 May 2024 
Accepted 15 Aug 2024 

 In the dynamic realm of aviation, ensuring the structural integrity of aircraft 
stands as an imperative pillar of safety and operational efficiency. Amidst this 
landscape, the advent of Fiber Bragg Grating (FBG) sensing technology has 
propelled structural health monitoring (SHM) into a new era of precision and 
reliability. This paper embarks on an exploration of SHM in aviation, using the 
transformative capabilities of FBG sensing. The primary objective was to 
evaluate the sensitivity of FBG-based sensors to static and dynamic loads as well 
as the response to defects formed upon fracture. The study involves fifteen 
experiments with FBG setups on a composite panel. Using interrogators, the 
distortions in optical signals were obtained and recalculated to provide data on 
deformations. Based on the results, FBG sensing technology proved to be 
sensitive to the mentioned load types, outputting consistent data. 
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1. Introduction 

The aviation industry is actively trying to reduce expenses by adopting composite 
materials for weight reduction and cost benefits. However, the novelty of these materials 
and their potential risks make designers cautious. Regular evaluations of these materials 
can help optimise aircraft structural design. Maintenance, Repair, and Overhaul (MRO) 
account for a significant portion of operational costs due to the discarding of parts, despite 
them being structurally sound [1]. A system for continuous structural health monitoring 
can help address these issues and reduce costs [2]. Various sensors are used in Structural 
Health Monitoring (SHM), including strain gauges and piezoelectric sensors, each with 
their limitations such as sensitivity to electromagnetic interference [3]-[6]. Fiber Bragg 
Grating (FBG) sensors, immune to such interference and capable of multiplexing, offer a 
significant advancement. They are lightweight, compact, and can cater to various sensing 
needs, making them ideal for aviation applications. [7]. FBG-based SHM systems offer high 
sensitivity, electromagnetic interference immunity, and real-time monitoring, making 
them ideal for aerospace applications. They can monitor fatigue, stress, temperature, and 
vibrations in aircraft components, aiding in maintenance and safety. Future research 
should focus on advanced sensor integration, data analysis techniques, and cost reduction 
to enhance their capabilities and applications. FBG sensors are widely used by European 
Space Agency for strain and temperature measurement of structural composites [8]. The 
extensive use of FBG in aviation is also acknowledged in [9], where experimental tests 
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were carried out comparing the surface attached FBG sensors with resistance strain 
gauges. Results clearly demonstrate the superiority of FBG sensors due to higher 
sensitivity and accuracy of deformations read. Using embedded FBG sensors allowed for 
the detection of delamination in [10] as well as vibration loads in [7]. Uniaxial tension tests 
were conducted in [11], the difference in FBG and Vic3D system did not exceed 6%.  

This study used surface attached FBG sensors (using cyanoacrylate adhesive [12]) to 
explore the possibilities of detecting applied loads and compare them to Rayleigh sensors. 
The experiments carried out involved static, dynamic, and failure loads, comparing the 
results of each subsequent test [13] - [17]. The outcome is evidential of FBG sensing 
technology demonstrating high sensitivity, consistently producing reliable data, which is 
proven by a series of comparative tests with various loading conditions, including 
destruction of a panel, results of which clearly demonstrate the smallest changes in 
deformations (and specifically, residual deformations). The equipment in use 
(interrogator x30-700) is capable of reading wavelength signals up to 1000 Hz, which is 
sufficient for real-time monitoring of a structure; as well as having a tolerance of 1% (in 
terms of wavelengths measured in the range 1510 – 1590).  

2. Methods and Materials 

The research utilised optical fibers from Micron Optics with an applied Fiber Bragg Grating 
(FBG), which serves as the sensitive element of the sensor, as well as the SM-125 
measuring device. The supplied FBGs are compatible with Micron Optics' measurement 
equipment and can be used in measurement tasks that require deformation measurement 
of small parts, embed into polymer and composite materials, including carbon fiber-
reinforced plastic.  

This system quickly and consistently performs peak centre wavelength measurements on 
a 0.25 nm FBG over a wide range of input conditions and sensor signal attenuation, without 
the need to manipulate gain settings or peak detection parameters. In most typical cases, 
the main part of the data transmitted by the receiving and recording devices consists of 
primary readings of measured wavelengths. An FBG-based sensor is a segment of optical 
fiber with a periodic refractive index gradient (Bragg grating) [18]. As a result, a portion of 
the radiation passing through the fiber is reflected, with the wavelength at the peak of the 
reflection coefficient corresponding to the grating period. Any changes to this period due 
to physical processes (such as deformation or temperature changes) also alter the 
reflection wavelength of the Bragg grating [19] – [21]. In this manner, authors of [20] have 
conducted numerous experiments with similarly attached FBGs (using cyanoacrylate 
adhesive), and an analogues interrogator (with the range of 1480-1580 nm), resulting 
deformations of which are in the same order of magnitude as those, presented in results 
and discussion section of this paper. Aforementioned researchers have come across similar 
difficulties related to the FBG installation process.  

To obtain specific values of deformations from FBG sensors, experimental results 
(acquired wavelengths) must be divided by 0.78 to yield deformation in µm/m, which is 
considered in further work. Without this division, initial raw data from the device is the 
relative change in wavelength; after the division, the result is micro strain over time (με) 
[22]. 

𝜆𝐵𝐺 = 2𝛬𝑛𝑒𝑓𝑓 (1) 

𝛬 = 𝛬0(1 + 𝜀) (2) 

𝑑𝑛

𝑑𝜀
= −

(𝑛)2

2
(𝑝12 − 𝜈(𝑝11 + 𝑝12)) (3) 
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𝜆𝐵𝐺 = 𝜆𝐵𝐺(𝜀) (4) 

1

𝜆𝐵𝐺

𝑑𝜆𝐵𝐺

𝑑𝜀
≈ 0.78 ∙ 10−6𝜇𝜀−1  (5) 

Where  
𝜆𝐵𝐺  – the Bragg resonance wavelength; 

Λ – Bragg grating period; 

𝑛𝑒𝑓𝑓 – the effective RI (refractive index) of the fiber core for the central wavelength; 

𝜀 – deformations; 

𝑛 – index of refraction; 

𝜈 – Poisson’s ratio; 

𝑝11, 𝑝12 – elastooptic tensor components 

Table 1 – Metrological and technical characteristics  

No Characteristic Value 
Interrogator 

1 Measuring device x30-700 

2 
Range of wavelength 

measurement, nm 

1510 – 1590 
Tolerance 

 20 

3 
Range of changes in temperature, 

ºC 

From - 40 to  
+ 120 
 2,0 

4 
Range of deformation 

measurement, % 
0,01 – 0,25 

  
5 Scanning frequency, Hz 1000 
6 Number of optical channels 4 

Sensors 
7 Sensing element FBG 
8 Sensitivity, pm/μm -1 1.2 
9 Coating material Acrylate, Polyimide 

10 Coating diameter, μm 145-165 
11 Length, mm 10 

12 Optical fiber type 
Single-mode, compliant with 

SMF-28 
13 Number of optical endings 2 
14 Cable bending diameter, mm ≥17 

 

The research procedure using (FBG) consists of: 

• Preparation of samples, tools, fixtures, and sensors; 
• Assembly of the data analysis system for the deformation of the object under study; 
• Selection of sensor adhesion technology, load calculations; 
• Direct adhesion of sensors to the sample; 
• Calibration of the monitoring system; 
• Conducting experiments by applying various types of loads. 

Values of metrological and technical characteristic of the measuring apparatus and optical 
fibers used in the research are presented in table 1. 
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2.1. The Research Objective and Testing Procedure 

The study investigates the sensitivity of FBG-based sensors to static loads and impacts of 
varying energy applied to a composite panel with both honeycomb-filled and solid parts. 
A schematic view of the panel is presented in Fig.  1, with the thickness values (h) averaged. 

The health monitoring system consists of the recording equipment - NTM130 optical 

interrogator; the strain sensors - a single-mode fiber with a thickness of 145 micrometres (10 

micrometres for the core, 125 micrometres for the cladding, and 145 micrometres for the 

protective coating). The operational wavelength for this type of sensors ranges from 1.5 to 1.6 

micrometres. Software – Micron Optics. Sensors are attached to the surface of the panel with 

dimensions of 1 m2 using a cyanoacrylate adhesive, both on the solid part and on the area filled 

with honeycomb. 

 

Fig. 1. Schematic view of the panel, zones of interest and geometrical parameters 

 

(a) 

 

(b) 

Fig. 2. Composite panel with FBG installed a) General layout; b) Schematic representation 

of FBG-based sensors disposition 

The positioning of the sensors and the general layout of the panel is presented in Fig.  2 a). 
The numeration corresponds to the order in which sensor were attached as well as the 
approximate location of FBG. The terms "acrylate" and "polyimide" sensors refer to the type of 

protective coating applied to the fiber optic sensor. The types of sensors attached to the plate, 

which measures 1 m2, are illustrated in Fig.  2 b) as follows: 

• Acrylate sensor on the monolithic part of the plate; 
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• Acrylate sensor on the monolithic part of the plate (damaged grating); 

• Acrylate sensor on the honeycomb part of the plate; 

• Polyimide sensor on the monolithic part of the plate. 

The sampling frequency in all tests (both static and dynamic loads) was 1 kHz. Static tests were 

conducted by loading the panels with weights of 1, 5 and 10 kg. 

2.2 Description of the Conducted Tests 

Experiments 1 through 4 served a purpose of calibrating the equipment and setting up the 
workspace. In the static tests the loading step was 1 kg at a time on each side of the sensor. 
Next, a reduction of 5 weights of 1 kg each took place, followed by the application of a 5 kg 
weight. This process was repeated with a 10 kg weight. As a result, the panel was subjected 
to a total load of 25 kilograms. In the subsequent static experiments, the positioning of the 
loads, the methodology of application, and the mass were analogous to those previously 
outlined. The loaded zones of the panel are represented in Fig.  3.  

 

Fig. 3. The zones loading was applied 

The dynamic tests consisted of applying individual impacts along different zones of the 
panel from various heights using a handmade drop test rig (appearance presented in Fig.  
4 a). The order of impacts in experiment 2 is schematically represented in the Fig.  4 b). 

In subsequent experiments, four sensors were used. Acrylic sensor No. 3 was attached to 
the honeycomb part of the plate (Zone C) to compare the resulting data depending on the 
plate structure. The difference between acrylic (1) and polyimide (4) sensors was 
examined to compare different types of optical fiber coating, where no significant 
differences were found. Acrylic sensors are more prone to damage during adhesion, 
whereas polyimide sensors exhibit less stiffness. The plate was subjected to static loads, 
dynamic loads of varying energy, drilling, and hammering loads, list of experiments is 
presented in table 2. After each event that damaged the plate (12, 14), static tests were 
carried out. Data processing takes the changes of deformations into account. 

The decoding of the graphs, loads, and sensors in the experiment results are as follows: 

• Acrylic sensor on the monolithic part of the plate (red graph, labelled "central"); 
• Acrylic sensor on the monolithic part of the plate (pink graph, damaged sensor, 

labelled "side"); 
• Acrylic sensor on the honeycomb part of the plate (black graph, labelled "on 

honeycombs"); 
• Polyimide sensor on the monolithic part of the plate (blue graph, labelled 

"polyimide"). 
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(a) 

 

(b) 

Fig. 4. (a) Device for applying impact loads and (b) diagram and order of single impact with 

a drop test rig in experiment 2 

Table 2. List of experiments carried out  

No 
exp. 

Number of 
sensors 

Sensor type Loading type 

1 1 Acrylate Static 
2 1 Acrylate Dynamic 
3 2 Acrylate Static 
4 2 Acrylate Dynamic 
5 4 3 acrylate ones, 1 polyimide one Static 
6 4 3 acrylate ones, 1 polyimide one Static 
7 4 3 acrylate ones, 1 polyimide one Dynamic 
8 4 3 acrylate ones, 1 polyimide one Dynamic 
9 4 3 acrylate ones, 1 polyimide one Dynamic 

10 4 3 acrylate ones, 1 polyimide one Dynamic 
11 4 3 acrylate ones, 1 polyimide one Dynamic 
12 4 3 acrylate ones, 1 polyimide one Drilling 
13 4 3 acrylate ones, 1 polyimide one Static 

14 4 3 acrylate ones, 1 polyimide one 
Fracture using 

a hammer 

15 4 3 acrylate ones, 1 polyimide one Static 
 

The investigation of static deformation during the operation of an aircraft using fiber-optic 
sensors is necessitated by the need for continuous real-time monitoring of the aircraft's 
structural integrity. Fiber-optic sensors, due to their high sensitivity and measurement 
accuracy, afford the opportunity for detailed analysis of deformations and stresses that 
occur in the aircraft's structure under various operating conditions. Conducting such 
investigative measurements allows for the timely detection of potential defects, cracks, or 
fatigue damage that may lead to emergency situations during flight. Thus, the use of fiber-
optic sensors for monitoring static deformation during aircraft operation is a necessary 
step to ensure flight safety and extend the aircraft's service life. 
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The use of fiber-optic sensors to measure impact energy during an aircraft's operation is 
critical for analysing dynamic loads that result from external influences on the aircraft's 
structure. Fiber-optic sensors are valued for their high sensitivity and ability to measure a 
wide range of parameters, which enables a precise calculation of impact energy and 
evaluation of its effect on the aircraft's structural integrity. These measurements facilitate 
the identification of potential weak points in the structure that are vulnerable to damage 
from significant impacts, thereby enhancing flight safety and the overall reliability of air 
transportation. 

3. Results and Discussions 

The resulting deformations of the first static experiment (gradual loading of the panel) are 
shown in Fig.  5. Here, the small loading steps can be clearly seen in the graph 5 a), 
represent each consecutive installation of a 1 kg weight, while bigger steps demonstrate 
their removal (5 to 10 kg at a time). 

 

(a) 

 

(b) 

Fig. 5.  A deformation-time graph (a) and deformation-load graph (b) resulting from 
the first static test measured by an acrylic sensor 

Fig.  6 presents the deformation-time graph based on the conducted dynamic test 2 in 
which the loads were applied using a handmade drop test rig (appearance presented in Fig.  4 

a). On this graph, the moment of each impact is clearly visible, demonstrating the sharp 
sensitivity of the FBG-based sensors to dynamic loads. After each subsequent strike there 
is a noticeable amount of noise, representing the removal of the rig. The initial deformation 
in this and subsequent experiments is non-zero because of the residual deformations from 
the static experiments.   

Experiment 7 involved impacts from a consistent height of 1 meter across the entire length, 
at various distances from the sensors, of the monolithic part of the composite plate. The 
place and order of impacts using the drop rig is schematically represented in the Fig. Fig. 7 
(a), and the deformation-time graphs are presented in the Fig. Fig. 7 (b) and Fig. Fig. 8. All 
the sensors had a clear and similar response. A clear tendency to the increased magnitude 
of deformations is seen upon impacts 2 and 3 as those are positioned the closest to the FBG 
sensors which is evident of higher sensitivity within the short range of a sensor. This 
dependency would be useful in an FBG-array for determining an exact position of an 
impact. 
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Fig. 6. Deformation-time graph resulting from dynamic tests measured by an acrylic 

sensor 

 
(a) 

 
(b) 

Fig. 7. (a) Order and disposition of dynamic impacts and (b) the deformation-time 
graph resulting from dynamic tests measured by three acrylic sensors and one 

polyimide sensor 
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Fig. 8. The deformation-time graph of the first impact close up 

The residual deformations resulting from the impact should be taken upon consideration 
while analyzing the results as to not be confused with the impact itself.  Experiment 14 
involved the fracture of the panel at two locations (both monolithic and honeycomb-filled 
parts of the composite panel) using hammer impact as to see how FBG sensors would react 
to the destruction of a said composite material. The locations of impacts and subsequent 
defects are shown in Fig.  9. The external appearance of the destroyed panel is shown in 
Fig. 10. These strikes were carried out for further comparison of the static experiments 
before and after destruction of the composite of the panel with respect to the remaining 
stresses and deformations introduced to the structure. 

 

Fig. 9. Locations of the hammer impacts 

Fig.  11 –  12 present the results of static tests of all sensors post-impact, post-drilling, and 
after fracture with a hammer. It can be observed that the sensor located on the honeycomb 
part experiences the least deformation in each experiment, while the side-located acrylic 
sensor (2) (pink line on the graph) exhibits “jumps” on the deformation-time dependency 
graph, which is a consequence of damaging the fiber during the unsatisfactory adhesive 
process. The following description was obtained based on the comparison of static tests of 
each sensor before and after dynamic tests:  

• acrylate sensor in the centre – Fig.  13;  
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• acrylate sensor on the side – Fig.  14; 
• acrylate sensor on the honeycomb part – Fig.  15;  
• polyimide sensor on the monolithic part – Fig.  16.  

 

(a) 
 

(b) 

Fig. 10. Appearance of the subsequent defects on the monolithic part of the panel (a) 
strike 1 on the monolithic part, (b) strike 2 on the honeycomb part 

 

Fig. 11. The deformation-time graph resulting from static tests post-impact and post-
drilling measured by three acrylic sensors and one polyimide sensor 

This sensor experiences the most deformations after the dynamic impacts thus proving the 
presence of residual stresses in the monolithic part of the panel. The resulting data from 
acrylate sensor on the side (2) demonstrates uneven response (in comparison with the 
other sensors 1, 3 and 4) which is a consequence of a defect emerging because of a poor 
adhesion of the optical fiber to the panel. 

The sensors used on the honeycomb part demonstrates a non-typical behaviour (in 
comparison with sensors 1 and 4) in the sense of the minimal deformations appearing after 
the destruction, rather than before any of the impacts took place. The reason for such an 
anomaly is not obvious and should be researched further. 
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Fig. 12. The deformation-time graph resulting from static tests after fracture by 

hammer measured by three acrylic sensors and one polyimide sensor 

 
Fig. 13. The deformation-time graph resulting from three static tests measure by a 

single acrylate sensor (1) 

 
Fig. 14. The deformation-time graph resulting from three static tests measure by a 

single acrylate sensor (2) 
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Fig. 15. The deformation-time graph resulting from three static tests measure by a 
single acrylate sensor (3) 

 

Fig. 16 – The deformation-time graph resulting from three static tests measure by a 
single polyimide sensor (4) 

It should be denoted that after each successive dynamic test the deformations of the panel 
increase during the static tests upon application of the similar mass. This phenomenon is 
relevant to detecting delamination [23]. Summing up the interim results of the studies, the 
following theses can be formulated: 

• Fiber Bragg Grating (FBG) sensors reliably detect deformations resulting from 
static loads. They also have the capability to sense impact loads with clear increases 
in deformations, which suggests their versatility and adaptability to different types 
of load conditions. 

• The testing results reveal an increase in deformations of the composite panel due 
to the stress-strain state post impacts and fracture. This indicates the sensors' 
ability to monitor and reveal damage progression and structural integrity loss over 
time, addressing the durability of a structure. 
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• FBG sensors can be attached to any composite structure using cyanoacrylate 
adhesive but embedding the sensors is more desirable due to reduced risks of 
spontaneous damage.  

4. Conclusions 

Based on the conducted study, we can conclude the following: 

• Analysing the literature reveals that Fiber Bragg Grating sensors possess several 
distinct advantages over Rayleigh-based sensors. FBG sensors demonstrate 
insensitivity to variations in the quality of optical fibers, which provides a 
considerable degree of reliability under diverse operating conditions. This 
characteristic ensures their performance remains consistent even in less-than-ideal 
environments, thereby enhancing the robustness of the structural health 
monitoring systems in which they are employed. 

• The stability of FBG sensor readings during the detection of deformations in static 
tests further corroborates their reliability. This stability is crucial for SHM 
applications, as it ensures that the sensors provide accurate and consistent data 
over extended periods, thus facilitating long-term monitoring and assessment of 
structural integrity. 

• The equipment and software required for researching with FBG-based sensors are 
notably simpler and more intuitive compared to those needed for other sensor 
types. This simplicity allows for real-time observation and analysis of results, which 
significantly enhances the efficiency of data management and decision-making 
processes. The ease of use associated with FBG technology also reduces the training 
burden on personnel and minimises the likelihood of operational errors. 

In summary, FBG sensing technology has demonstrated significant potential in the realm 
of structural health monitoring. The inherent advantages of FBG sensors, including their 
high sensitivity, reliability, and operational simplicity, make them a promising candidate 
for further study and implementation. Future research should concentrate on enhancing 
the reliability of FBG sensors, developing more effective data interpretation algorithms, 
and exploring the potential for integration with other sensor technologies. Additionally, 
investigating the economic feasibility of large-scale implementation of FBG-based SHM 
systems in aviation is imperative. This evaluation should not only consider the direct costs 
associated with sensor installation and maintenance but also account for potential savings 
from improved maintenance efficiency, reduced downtime, and enhanced safety. By 
addressing these areas, future studies can pave the way for more widespread adoption of 
FBG technology in SHM applications, ultimately contributing to the advancement of safety 
and efficiency in the aviation industry. 

As per detecting the exact position of an in-flight impact, a net-like structure of sensors 
should be installed (as one usually used in SHM systems with Rayleigh-based sensors). 
Further work should focus on optimising the sensor network configuration for maximum 
coverage and accuracy, as well as developing advanced algorithms for real-time impact 
detection and analysis. 
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 The paper presents the results of experimental studies of the destruction of fillers 
of polymer composite materials (PCM) with the control of acoustic emission (AE) 
signal parameters. As object of research were considered silica filaments К11С6-
180, carbon filaments UKN-M-12K-1-7-380 and aramid technical fiber Rusar-С600 
type А. Based on the experimental data obtained, acoustic emission portraits of the 
destruction processes of various types of PCM fillers were obtained. This allows, 
when loading a structure made of PCM with AE control, to fix the destruction of the 
filler, and, consequently, to increase the reliability and safety of operation of 
products made of PCM. 
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1. Introduction 

Currently, structures made from reinforced polymer composite materials (PCM) are 
becoming more widely used in aviation, aerospace, and fire extinguishing systems for gas, 
compressed natural gas vehicles, respiratory protective equipment, and various other 
technological fields [1-5]. PCM comprises two main components: a filler and a binding 
agent. Fiberglass, carbon fibers, and organic fibers are often used as fillers in modern PCM 
structures. One method of nondestructive testing that allows for assessing the technical 
condition of a PCM structure is the acoustic emission (AE) technique [6-9].  

The AE technique is based on the production of elastic waves generated during structural 
changes within the material, such as the formation and development of flaws in the filler 
or binding agent. The primary source of information is an acoustic signal, which is captured 
using a receiving device connected to a data acquisition and processing system. During the 
analysis of standard parameters (such as amplitude, duration, and rise or fall time of the 
acoustic emission pulse), certain criteria are calculated, based on which the level of danger 
posed by the acoustic signal source can be assessed. 

The key advantages of this method include its high sensitivity, wide range of application 
possibilities, and ability to not only determine the hazard class but also locate the defect. 
However, a potential drawback of this approach is the registration of numerous noise 
signals, which can complicate the analysis process. 

mailto:v.v.spiryagin@yandex.ru
http://dx.doi.org/10.17515/resm2024.288cs0628rs
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Currently, the AE method is used to solve a wide range of scientific and engineering 
problems, from corrosion control [10], fatigue and corrosion cracking of metals [11, 12] 
and studying the structural behavior of reinforced concrete elements [13] and critical 
passenger transport infrastructure facilities [14-15] to studying the patterns of formation 
and change of acoustic emission signals in composite materials [16-17].  

The method has become widespread due to its advantages, described in detail in the works 
of Ivanov V.I. and Vlasov I.E. [18], Popov A.V. and co-authors [19] and a number of other 
researchers [20-22]. With regard to PCM, the use of traditional methods of technical 
diagnosis is difficult or even impossible.  So, for example, the ultrasonic method has a 
number of disadvantages, the main of which is low sensitivity, mainly because when 
monitoring through an air gap, only a small part of the ultrasonic probing signal enters the 
product due to the large difference in acoustic resistances at the boundaries of the 
electroacoustic transducer — air medium and air medium — the object of control [23]. It 
should also be noted that the ultrasonic method is an active control method that allows 
you to determine only the presence of a defect, but does not provide information about its 
danger, including its tendency to develop and brittle destruction. 

In the study [24], the authors chose radio frequency identification methods for detecting 
defects based on antenna deformation. However, this method does not provide 
information about the actual nature of the destruction of the PCM. It is rightly noted in [25] 
that the detection of structural damage to PCM at an early stage is impossible, since 
interruptions, which are damage states detected using the proposed method, occur at very 
high deformations - more than 20%. The main disadvantages of the proposed method 
include the following: 

• the need to load the object, since in this state it is possible to start the process of 
defect development and generation of acoustic signals; 

• high sensitivity to electromagnetic and acoustic interference. 

Additional difficulties in the propagation of AE waves in PCM arise due to the anisotropy 
of the material. As a result, the signals received by the processing program can give only a 
limited idea of the real sources of damage. Nevertheless, these signals can still be 
considered sufficient for further analytical processing [26]. In [27], the authors propose a 
new approach to regional positioning, which allows for more accurate localization of 
defects. The purpose of this study is to study the characteristics of AE signals in case of 
failure of the PCM winding in order to develop a reliable method for monitoring the failure 
processes of both the entire PCM structure and individual components, in particular, the 
filler. 

Table 1. Physico-mechanical properties of silica threads К11С6-180 

Material Linear density (tex) Twist amount (tw/m) 
Breaking load 

(N(kgf), not less) 

К11С6-180 1014.22 1099.71 23.1 
 

The aim of this study is to investigate the characteristics of AE signals during the failure of 
PCM winding, in order to develop a reliable method for monitoring the failure processes of 
both the overall PCM structure and individual components, specifically the filler. The silica 
К11С6-180 fibers, carbon UKN-M-12K-1-7-380fibers, and technical fiber Rusar-С600 of 
the A brand are the objects of this investigation. In the following, we will refer to these 
materials using their Russian labels. With respect to their physical and mechanical 
properties, these materials meet the specifications outlined in Tables 1-3.  
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Table 2. Physico-mechanical properties of carbon threads UKN-M-12K-1-7-380ЭД 

Material 
Thread 
density, 
(g/cm3) 

Specific breaking 
load of thread when 

breaking loops, 
(cN/tex, not less) 

Elastic modulus, 
(GPa) 

Breaking stress of 
an elementary 

thread (filaments) 
under tension, 
(GPa, not less) 

 

UKN-M-12K-1-
7-380 

1.75±0.04 10 225±20 3.5 

 

Table 3. Physico-mechanical properties of aramid technical fiber Rusar-С600 

Material 
Linear 

density (tex) 

Number of 
threads in 

the fiber, pcs 

Breaking load 
(N(kgf), not 

less) 

Dynamic modulus of 
elasticity of complex 

thread, GPa, 
(kgf/mm2), not less 

Twist of 
filament 

thread, tw/m 

  

Rusar-
C600A 

1.75±0.04 10 225±20 3.5  

 

2. Materials and Methods 

To investigate the process of filament destruction while monitoring AE signal parameters, 
a testing setup was developed, the appearance of which is depicted in Fig. 1. The main 
components of the experimental set-up are: 1 a loading device; 2 an acoustic emission 
system, UNISCOPE; 3 the object of study; 4 acoustic emission converters (AEC) of the 
GT200 and GT205 types; 5 waveguide grips. The main challenge in setting up the 
experiment was ensuring the acoustic contact between the object under study, in this case 
the filaments, and the AEC. To achieve this, we designed and tested the waveguide grips 
shown in Fig. 1b. The waveguide grip is composed of two plates and four screws. The 
working plate is made of steel. The main parameters of the waveguide were selected based 
on the following criteria: 1) the frequency range of operation is 30-300 kHz; 2) the 
controllers used are DR15I, DR6I from the MALACHITE system or GT200 and GT205 from 
UNISCOPE; 3) an average wave speed of approximately 3000 m/s as recorded by AEC 
devices. Based on these criteria, the wavelength lies in the range of 1.5-6 cm. 

  

Fig. 1. Experimental setup: left general view; right waveguide grip 
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Based on this information, the dimensions of the work plate are 115 x 65 x 3 mm. These 
dimensions allow for the installation of AEC DR15I, DR6I, or GT200, GT205 using magnetic 
clamps, as shown in Figure 2. The thickness of the waveguide should be commensurate 
with the wavelength, in order to ensure optimal performance. The characteristics of the 
AEC used in this study are presented in Table 4.  

 

Fig. 2. AEC is used in conjunction with a waveguide grip 

The second plate is manufactured from a material with a high level of attenuation and is 
designed to apply pressure to the thread. The high attenuation of acoustic signals within 
the pressure plate results in a significant reduction of the reverberant component when 
the signal travels through the pressure plate. For the study, 70 mm-long threads were 
utilized. The ends of the threads were bonded at each end, approximately 10 cm apart, 
using butyral phenolic glue (BF adhesive), in accordance with Russian standards for 
determining breaking strength and elongation upon rupture of textile fiber materials 
(GOST 6943-79). 

Table 4. Characteristics of AEC 

# Characteristics 
Type   of acoustic emission converter 

DR6I АТ DR15I АТ GT200 GT205 

1 
Nominal resonant. 

frequency, kHz 
60 150 165 50 

2 
Operating 

frequency range, 
kHz 

30–120 75-300 100-200 40-100 

3 
 

Gain, dB 
34 34 20 20 

4 Supply voltage, V 15 15 6 6 

5 

Dimensions 
without cable 

(diameter/height, 
mm 

28  38 28х32 16х15  

6 
 

Weight, g 
100 90 14 22х25,5 

7 Tread material Ceramics 

8 Execution hermetically 
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The ends of the glued threads were positioned between the plates, with the protruding end 
being approximately 2-3 centimeters in length, and secured with screws. An AEC was 
mounted on the receiving waveguide using an acoustically transparent lubricant. One end 
of the waveguide was fixed to a stationary support, while the other end was connected to 
a loading device. The thread was pulled with a force of approximately 2-2.5 kilograms. AE 
signals were generated for testing. The Su-Nielsen simulator was utilized as a substitute. 
The signals were produced on a waveguide equipped with an AEC, as well as on a filament 
located at distances of 10, 20, 30, 40, and 50 centimeters from the receiving waveguide. 
Prior to simulating the signal on the filament, a rigid support was positioned beneath it 
near the point of simulation in order to eliminate any vibrations in the filament as a string. 
Consequently, an attenuation curve for acoustic signals was derived, as shown in Figure 3. 
The "0" distance corresponds to the amplitude of signals when simulated on the receiving 
waveguide with an AEC. 

 

 

Silica Filament Silica Filament 
Aramid technical fiber 

Rusar-С600 

Fig. 3. Decay curves when recording signals: top – AEC GT200; below – AEC GT205 
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It can be observed from the attenuation curves that:  

• the attenuation of signals during the transition from filaments to waveguide is 
approximately 12-14 dB for AEC GT200 and 8-10 dB for GT 205; 

• signal attenuation during propagation in filaments:  
• in silica filaments, the order of attenuation is 10 dB/m for GT200 and 12 dB/m for 

GT205; In carbon filaments, it is approximately 12 dB/m for GT200 and 10 dB/m 
for GT205; 

• the technical fiber attenuation of the Rusar-С600А is approximately 8 dB/m for 
GT200 and 10 dB/m for GT205.  

Amplitude-frequency characteristics (frequency response) of AEC GT205 and GT200, 
when simulating signals on waveguide capture and filament, at a distance of 10 and 40 cm 
from waveguide capture, are shown in Figures 4-6. 

 

 

Fig.4. Amplitude-frequency characteristics when recording GT205 (top) and GT200 
(bottom) signals when simulating signals on a waveguide grip 
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Fig. 5. Amplitude-frequency characteristics when recording GT205 (top) and GT200 
(bottom) signals when simulating signals on a filament at a distance of 10 cm from the 

waveguide grip 

 

 

Fig. 6. Amplitude-frequency characteristics when recording GT205 (top) and GT200 
(bottom) signals when simulating signals on a filament at a distance of 40 cm from the 

waveguide grip 

A comparison of the frequency response when simulating signals on the capture 
waveguide and on the filament shows the absence of distortion of the recorded signals 
during the transition from the filament to the waveguide for AEC GT205 and GT200. For 
example, Fig. 4-6 shows the frequency response for Rusar-C600A technical fiber. The 
frequency response for silica and carbon filaments is similar. The same installation was 
used to determine the propagation velocity of ultrasonic vibrations in the threads and 
technical fiber. At the same time, the distance between the AEC is 1000 mm and three 
grippers were used. Two grippers were used, among other things, as waveguides on which 
the AEC was installed, the third gripper (pads. 1 in Fig. 7) was used to tighten the section 
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of threads on which the AE signals were simulated (Su-Nilsson source). It has been 
established that the acoustic wave propagation velocity is on the order of 1422 m/s for 
silica filament, 2099 m/s for carbon filament and 1805 m/s for a technical fiber.  

Using the above setup, the parameters of AE signals arising from the destruction of 
filaments were studied. Threads and a 500 mm long tourniquet were used for the study. 
The threads and the technical fiber were loaded to destruction with simultaneous 
registration of AE signals using AES GT205 and GT200. Changes in the average amplitude 
and AE activity were selected as acoustic emission parameters, which serve as an acoustic 
emission portrait of a specific material. The amplitude parameter of acoustic signals 
directly depends on the properties of the material and allows you to reliably determine its 
type against the background of external noise and/or concomitant destruction of materials 
(for example, simultaneous destruction of the liner material and the power shell of a metal-
composite high-pressure cylinder) [9]. Apply AE activity to PCM, that is, the number of 
registered pulses of acoustic emission per unit of time, gives an idea of the structure of the 
material. Thus, when fibrous materials are destroyed, the activity will be higher due to the 
generation of acoustic signals from the destruction of single fibers. 

 

Fig. 7. Experimental setup for determining the speed of propagation of ultrasonic 
vibrations 

3. Results and Discussion 

Analyzing the dynamics of changes in the parameters of AE signals during destruction, it 
can be noted that such parameters as the average amplitude and activity allow us to 
conclude about the type of collapsing filaments. Figure 8 shows generalized graphs of 
changes in the average amplitude during the destruction of the filaments and technical 
fiber, and Figure 9 shows graphs of changes in AE activity. A sign of the failure of the Rusar 
-C600 technical fiber, in the context of the failure of silica and carbon fibers, is the detection 
of pulses with amplitudes exceeding 70 decibels. A sign of failure of carbon fibers, in the 
presence of failed silica fibers and the technical fiber, is the recording of acoustic emission 
(AE) activity exceeding 50 events per second. 

The nature of the variation in the temporal characteristics of AE pulses (mean duration 
and mean rise time) is consistent across all samples. Graphs depicting the relationship 
between the mean rise time and the duration of the pulses are presented in Figure 10. 
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- silica filament;  
 

- silica filament;  
 

- aramid technical 
fiber Rusar-С600 

Fig. 8. Graphs of changes in the average amplitude during the destruction of 
filaments and technical fibers: top - AEC GT200; below is the AEC GT205 

Silica filaments are characterized by a high ratio at the initial and final moment of 
destruction. Carbon filaments are characterized by a small ratio range, lying in the range 
of 0.28-0.38. Aramid technical fiber is characterized by a spread from 0.1 to 0.3. I.e., the 
harness is characterized by a short pulse rise time. The destruction occurred by sequential 
destruction of individual groups of elementary strands during the order of 23-26 seconds. 
The appearance of the destroyed fibers and the aramid technical fiber are shown in Fig. 10. 

The destruction of the threads was fragile, which is confirmed by the enlarged images in 
Figure 10. The analysis of the frequency response at the rupture of filaments for EACH 
GT205 and GT200 (Fig. 12-14) showed that the highest energy is recorded when the 
technical fiber is destroyed, and the lowest when the silica filament is destroyed. The 
energy released in the low-frequency spectrum is concentrated in the frequency range of 
50-120 kHz, in the high-frequency spectrum it is concentrated in the range of 140-300 kHz, 
while in the range of 50-120 kHz the amount of energy released is almost 3-5 times higher. 
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- silica filament;  
 

- silica filament;  
 

- aramid technical 
fiber Rusar-С600 

Fig. 9. Graphs of changes in AE activity during the destruction of filaments and 
technical fibers: top – AEC GT200; below is the AEC GT205. 
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- silica filament;  
 

- silica filament;  
 

- aramid 
technical 

fiber Rusar-
С600 

Fig. 10. Ratios of the average rise time of pulses to their average duration: top – AEC 
GT200; below is the AEC GT205 

1) 

  

2) 

  

3) 

  

Fig. 11. Appearance of destroyed filaments and technical fiber, 1) silica filament; zoom 
in х182 on the right; 2) carbon filament; zoom in х102 on the right; 3) aramid technical 

fiber Rusar-С600; zoom in х139 on the right 
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Fig. 12. Amplitude-frequency characteristics when silica filament breaks: top - GT205; 

below GT200 

 

 

Fig. 13. Amplitude-frequency characteristics when carbon filament breaks: top - 

GT205; below GT200 
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Fig. 14. Amplitude-frequency characteristics when aramid technical fiber Rusar-С600 
breaks: top - GT205; below GT200 

5. Conclusions 

The study confirmed the possibility of detecting cases of destruction of the filler when 
loading of the of structures made of reinforced polymer composite materials and 
determining the type of destroyed filler of reinforced structures made of PCM. The 
obtained data on the features of the destruction of fillers allowed us to obtain an acoustic 
emission portrait of the destruction of reinforced PCM materials, which allows us to 
conclude about the type of collapsing filaments according to the following distinctive 
features:  

• A sign of the destruction of technical fiber Rusar – C600A against the background of 
the destruction of silica and carbon filaments is the registration of pulses with an 
amplitude of more than 70 dB. 

• A sign of the destruction of carbon filaments against the background of the 
destruction of silica and technical fiber filaments is the registration of AE activity 
above 50 imp/sec. 

• An additional feature in case of destruction is the energy parameter: the highest 
energy is recorded when the technical fiber is destroyed, and the lowest when the 
silica filament is destroyed. 

It was also found that the most informative frequency range for recording AE signals in 
PCM is the 40-120 kHz range. In order to register AE signals arising from the destruction 
of carbon or silica filaments, it is advisable to use PAE type GT205 or DR6I.Thus, the use of 
the acoustic emission control method makes it possible not only to assess the technical 
condition of PCM products, but also to predict their performance due to the possibility of 
early detection of hidden developing defects, such as the destruction of single fibers of 
silica or carbon filaments. In the complex with the research of the parameters of acoustic 
emission signals during the destruction of the liner material and the power shell of a metal-
composite high-pressure cylinder [9], acoustic emission parameters of AE signals arising 
from the destruction of filaments of PCM fillers, binder, micro composite and liner metal 
were obtained. The obtained acoustic emission portrait is an integral part of the 
development of a program for technical diagnostics of products made of PCM and will be 
used in the further development of criteria for evaluating AE sources in accordance with 
their degree of danger. 
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Article Info  Abstract 

Article History:  The increasing use of polymer composite materials in aviation necessitates 
adhesive repairs of aircraft structures in situ, minimizing disassembly and 
manufacturer return to reduce costs and repair time. This paper discusses the 
required repair technologies and equipment, as well as the quality analysis and the 
defect assessment of these repairs through various non-destructive testing (NDT) 
methods. An experimental investigation was conducted on adhesive repairs of a 
three-layer carbon fiber panel, evaluating defects qualitatively assessing the 
applied technologies, and providing recommendations for NDT applicability for 
this type of sample. The study's analysis produced several key conclusions 
regarding repair zones. In Zone 1, using the vacuum method, non-adhesions and 
voids from resin curing were identified, detectable by all NDT methods, with staff 
qualifications significantly impacting repair quality. In Zone 2, also applying the 
vacuum method with excess pressure, minor non-adhesions, and voids (2-3 mm) 
were observed, which were left undetected by rapid NDT (shearography), while 
detailed NDT (tomography) revealed fewer defects, rating the repair as 
satisfactory. In Zone 3, utilizing the vacuum method at elevated temperatures, 
multiple local non-adhesions, and significant delamination (up to 40x40 mm) were 
discovered, classifying this repair as defective, confirmed by all NDT methods. 
Smaller defects were only detected by tomography, underscoring the importance 
of detailed NDT for accurately assessing repair integrity across various 
technologies.  
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1. Introduction 

During The competitiveness of composite materials significantly depends on the dispersion of 
physical and mechanical properties, as well as the availability of effective NDT methods for finished 
products and the complexity of repairing damages during the operation of aircraft [1]. During the 
operation of aircraft, products made from polymer composite materials (PCMs) are subjected to 
random impact influences caused by the environment (both under normal conditions and 
abnormal natural phenomena); crew errors during take-off and landing; the destruction of units 
with the formation of non-localized debris; technical staff errors when working on the aircraft; 
technical staff errors when moving airport equipment; displacement of poorly secured cargo. With 
the increase in the volume of application of PCM products, the development of new repair 
technologies and the improvement of existing ones is required. 

In the creation of repair techniques, the original design specifications serve as a foundation. These 
specifications include restoring the rigidity of the original structure, restoring static strength under 
expected operating conditions up to the limit load, ensuring durability during the remaining service 

mailto:ibrishevKK@mai.ru
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life of the component, compliance with the requirements for the admissibility of damage to the 
original part [2]. 

There are many types of PCM product repairs, however, most used ones are mechanical (bolted) 
and adhesive, as they allow to achieve the mechanical characteristics of the original structure to 
the greatest extent. These methods are most used in the aviation industry by aircraft operators, but 
at the same time, they are not universal, as they depend on the type and structure of the repaired 
object, parameters of the defect, as well as the qualifications of the specialist. While the study 
primarily focuses on adhesive repair and NDT of three-layer honeycomb PCM, the methodologies 
discussed are not exclusive to PCM. Various composite structures, such as laminated composites, 
fiber-reinforced composites, sandwich composites, and carbon fiber reinforced polymers (CFRP), 
can also benefit from these adhesive repair techniques and NDT procedures. Each composite type 
may present unique characteristics and defect types that necessitate tailored approaches; however, 
the fundamental principles of adhesive bonding and NDT remain applicable across different 
composite materials. Therefore, highlighting these other composite structures is advisable to 
emphasize the broader relevance of the study's findings. 

Repairs using mechanical connections can only be used for thick-walled monolithic structures [3].  
Bolted repairs in aviation structures have several drawbacks, including reduced fatigue durability 
due to stress concentration in the bolt holes, limited applicability to thick-walled structures (not 
suitable for thin-walled or composite materials), increased weight from added hardware, 
complexity in installation requiring specialized skills, and restricted flexibility in design. These 
repairs are generally not advisable for thin-walled composite, curved, or highly loaded 
components, making their use context-specific and necessitating careful consideration of the repair 
conditions. The presence of additional holes negatively affects fatigue durability and is a potential 
place for the initiation of cracks, however, this type of repair allows restoring the strength and 
rigidity of the structure [4]. 

At present time, there are several types of adhesive repairs, as they are more suitable for the repair 
of both monolithic thin-walled and thick-walled claddings of PCM products, as well as for three-
layer carbon fiber honeycomb panel. Currently, there are several types of adhesive repairs, as they 
are more suitable for the repair of both monolithic thin-walled and thick-walled structures of 
composite materials, as well as for three-layer sandwich panels. Adhesive bonding offers 
advantages such as even stress distribution, reduced weight compared to mechanical fasteners, 
and the ability to bond dissimilar materials. Additionally, adhesive repairs can enhance the fatigue 
resistance of the structures and allow for greater design flexibility. 

There are two traditional methods of conducting adhesive repair: 

• Vacuum forming using dry fabrics and cold-curing binders. This method has its drawbacks. 
The lifetime of repaired areas in this way is limited due to the low mechanical characteristics 
of the adhesive connection. Additionally, we do not use prepreg materials because they are 
more expensive and require specific storage conditions, which can complicate the repair 
process. This makes the overall approach less practical for certain applications where cost 
and ease of handling are crucial. 

• Autoclave forming using prepregs in factory conditions. While this method is known for 
producing high-quality repairs, it has significant disadvantages. The process involves lengthy 
dismantling, transportation, and repair times at the factory, which can lead to increased 
downtime and operational inefficiencies. Additionally, using an autoclave is considerably 
more expensive, adding to the repair cost. 

Based on the above-mentioned disadvantages of repair methods, this work will consider a non-
autoclave repair method based on impregnated dry fabric. 

Currently, several scientific studies explore constructive and technological solutions for 
performing adhesive repairs under operational conditions [5]. In [6], the repair process of PCM 
products with a honeycomb filler is described: the necessary technical equipment for mechanical 
processing and thermo-vacuum forming.  
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Adhesive repairs in [7], were carried out using prepregs made for repair tasks with non-autoclave 
curing. These prepregs offer significant benefits, such as reduced processing time and lower 
equipment costs, making them suitable for in-situ repairs [8]. However, challenges remain, 
including the need for precise temperature control during the curing process and potential 
limitations in achieving optimal mechanical properties compared to traditional autoclave-cured 
composites, the advantages and disadvantages of using which are depicted in [9]. Furthermore, the 
long-term durability and performance of these repairs under varying environmental conditions 
require thorough investigation to ensure reliability in aviation applications. 

To assess the condition of the repaired products, NDT methods are used, including ultrasound, 
acoustic, optical, and radiation techniques [10]. These methods allow for the detection of internal 
defects, such as delaminations, voids, and cracks, without damaging the material. Ultrasound 
testing is particularly effective for identifying flaws in composite materials, while acoustic emission 
can monitor structural integrity during loading [11]. Optical methods provide high-resolution 
imaging, enabling detailed surface inspections. Radiation techniques, such as X-ray or gamma-ray 
inspection, offer insights into the internal structure of components. By employing a combination of 
these NDT methods, a comprehensive evaluation of the repair quality can be achieved, ensuring 
that the repaired products meet safety and performance standards [13]. 

In several articles experimental work was carried out to determine the applicability of various NDT 
methods to samples of honeycomb structure with repairs carried out using different technologies 
[14]. Samples were considered, manufactured according to various technologies; additional 
samples were prepared with a deliberately violated technological process. The study aimed to 
evaluate the effectiveness of each NDT method in detecting flaws and assessing the integrity of the 
repaired structures [15]. Various parameters, such as the size and type of defects, as well as the 
specific characteristics of the repair techniques used, were analysed. The results indicated that 
certain NDT methods, such as ultrasonic testing, were more effective in identifying internal defects 
in repaired samples, while others, namely optical inspection, excelled in detecting surface 
irregularities. This comprehensive analysis did not only highlight the strengths and limitations of 
each technique but also provided valuable insights into optimising repair processes and ensuring 
the reliability of honeycomb structures in practical applications [16]. Further research is suggested 
to refine these methods and explore their integration for enhanced assessment capabilities [17]. 

 

Fig. 1. Overall repair procedure flowchart 

Analysing the aforementioned studies, the relevance of this work can be formulated: in light of the 
difficulties arising from the use of prepreg technology, it is advisable to use adhesive repair 
technology as the most practical and accessible method, particularly with the rapid assessment 
using NDT methods. The analysis provides an opportunity to evaluate the presence of defects in 
the structure and provides a quality check of the methods used.  
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The essence of the work is to carry out repairs, quality analysis, and evaluate adhesive repair 
defects using various NDT methods. The scientific investigation of the repair of a three-layer 
honeycomb panel made of polymer composite material includes the identification and evaluation 
of damaged zones by assessing areas with defects for further repair. It involves the selection of 
materials for repair work, choosing suitable adhesive compositions and materials for restoration. 
Additionally, it requires the preparation of equipment, gear, and tools for repairing the structures 
by gathering necessary tools and equipment for the repair process. Marking and laying out 
damaged areas is crucial, as it involves clearly defining the zones that require repair. The removal 
of paint from the repair area is necessary for cleaning the surface to ensure high quality adhesion. 
Mechanical processing of damaged areas prepares the repair zone by removing damaged materials. 
Furthermore, preparation of adhesive compositions entails mixing adhesive materials according to 
repair specifications. Cutting out patches layer by layer involves creating patches from material 
that matches the original structure. Laying out the repair composition includes applying adhesive 
to the prepared surface. Finally, making the repair patch using the chosen technology completes 
the repair process by installing the patch according to the selected method. The overall process is 
presented with a flowchart in figure 1.  

2. Methods and Materials 

2.1 Description of the Control Object 

The subject of this research is a three-layer honeycomb panel, consisting of a middle layer of 
honeycomb filler and external top and bottom skins. The panel is made of composite material, used 
in the aviation industry. This research focuses on the repair process of the panel, represented in 
figure 2, to study its structural properties after damage upon impact. Defects are inflicted by 
singular impacts along the monolithic part of the panel and across the part of the panel with a 
honeycomb filler from a height of 0.5 meters using a drop test rig with an impact energy of 
E = 1.398 J. 

 

(a) 

 

(b) 

Fig. 2. Repair three-layer carbon fiber honeycomb panel (a) External appearance of the panel 
(top view); (b) Schematic view of the repair panel with marked repair zones and overall 

dimensions 

3. Description of Repair Technology 

3.1. Description of The Repair Device 

The existing repair device consists of two blocks: a control unit and a unit for ensuring the 
necessary technological parameters of the repair process for glued honeycomb and monolithic 
structures of an aircraft, made of polymer composite materials. The installation provides necessary 
pressure (vacuum within the range from negative 0.09 MPa to negative 0.073 MPa and excess up 
to 1.0 MPa) when gluing (forming) the repair patches. 
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The difference between the device being developed and those in operation in Russia [18] and 
abroad lies in additional options, among which: 

• The possibility of using the control unit at a significant distance from the repair unit; 
• The possibility of using excess pressure during repairs, in addition to vacuum pressure, in 

various combinations: vacuum pressure, combined pressure (vacuum + excess pressure), 
and only excess pressure. Excess pressure is extremely relevant, practically indispensable for 
the repair of non-sealed units, on which vacuum pressure is inapplicable; 

• The possibility of using not only factory-made heaters but also ones made by the operating 
organisation, for the thermal regulation of repair zones which significantly reduces the time 
spent on repair work, and in some cases can be crucial for its implementation. 

Four Russian patents [19-22] have been issued on the topic related to the development of the 
proposed device. The patent [19] describes a portable device designed specifically for the repair of 
polymer items. It emphasises ease of use and mobility, allowing repairs to be conducted in situ. 
Another patent [20] describes a special approach to repairing the aerodynamic surfaces of aircraft 
using glue. It focuses on methods that ensure strong adhesion and structural integrity, which are 
crucial to maintaining aerodynamic performance. The patent [21] presents a method tailored for 
situations where access to the repair area is limited to one side. It details techniques that optimise 
the repair process while ensuring effective bonding and restoration of the material's properties. 
The patent [22] addresses the challenges associated with repairing thin-walled structures, which 
are often found in aerospace applications. It proposes methods that minimise the risk of further 
damage during the repair process and enhance the overall durability of the repaired structure. 

3.2 Repair Material 

Polymer repair adhesive is a two-component composition used in repairs as a filler and an 
impregnator. The mass of the prepared ACM12K adhesive is obtained after achieving a 
homogeneous structure by mechanical mixing of the components A and B, the weight ratio of which 
is indicated on the package and is about 100:30 by weight. The curing time of the adhesive is 2 
hours at a temperature greater than 20 ºC. 

Layers of the repair patch are cut out of a roll of carbon unidirectional tape, considering the size of 
the separating film on which all layers of the patch are applied. The scientific research of the repair 
of a three-layer honeycomb panel made of polymer composite material includes the calculation of 
the schematic arrangement of the patch.  The scientific investigation of the repair of a three-layer 
honeycomb panel made of polymer composite material includes: 

• Identification and evaluation of damaged zones; 
• Selection of materials for repair work; 
• Preparation of equipment, gear, and tools for repairing the structures; 
• Marking and laying out damaged areas; 
• Removal of paint from the repair area; 
• Mechanical processing of damaged areas; 
• Preparation of adhesive compositions; 
• Cutting out patches layer by layer; 
• Laying out the repair composition; 
• Making the repair patch using the chosen technology. 

According to the scheme presented in figure 3 for the calculation of all patches, placement is 
performed in the centre of the three-layer honeycomb panel. The patch has a specific geometric 
shape and sizes, corresponding to the requirements of the calculation of the structure repair. The 
process of calculating the patch size for the repair of composite structures involves several critical 
steps. Initially, it is essential to determine the size and shape of the damage by accurately measuring 
the affected area. Following this, the selection of the type and size of the patch becomes imperative, 
as the optimal dimensions are contingent upon both the nature and extent of the damage, as well 
as the specific materials employed in the composite structure. Subsequently, the design of the patch 
must be tailored to conform to the contours of the damaged area, thereby ensuring a secure and 
effective connection. Additionally, it is crucial to consider the overlap; the dimensions of the patch 
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should extend beyond the damaged area by several centimetres (typically 2-5 cm) to guarantee 
adequate overlap and structural integrity. 

 

Fig. 3. Scheme of the arrangement of layers of the repair patch 

3.3 Repair Types and Technological Modes 

3.3.1 Vacuum 

The vacuum bag is designed to provide vacuum (suction) and is installed on the repair zone, as 
shown in Figure 4. Repair under vacuum pressure is performed without heating for 2.0 hours, then 
the vacuum bag and technological materials are removed from the repair zone. 

 

Fig. 4. Assembly scheme of the vacuum bag: 1- air suction; 2- device for controlling the suction 
in the vacuum bag; 3- vacuum bag shell; 4- sealing gasket; 5- vacuum bag's drainage layer 

(padding polyester, fiberglass); 6- heater (thermal blanket); 7- thermocouple; 8- non-
perforated separating film; 9- layers of fabric absorbing excess resin (glue) – nylon or 

polyethylene terephthalate; 10-perforated separating film; 11-repaired structure; 12-repair 
patch layers in the repair zone 

3.3.2 Excess Pressure 

Excess pressure is the main type of technological pressure when it is impossible to ensure the 
airtightness of the repair zone (when it is impossible to install a vacuum bag). Providing heating in 
the repair zone is carried out through a heater (thermal blanket), laid on a non-perforated 
separating film. The curing temperature of the adhesive is set at 150 degrees Celsius, while the 
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maximum temperature of the thermal blanket can reach up to 200 degrees Celsius. This ensures 
that the adhesive cures effectively while maintaining the integrity of the surrounding materials. 

Air bags in boxes can also be utilised as a source of excess pressure in the repair zones as presented 
in figure 5, alongside with power elements, clamps, and bags with sand as counterpressure, by 
which excess pressure can be provided. 

 

Fig. 5. Scheme of providing excess pressure during repair: 1 - clamp; 2- repaired structure; 3- 
air bag box; 4- air bag; 5- repair zone; 6- fitting for compressed air supply; 7- sand; 8- shell of 

the sand-filled bag; 9- the sand-filled bag supports 

Two sample zones were repaired using different technologies: the first – vacuum, the second – 
vacuum with excess pressure, the third – vacuum with exceeding the curing temperature. The 
repair of the third sample zone was performed with a deliberately violated technology for the 
guaranteed presence of defects of various nature, which is necessary for the analysis of the 
detection of these defects by various NDT methods. 

4. Description of Non-Destructive Testing Methods 

4.1. Tomography 

To detect potential defects in repair areas, a non-destructive testing method, X-ray computed 
tomography (CT), is used. CT provides a detailed analysis of the heterogeneities of the inspected 
object's structure. A planar radiography system, utilising a laminographic scanning algorithm, is 
used for this purpose. The research object (in this case, 3 samples with completed repairs) is placed 
inside the X-ray system, then the operator selects the optimal voltage and current values. To reduce 
data collection time, the number of projections for each sample is chosen in the range from 700 to 
4000. 

The process of material tomography involves several key stages: scanning, reconstruction, and 
post-processing. In the initial phase, scanning, the material is subjected to X-rays or other imaging 
techniques to capture a series of projections from different angles. This data provides a 
comprehensive view of the internal structure of the sample. Following the scanning, data 
reconstruction is performed using third-party software. This software processes the collected 
projections to create a 3D representation of the object, employing advanced algorithms to 
accurately reconstruct the internal features based on the scanned data. In the final stage, post-
processing is conducted to refine the 3D model. This includes determining the centre of rotation 
for the sample, selecting a local area of interest, and adjusting the tone curve to enhance visibility 
and detail. As a result of this post-processing, a detailed 3D model of the research object is 
produced, allowing for cross-sectional views and further analysis of the material's properties. This 
comprehensive approach enables researchers to gain valuable insights into the internal structure 
and characteristics of materials without destructive testing. 
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4.2. Shearography 

Shearography is an optical express non-destructive testing (NDT) method, which detects material 
defects through the measurement and analysis of surface deformations. These deformations are 
formed as a response to the internal structure's external influence. By combining the image of the 
object in its initial state with the image taken in the excited state, the change in any given point of 
the image can be determined [23].  During shearography, the test object's surface is illuminated 
with laser radiation [24]. The radiation reflected from the object's surface is received by a CCD-
camera equipped with "shifting optics", which projects the object's image onto the camera matrix 
twice. Each point of the object is displayed twice on the CCD matrix [25]. 

Shearography is a flexible method in terms of the applied impacts for exciting the reaction of 
internal heterogeneity (thermal, vacuum, vibration). The optimal type of impact applied is 
depended on the structure and material of the control object, as well as the size, position (depth of 
bedding), and type of the defect [26]. Upon impact on the research object, the laser radiation 
reflected by each part of the surface also changes. These changes are detected by the system. This 
gives an idea of the defect's nature through its reaction on the surface.  The method is implemented 
using a shearograph, consisting of an optical block combined with a thermal heating block, and an 
electronic block controlled by a PC, as shown in figure 6 [26]. The optical block is placed on a tripod 
in close proximity to the object's surface. 

 

(a) 

 

(b) 

Fig. 6. Apparatus of shearography system(a) - System with automatic loading by heating; (b) - 
The principle of the shearograph's operation 

The view area is varied depending on the type and depth of bedding of the defect (ranges from 
150x150 mm to 500х500 mm). This range differs according to the reflectivity of an object and the 
laser system power, as well as optic’s focusing range.  

5. Analysis of Experimental Results  

5.1 Tomography 

The general view of repair zone 1, done by vacuuming and the isometry view of the 3D model are 
presented in figure 7. The results of the study of repair samples by means of X-ray computed 
tomography are given in figure 8.  

The general view of zone 2, executed by a vacuum method with excess pressure, and a 3D isometric 
view of the model, are presented in figure 9. When examining the projections of the repair patch, 
areas of non-adhesion, measuring 25 mm x 35 mm, and metallic inclusions were found, as shown 
in figure 10. 
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Fig. 7 – Repair patch in zone 1 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 8. Results of tomography of repair zone 1, performed by vacuum method(a)  General view 
of the repair patch section; (b) Local repair patch section zone; (c)  Side section of the repair 

patch; (d)  Local zone of the side section of the repair patch 

From the results of tomography, we can conclude that there are image defects in the form of a ring 
on 3D models of repair patches, associated with the capture of the axis of rotation of samples when 
collecting projections. These defects do not affect the research results and are merely superficial 

display problems. When analysing the results of tomography on the side section of the repair 
patch, voids related to non-adhesions up to 2.9 mm in size were found. On the sections of 
the repair patch, numerous defects in the form of metallic inclusions and non-adhesions 
were also found. 
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Fig. 9. Repair patch in zone 2, performed by vacuum method with excess pressure 

 

(a) 

 

(b) 

 

(c) 

Fig. 10. Results of tomography of the patch of zone 2, performed by vacuum method with excess 
pressure (a) - Cross-section of the repair patch of zone 2; (b) - General view of the side section 

of the repair patch of zone 2; (c) - General view of the side section of the repair patch of 
zone 2 

The general view of zone 3 with a repair performed by a vacuum method with an exceeding curing 
temperature and a 3D isometric view of the model are presented in figure 11. When studying the 
sections of the repair patch, numerous voids of sizes from 2 to 10 mm were also found, as shown 
in figure 12. 
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Fig. 11. Repair patch in zone 3 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 12. Results of tomography of the patch of zone 3, performed by vacuum method with 
exceeding curing temperature(a) - Cross-section of the repair patch of zone 3; (b) - Local area 

of the cross-section of the repair patch; (c) - General view of the side section of the repair patch 
of zone 3; (d) - Local area of the side section of the repair patch with extensive delamination 

The side section of the patch was also studied for defects. In the XY plane, in the transition area of 
repair patch - honeycomb filler, extensive delamination was found with a linear size of 40 mm. 
Based on the results of tomography, the following conclusions can be made: 

• This method of NDT can identify most types of defects (down to micro-defects), which can be 
obtained during production and operation, with the ability to determine linear dimensions, 
area and depth. 

• Despite all the advantages of this method, there is a significant limitation in its use – the 
dimensions of the samples to be studied, which are limited by the dimensions of the 
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tomograph. It should also be noted that this method of non-destructive testing cannot be 
used for on-site inspection (which shearography allows). 

• Sample examination on a tomograph provides a full volume of information for assessing the 
quality of repair and allows you to adjust technological processes for further, higher-quality 
repair. 

• For a detailed study of the sample, about 5-6 hours are required (including setting up the 
sample, setting up scan parameters, the scanning process, processing the results). 

5.2 Shearography 

Analysis of shearography results of a patch obtained using a vacuum method revealed 
characteristic features of the material structure. On the images obtained, shown in figure 13, there 
is pronounced layering and inhomogeneity, presumably due to the specifics of the technological 
process of composite material production. Defects found on shearograms indicate possible defects 
or uneven distribution of components within the material. 

  

Fig. 13.  Shearograms of the patch performed by vacuum method 

The research of layering and inhomogeneity of the patch by shearography allows a deeper 
understanding of the processes of forming composite material and identifying potential problems 
that occurred during its production. Further analysis of the shearography results may contribute 
to the optimisation of technological processes and improvement of the quality of the final product. 

The results of the analysis of the patch obtained by vacuum method with excess pressure 
demonstrated that the structure can be clearly seen on the shearograms without identified 
inhomogeneities and defects, as shown in figure 14. This observation testifies to the high level of 
quality of the patch manufacture and its homogeneity. The absence of inhomogeneities indicates 
that the vacuum process with excess pressure was performed in accordance with the technological 
requirements, which contributes to obtaining a material with a homogeneous structure. 

  

Fig. 14.  Shearograms of the patch performed by excess pressure 
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Thus, the results of shearographic analysis confirm the high quality of the patch, distinguished by 
the absence of identified defects and inhomogeneities. This study is important for quality control 
and optimisation of production processes in the field of composite materials. The patch performed 
by vacuum method with exceeding the curing temperature was also studied by shearography, the 
results of which clearly indicate the presence of inhomogeneity in the form of delamination in the 
structure, indicating a violation of the technological regime of the repair process, as shown in figure 
15.  

 

Fig. 15 – Shearograms of the patch obtained using vacuum and exceeding curing temperature 

The detected inhomogeneity in the material structure, confirmed by shearographic analysis, may 
have a negative impact on the mechanical properties and durability of the patch. 

Based on the results of shearography, the following conclusions can be made: 

• With this method of non-destructive testing, it is possible to see transitions between 
structures (transitions from honeycomb filler to monolithic material). 

• The shearography method, like the other non-destructive testing methods used, recorded 
extensive delamination of the repair zone 3, obtained by vacuuming with an excess curing 
temperature. 

• With a shearograph, you can see the transition between the layers of the patch. 
• Shearography requires less time for equipment calibration, the calibration mechanism is less 

labour-intensive. 
• Shearography is a more visual method of defect detection compared to, for example, 

ultrasonic testing, but it does not allow classifying damage. 

Based on the results of the conducted studies, the following conclusions can be made: 

• Comparison of defectoscopy indications 

6.  Discussions 

When analysing the results of the conducted studies, we can conclude: 

• Zone 1: In the repair zone 1, performed by vacuum method, non-adhesions between the 
layers of the patch and voids formed during the curing of the resin were found. These types 
of defects were detected by all NDT methods used in the research. One of the factors for the 
formation of non-adhesions is the experience and qualification of the staff performing the 
repair activities, which directly affects the quality of the technological process. 
 

• Zone 2:  In repair zone 2, performed by vacuum method with excess pressure, minor non-
adhesions and voids were found in the repair patch area. The linear dimensions of the non-
adhesions are 2-3 mm, so it was not possible to assess defects with such geometric 
dimensions using the express method of NDT (shearography). The quality of the repair 



Ibrishev et al. / Research on Engineering Structures & Materials 11(3) (2025) 1051-1065 
 

1064 

performed in zone 2 can be assessed as satisfactory, with the smallest number of defects 
detected by the detailed method of NDT (Tomography). 

 
• Zone 3: In repair zone 3, performed by vacuum method exceeding the curing temperature, 

numerous local non-adhesions in the patch area were found, including extensive 
delamination between the repair layers with linear dimensions of 40x40 mm. The largest 
defect, due to the detection of which this repair patch can be classified as defective, was 
determined by all NDT methods used. Smaller linear defects - only by tomography, 
confirming the need to use the most detailed and lengthy method of analysing the structure 
of repaired samples at the stage of working out repairs according to various technologies.  

7. Conclusions 

The following conclusions can be made from the tomography results: 

• Using this NDT method, most types of defects (down to micro-defects) that can occur during 
production and operation can be identified. It also allows for the determination of location, 
linear dimensions, area, and depth of the defect. 

• Shearography method is not informative in tasks of detecting small defects but can be used 
in tasks of surface analysis of the structure for the presence of obvious defects of relatively 
large sizes. The advantages of this method over tomography should be considered, the main 
one of which is the possibility of studying large structures on site. 

• A comparative analysis is needed to evaluate the applicability and effectiveness of these 
NDT’s on other types of samples (monolithic panels, three-layer panels of different thickness, 
samples with varying curvature). At the stage of refining technological processes and 
choosing the optimal repair strategy, tomography is necessary for a comprehensive 
assessment of the repair quality. 

• In future, during technical maintenance of the aircraft, it is recommended to use 
shearography and ultrasonic testing methods. 

This article makes a unique contribution to the repair of polymer composite materials in aviation, 
emphasising the use of adhesive technologies to repair aircraft structures on site. This minimises 
disassembly, reducing costs and reducing repair time. The article offers a comprehensive approach 
to the analysis of repair technologies and non-destructive testing (NDT) methods. An experimental 
study of adhesive repair of a three-layer carbon fiber panel examines in detail the various repair 
areas and identified defects, demonstrating the relationship between control methods and repair 
quality. In addition, the emphasis on staff qualifications highlights the importance of the human 
factor. The work offers recommendations to improve the quality and reliability of repair 
operations. The results of the study also emphasise the need for detailed non-destructive testing to 
assess the integrity of repairs, which is critical for flight safety. The practical focus of the article 
includes specific recommendations that enhance the reliability of processes. 
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 In this paper the load-bearing capacity of a stiffened stringer panel made of 
polymer composite materials (PCM) reinforced by intermediate modulus carbon 
fiber under compression after impact was investigated. Computational-
experimental investigations were conducted to assess obtained results where 
stringer panel was loaded to failure. In this paper, a computational and 
experimental method for modeling the compression after Impact and failure 
mode for single-span composite panels with barely visible impact damage 
(BVID) is proposed based on the building block approach. The above-mentioned 
approach implies step-by-step test series coupled with simulations which are 
carried out on each stage gradually introducing larger and structurally more 
sophisticated test samples. That approach serves as the base for design of 
composite structures by means of increasing the number of smaller test samples 
and carrying out a lot of simulations in order to reduce the margin of error and 
to reduce the number of large test structures (wing, fuselage, etc.) required for 
proof of compliance of the proposed airframe to available design objectives thus 
cutting the cost of experimental program. Further the model of material behavior 
was developed considering combined loading caused by growth of cracks and 
delaminations. For that material model a series of coupon tests were performed 
to refine elastic and strength parameters of material. Consequently, a ply-by-ply 
solid finite element model (FEM) of the stiffened two-stringer panel with 
cohesive interface behavior was developed. Test samples of the stiffened panels 
made by vacuum resin infusion were subjected to impact damage between the 
stringers followed by compression in the testing machine with two edges fixed 
as cantilever beams. Robustness of the proposed simulation method and 
suggested modelling approach was confirmed by similarity of obtained 
numerical results and experimental data as well as the similarities of the failure 
mode and state upon failure. 
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1. Introduction 

Today, it is probably impossible to name the areas of technical systems where composite 
structures are not used. Aircraft manufacturing is considered to be the leading industry 
employing load-bearing structures made of polymer composite materials (PCM). A large 
number of research programs are carried out all over the world to implement new 
composite technologies in various types of structures and new methods of analysis of 
strength under different loading modes [1-3]. In recent years, a number of articles 
containing strength criteria and various modelling techniques using numerical simulation 
of composite materials have been published [4-5]. Damage tolerance of aircraft stiffened 
composite panels has recently been a major concern. 

mailto:bolshikhaa@mai.ru
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Numerical modelling is a powerful tool to better understand the mechanics of complex 
multilayer composite structures. Previous works related to numerical and experimental 
studies of behaviour of composite structures with impact damage, delamination failures 
and damage tolerance were presented in [6-7]. Improving the efficiency of such structures 
requires a deep understanding of the types and principles of their operation, the use of a 
comprehensive approach, as well as multidisciplinary research. The experimental and 
numerical approach presented in [8] is applicable to all industries: helicopter, marine, 
automotive and many other areas are all employing experimental and numerical building 
block approach, sometimes referred to as "certify by analysis". 

The contribution of the authors of this work to the development of the above-mentioned 
approach consists, among other things, in introduction of the principles of creating 
universal numerical models applicable for simulation of static, dynamic and fatigue 
strength of composite structures at different stages of design. The assessment of the 
residual strength of the reinforced composite panel during operation, presented in this 
work, is an integral part of the comprehensive work on the justification of the durability of 
the structure, considering potential manufacturing defects (delaminations), in-service 
damage of the four main categories, restoration of strength through local repairs and 
maintaining the load-bearing capacity of the structure at the ultimate load level until the 
design service goal [9]. The resistance to impact damage remains an important issue in the 
design damage tolerant structures found in fuselage compartments, wing boxes, tail 
planes, etc. Impact damage, which is mainly characterized by matrix cracking, 
delamination and fiber breakage, usually extends far beyond the point of impact. Such 
damage [10] is mainly present inside the laminate and is difficult to detect visually from 
the outside. Even in the case of a low velocity/low energy impact, the residual compressive 
strength can be significantly reduced. 

To study the compressive load-bearing capacity of double-stringer reinforced panels with 
impact damage in the interstringer zone, a review of modern works on the considered 
subject [11-15] was conducted and a list of structural-like single-span flat panels, 
representing a rectangular plate (skin) reinforced in the longitudinal direction by two 
stringers, was formed. The thickness and width of the skin are variable parameters in the 
problem under consideration. At the first step, an impact with energy of 140 J, 103 ft-lb 
was simulated to represent a maintenance toolbox dropped on the skin surface [16]. 
Absolutely rigid clamps on all edges of the panel were defined by boundary conditions 
according to ASTM D7136 [17]. Post-impact compression was implemented by creating 
rigid plates simulating the base and traverse of the testing machine. The motion of the 
traverse of the testing machine was defined via boundary conditions in the form of 
displacement along the longitudinal axis, while the remaining degrees of freedom were 
fixed. 

The panel was supposed to fail along the cross section weakened by impact damage 
accompanied by disbonding between the skin and stringers. The results of simulations 
based on the presented FE model in accordance with the building block approach [8] 
should allow to refine the material allowable normally established at the conceptual design 
stage in order to prove compliance to the requirements of articles CS-25.571 and CS-
25.631 during certification [9]. In accordance with the requirements of the Advisory 
Circular [18] to the article CS-25.571 [9], the design of airframe primary structures made 
of PCM must ensure an appropriate load-bearing capacity for each of the four categories of 
in-service damage.  According to that article, the design must meet: 1) environmental 
effects (including specified design parameters and impact damage); 2) static strength 
(including repetitive loads, tests of environmental effects, manufacturing process, 
dispersion of properties and impact strength); 3) evaluation of fatigue strength and 
allowable damage; 4) others - flutter, repairability, maintainability, etc.  Compliance with 
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these requirements and competitive level of weight perfection of modern construction 
made of PCM is achieved by selection of design parameters for optimal joint operation of 
shells and stringers as well as by using the highest design characteristics of the material 
and by allowing for manufacturing defects of certain size and impact damage of certain 
energy values. 

Building block approach followed by this study for the composites analysis is similar to 
unit cell concepts periodic structures (only one unit cell is used for analysis to get results 
for whole structure) finite element free vibration and flutter analysis applied to periodic 
line supported plate and shell as in [19-20] and some review studies that related to static, 
free vibration and buckling analysis of composite beam, plate and shell panels [21]. 

This topic has been extensively studied by simulating low-velocity impact with different 
energy values [22-25], modelling residual strength, combined fracture modes on the 
example of thin panels [26-31]. Approaches to solving the problems vary. A modern 
method can be considered "layer-by-layer modelling", which gives a sufficiently high 
accuracy and allows taking into account the properties of each layer with initialization of 
the fracture criterion. This allows getting the most complete picture of delamination not 
only of the entire panel, but also of an individually selected layer. 

Most of the publications focus on simulating impact on thin-walled panels. However, when 
dealing with thicker laminates, additional problems arise.  In particular, local compressive 
stresses significantly affect the initiation and propagation of interlayer damage and the 
occurrence of cross plane effects (interlayer shear and normal stresses). In addition, 
impact can cause damage that can locally divide the package into several sub-packages. 
Such damage may lead to local buckling under compression or shear action, redistributing 
critically these loads and causing both in-plane and out-of-plane stress concentrations. 
While undoubtedly most structures are made of thin laminates, in some aerospace and 
automotive applications the laminate is several centimetres thick. For long-haul aircraft, 
this can be in excess of 20-30 mm. This paper proposes a methodology for numerical 
"layer-by-layer modelling" of a large-thickness panel, considering an extended formulation 
of the model of cohesive interlayer interaction. The results of calculations according to the 
proposed method are in satisfactory agreement with the test results. 

2. Research Methods 

2.1 Tests 

In accordance with the experimental and numerical building block approach, the proof of 
airframe primary structures is mainly performed by PCM coupon and structure-like 
specimen tests with various in-service damages. The purpose of such tests is to determine 
the residual safety factor, to confirm the design stresses and deformations accepted at the 
design stage, and to study the failure mechanism. Structural-like specimens are normally 
a set of structural elements, the tests of which allow estimating the strength characteristics 
of a full-scale structure without any recalculations and additional analysis. 

In this work, experimental studies of the compressive strength of double stringer wing 
panels after an impact damage with an energy of 140 J in the interstringer zone and further 
determination of the load-bearing capacity of a typical section of the wing boxes skin under 
compressive load were carried out. The impact energy of a pile driver with an energy of 
140 J was chosen to inflict BVID type impact damage in double stringer wing panel in the 
interstringer zone. 

BVID includes acceptable defects and damage that may remain undetected during routine 
inspections. Tolerance of damage in this category requires demonstration of static 
strength under design loads throughout the service life of the aircraft. Such damage 
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includes defects and damage that occur during both manufacturing and service, such as 
minor delaminations, porosity, minor scratches, and minor environmental damage. The 
object of tests is single-span double-stringer flat panels made from carbon tape and epoxy 
resin by vacuum infusion method. The overall dimensions of the panel are presented in 
Table 1.  

Table 1. Panel dimensions 

Length, mm Width, mm Skin thickness, mm 

350 231 10.8 
 

The panel edges are reinforced with fiberglass overlays to prevent fracture where forces 
are applied Fig. 1. General view of Double-stringer panel on the test bench before and after 
fracture illustrated in Fig. 1. and Fig. 2. 

 

Fig. 1. Double-stringer panel on the test bench before fracture 

 

Fig. 2. Double-stringer panel on the test bench after fracture 

A carbon bundle was placed between the stringers and the cladding. This test requires that 
the center of gravity of the panel cross section coincide with the line of action of the 
compressive forces of the testing machine. The stiffness of the test machine supports must 
be sufficient to ensure uniform distribution of compressive forces, which were monitored 
by means of strain gauges mounted on the panels. The panels were loaded until their 
bearing capacity was exhausted, and the following parameters were recorded: velocity of 
the impactor, force in the contact zone, compression force, displacement in the middle 
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section of the panel on the skin and on the stringer walls. The panels with a nominal 
thickness of 10.8 mm of cladding were destroyed in a section weakened by impact damage, 
with delamination of the cladding and stringers material. The defect area was 49x52 mm, 
the critical load was 1630 kN. 

2.2 Computational Model 

2.2.1. Geometry and boundary conditions 

The finite element model consists of several parts: skin, L-shaped part of stringer, filler and 
impactor. The dimensions of the panel are shown in Table 1. The general view of the panel 
is shown in Fig. 3. 

 

Fig. 3. General view of the panel 

The impactor was modeled as a solid body with a mass of 5.5 kg. It has a spherical impact 
surface with a diameter of 25 mm and a height of 22.5 mm. The velocity of the impactor 
has only a vertical component equal to 7067 mm/s and is set by means of the initial 
velocity. At the same time, the initial velocity of the impactor was set using a special 
function of the Abaqus software - Predefined field, Initial velocity.  The impact supports 
are not modeled in this calculation. We assume that this jig is absolutely rigid and contacts 
the panel in such a way that it is possible to accept a completely rigid termination (clamped 
tip) as boundary conditions on all sides of the panel according to ASTM D7136 [20], that 
is, clamping on all components of displacement and rotation. 

 

Fig. 4. Boundary conditions for compression after impact 
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The simulation of compression after impact was implemented as follows: 1) the test 
machine was simplistically modeled using absolutely rigid plates, that is, one of the plates 
was responsible for the base of the test machine and absolutely rigid boundary conditions 
were applied to it, the second plate was responsible for the movable crosshead of the test 
machine, to which boundary conditions were applied as longitudinal motion; 2) a 
reinforced double stringer panel was placed between the two plates; 3) inter-surface 
contacts were specified between the plates and the panel, and an additional gap was 
specified between the panel and both plates to avoid penetration of the surfaces into each 
other. In addition, additional boundary conditions were applied at the free edges to avoid 
loss of stability of the free edges of the cladding (anti-buckling supports), and thus 
preventing critical stress redistribution from occurring, allowing the weakened section to 
be incorporated after impact (Fig. 4.). 

2.2.2 Description of The Finite Element Model 

To investigate the compressive load-carrying capacity of a double stringer flat panel with 
impact damage in the interstringer zone, a layer-by-layer solid rectangular plate (cladding) 
supported in the longitudinal direction by two stringers was modeled. The stacking 
scheme is shown in Table 2. 

Table 2. Layout 

 Number of layers 
Monolayer 
thickness 

Packages Stacking 

Skin 60 0.18 +45/0/-45/0/90/0/-45/0/+45 

Stringer 29 0.18 +45/0/-45/0/90/0/-45/0/+45 
 

A 0-degree layer is placed between the neighboring packages consisting of 9 layers. The 
calculation of the finite-element model is performed in two steps in the Abaqus software 
package - Dynamic Explicit:  

• The first step simulates the impact 
• The second step simulates the compression after the impact 

The impactor is assigned with an initial velocity in the vertical direction. Its value should 
not be more than 1 percent of the speed of sound propagation in the medium (material): 

0.01 a    (1) 

Where    - initial velocity in the vertical direction, a   - speed of sound propagation in the 

medium (material). This relationship was obtained after a series of computational tests to 
eliminate unrealistic local element stresses and inertial effects that cause increased initial 
strain resistance. Observing the condition (1), the value of kinetic energy equal to 140 J is 
selected. Residual strength is determined by the value of the reaction force occurring in 
the termination (plate). 

All parts were modeled as solid with C3D8 mesh elements Fig. 5 using full integration to 
avoid additional element distortion (hourglass). Due to the good correlation between the 
calculation results and the tests, it can be concluded that the choice of the FE mesh size is 
optimal. 
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Fig. 5. Finite element model of the panel 

2.2.3 Material model 

One of the key factors in post-impact compression modeling is the material model, which 
requires a set of input properties to work correctly. For unidirectional carbon fiber 
reinforced plastic, this involves testing to obtain the most accurate material properties, a 
thorough characterization that includes separate fiber, matrix and interface tests. Both 
standardized and non-standardized test methods can be used to measure the elastic 
properties of the material, allowing to obtain the following necessary material 
characteristics: values of layer strength, interface and critical energy release rates in three 
dimensions of material direction (longitudinal, transverse and shear). Since in this 
mathematical model the methodology of layer-by-layer modeling was used, the 
compression properties of the monolayer are set as the elastic properties of the composite 
material (Table 3). 

Table 3- Material properties 

Properties ASTM standard Value 

Elastic properties of the monolayer 

1t
E

, GPa ASTM D7291 159 

1c
E , GPa ASTM D3410 144 

2 t
E , GPa ASTM D3039 9.095 

2c
E , GPa ASTM D3410 8.85 

12 13
G G= ,GPa ASTM D3518 4.17 

13 12
 =  ASTM D3039 0.34 

23
  ASTM D3410 0.34 

Strength properties of the monolayer 
T

X , MPa ASTM D7291 3255 
C

Y , MPa ASTM D3410 1325 
T

Y , MPa ASTM D3039 77 
C

Y , MPa ASTM D3410 232 
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Moreover, the differentiation of load orientation is of paramount importance, since these 
materials exhibit different fracture properties and modes depending on whether they are 
subjected to tension or compression. When making non-flat joints of composite reinforced 
panels, such as the connection of the sheeting to the T-rib, filler is required to fill the voids 
between the flanges, walls and sheeting. This model uses a unidirectional carbon fiber 
bundle to provide local reinforcement and increase bending stiffness. Properties of the 
filler are presented in Table 4 [32]. 

Table 4. Properties of the filler 

Properties 1
E , MPa 

2
E , MPa 

3
E , MPa 13 12 =  

12 13
G G= ,MPa 

23
G , MPa 

Value 72000 8000 8000 0.3 5000 3000 

2.2.4 Model for Crack Growth and Delamination 

During loading of laminated composites, the key defect is delamination, because it reduces 
the strength of the structure and it is very difficult to detect it without the use of special 
equipment. This process can be modeled using a bonded layer, for which contact stresses 
are set and a failure criterion is initialized. The law is then determined which damage 
growth occurs. With this in mind, elements are removed, allowing the process of layer 
separation to be visualized. The quadratic nominal stress traction-separation law" [33] 
used in this paper considers the interaction between the stress components and is defined 
as: 

2 2 2

0 0 0
1,

n s t

n s t

t t t

t t t
+ + =

     
     
     

 (2) 

where  
0 0
,  

n s
t t  and 

0

t
t  - peak values of nominal stress when the interface deformation occurs 

exclusively in the normal direction or in the first or second shear direction. The symbol 

, used in the nominal stress designation in the normal direction is interpreted as a pure 

compressive stress that does not cause damage. 

The law of damage evolution describes the rate at which the cohesive stiffness deteriorates 
after the corresponding criterion is reached. A scalar variable D, varying from 0 (no 
damage) to 1 (delamination), is introduced. This new variable modifies the stress 
components predicted by the elastic tensile/separation behavior for an undamaged 

material ( ), ,
n s t

t t t : 

L

S , MPa ASTM D2344 103 

Destruction Modes 
2

1
, /g kJ m

+
 Pinho et al. 150 

Cross-layer properties 
0

3
  ASTMD7291 53.5 

sh  ASTM D2344 105 

2

, 0
, /

Ic
G kJ m

 =
 ASTM D5528 0.177 
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(1 )

(1 )

(1 )

, 0
n n

n

n

s s

t t

D t t
t

t

t D t

t D t

−
=

= −



= −





 
(3) 

Damage growth with a combination of normal and shear deformation at the interface is 
described by the effective displacement: 

2 2 2

m m s t
   = + +  

(4) 

0

f

n

n n n
G t d



=   

0

f

s

s s s
G t d



=   

0

f

t

t t t
G t d



=   

Where , ,
n s t

G G G  - fracture energies of the normal and two shear modes. In this case, the 

sum of all energies: 

T n s t
G G G G= + +  (5) 

Since only two of the three previously defined relations are independent, we introduce a 
new value: 

S s t
G G G= +  (6) 

The definition of damage development is given by the energy when the criterion is fulfilled: 

1,
n s t

C C C

n s t

G G G

G G G

  

+ + =
     
     
     

 (7) 

The second component of the damage development definition is the variable D, which 
describes linear softening: 

max 0

max 0

( )
,

( )

f

m m m

f

m m m

D
  

  

−
=

−
 (8) 

Where f

m
  - displacement calculated from the fracture energy  

C
G ;  0

m
  - displacement at 

the start of fracture; 
max

m
  - maximum value of effective displacement achieved during the 

loading history to simulate compression after impact, computational repetition of 
elementary specimen tests according to ASTM D5528 and ASTM D7905 was performed to 
obtain additional properties to specify the cohesive contact and to further develop 
delamination and fracture. The first and second modes of interlayer fracture toughness 
were determined from the simulation results Fig. 6 [34-35]: 
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3
,

2
Ic

P
G

ba


=  (9) 

Where P  - force, N,   - displacement of the load application point, mm, b  - specimen 

width, mm, a  - delamination length, mm 

2 2

max 0
3

,
2

IIc

mP a
G

B
=  (10) 

Where max
P

 - maximum strength, , 0
a

 - crack length, mm, B  - specimen width, mm, m  - 
calibration factor. Damage variable for cohesive is a dimensionless quantity that 
determines the presence of delamination. A value of damage variable for cohesive surfaces 
>1 indicates the presence of delamination. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 6. (a) Damage variable for cohesive surfaces (delamination)*. General view of 
ASTM D5528, (b) Force (N) vs. displacement (mm) (ASTM D5528), (c) Damage 

variable for cohesive surfaces (delamination)*. General view of ASTM D7905 EE, (d) 
Force (N) vs. displacement (mm) (ASTM D7905) 

 3. Results and discussion  

After bench tests, determination of interlayer fracture properties based on the calculation 
of elementary specimens, preparation of a finite-element model and additional 
specification of characteristics to set the material model, the following results were 
obtained: 

• When simulating impact in the panel 10.8 mm, the defect zone was obtained in the 
size of 46x50 mm, in the conducted tests - 49x52 mm; 

• Force in the FEM simulation was obtained as 1700 kN, in tests 1630 kN (Table 5);  
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• Fracture pattern corresponds to the bench tests - failure occurred along the 
weakened section in the impact zone. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 7. (a) - Damage variable for cohesive surfaces (delamination) * after impact, (b) 
Total displacement in all directions (mm) in the panel after impact, (c) Maximum 

principal deformations (mm/mm) in the panel after impact, (d) Minimum principal 
deformations (mm/mm) in the panel after impact 
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Fig. 8. 90-degree monolayer damage variable for cohesive surfaces (delamination) * 
(46 x 50 mm) 

 

Fig. 9. Condition of the panel after fracture (Damage variable for cohesive surfaces *) 

 

Fig. 10. Graph of the reaction force (kN) of the FEM under compression over time (s) 
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The discrepancy in the ultimate compression force of the damaged panel was 4.1 %. Fig 7 
shows a cross-section of the panel in the XY plane after the first step of the finite-element 
model. The state of the panel after compression is shown in Fig. 9 and the variation of the 
reaction force with time obtained from FEM is presented in Fig. 10. An example of 
delamination in a monolayer for 90-degree direction is presented Fig. 8. 

Table 5. Comparative analysis of research results 

Criterion Experiment FEM analysis 

Dimensions of the defect zone 
after impact damage, mm 

49x52 46x50 

Reaction force when determining 
residual compressive strength, kN 

1630 1700 

4. Conclusion and Future Work  

The modeling methodology proposed in this paper allows for a direct comparison of not 
only the values of forces, stresses and deformations, but also the geometric dimensions, 
shape and depth of delamination between experimental samples of structures and 
calculation models. 

The modeling technique developed and tested within the framework of the proposed study 
allows not only to take into account the three-dimensional stress-strain state of the 
structure at the monolayer level, unlike most approaches, but also allows for delamination 
due to detailed modeling of the contact between each layer, taking into account the 
compliance of the binder and the interlayer fracture toughness. Based on the calculated 
repetition of elementary samples according to ASTM D7905 and ASTM D5528 standards, 
the nature of delamination and the values of interlayer fracture toughness showed good 
convergence with the test results. Thus, the developed model makes it possible to obtain a 
representative picture of delamination for panels of great thickness, the application of 
which is relevant in the aerospace industry in the design of long-haul aircraft. 

An acceptable qualitative similarity of the modeled fracture mechanism and form with that 
observed in the experiments was noted. The discrepancy in the ultimate compression force 
of the damaged panel was 4.1 %. The given provisions prove the possibility to use the 
developed technology for modeling shock damage and subsequent compression to failure 
of composite aircraft structures with an accuracy acceptable for engineering solutions. 

In the future, the authors of this work plan to perform an assessment of the residual 
strength of reinforced composite panels when impact damage is applied to areas of 
manufacturing defects i.e. delamination, an assessment of strength recovery after impact 
damage repair, and an assessment of their residual strength when repeated impact damage 
is applied to the repair area, using the demonstrated layered modeling method to 
represent the adhesive repair patch and its connection to the prepared panel surface. 
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 The study investigated the grain size criteria, mechanical characteristics, and 
corrosion behavior of Cu-14Al-4.5Ni-0.7Mn shape memory alloy (SMA) with the 
micro-addition of 0.06 wt% Lanthanum (La). Using standard melting and casting 
procedures, the alloy compositions were melted at 1300 ℃ in an arc furnace with an 
argon atmosphere. The cast compositions without thermal treatment were 
machined and tested for physical properties including density and percentage 
porosity, corrosion behavior, and mechanical properties like hardness, ultimate 
tensile strength, yield strength, fracture strain, percentage elongation, specific 
strength, and fracture toughness. The average grain size, profile plot, and grain size 
distribution were all determined using ImageJ software. The microstructural 
observations revealed the presence of α-phase, β-phase, and intermetallic phases, 
including the coarse α+γ2 phase, which contributed to the improved characteristics. 
The inclusion of lanthanum resulted in a drop in the average grain size of the parent 
alloy from 9.25 μm to 6.08 μm, indicating a clear correlation between property 
improvement and microstructure refinement. The composition's tensile strength 
and yield strength increased with the La micro-addition by 22.14% and 20.31% 
respectively while the hardness value increased by 17.3%. The fracture strain of the 
modified composition increased by 20% compared to the unmodified composition 
while the percentage elongation increased by 7.7% and a 22.5% increase in fracture 
toughness was achieved. The modified CuAlNiMn SMA also showed a significant 
improvement in corrosion resistance to NaCl solutions which was so evident at 144 
hours of the study for 0.5 M of NaCl solution and at 96 hours for 1.0 M of NaCl 
solution. The results showed that CuAlNiMn SMA with micro-addition of La had 
better physical, corrosion, and mechanical characteristics than unmodified 
CuAlNiMn alloys. 
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1. Introduction 

Shape memory alloy (SMA) materials are advanced metallic materials that can revert to their 
original position after deformation when subjected to relevant thermal treatment. They have 
two distinct crystal structures: the higher-temperature Austenite structure and the lower-
temperature Martensite structure [1]. A reversible austenite to martensite phase 
transformation is a prerequisite for the memory effect. Thermal (cooling and heating) or 
mechanical (loading) techniques can be used to achieve such phase transformation [2]. Shape 
memory alloys have been notably distinguished from other types of materials because of their 
pseudo-elasticity [3] and shape memory effect (SME) features [4]. In the biomedical and 
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engineering industries, SMAs have been reported in various research as the main components 
in products like thermal actuators [5], pumps, linear engines [6], separators, automated arms 
[7], hydraulic tube couplings [8], lens frames, and electrical system breakers [9]. 

Shape memory alloys are categorized according to the alloying elements. We can differentiate 
between alloys based on Nickel (such as; Ni-Ti, Ni-Mn-Ga), Copper (such as; Cu-Zn-Al, Cu-Al-
Ni), Iron (such as; Fe-Mn, Fe-Mn-Si), Rare metals (such as; Au-Cd, Au-Ag, Pt-Al), etc. depending 
on this base material [10]. They are regarded as the SMA systems with the most potential for 
both functionality and commerce. For technological and industrial applications, Cu-based SMAs 
are widely recognized as the most affordable and processing-sustainable SMA systems. The 
primary benefit of Cu-based SMAs over other SMAs is specifically their economic effect 
(affordable cost) [11]. Specifically, Cu-Al-Ni alloys have applications in a variety of industrial 
domains, particularly where elevated transformation temperatures (up to 200 °C) are 
necessary [10]. High transformation temperatures, strong corrosion resistance, high resistance 
to functional property deterioration during aging processes, and a fair price all influence the 
choice of this class of alloys for application. They have a significant strain recovery (about 5%), 
which is second only to the NiTi systems (about 8%) [12], and they may be processed by 
conventional casting methods [13]. In light of this, Cu-based SMAs are now well-regarded when 
it comes to applications in electrical and thermo-responsive industrial [14], technological 
systems and biomedical industries [15]. 

As a consequence of the high elastic anisotropy of the parent β phase, large grain size, brittle 
Ɣ2 (Cu9Al4) phase, and formation of stress-induced martensites along grain boundaries upon 
quenching equiaxed polycrystalline CuAlNi alloy is prone to intergranular fracture during 
plastic deformation [16] and lack of cold-working ability due to high brittleness [17], which has 
been reported to have limited the alloy's engineering applications [18]. A potential remedy to 
this challenge is the addition of suitable rare metals (refining elements) such as Ce, La, Co, B, 
and Ti, which form the precipitates that restrict the size and growth of the grains. Moreover, 
the rapid-solidification technique or powder metallurgy used in the alloy's production is very 
effective in achieving a fine-grain microstructure of SMA. Grain modification and texture 
control are two significant methods used to improve the mechanical properties of the 
polycrystalline CuAlNi alloy. These two techniques are crucial in relieving the concentration of 
stress at grain boundaries, which in turn prevents fractures between granular layers and 
increases the alloy's flexibility [19]. By partially substituting the aluminum component, 
Manganese is introduced as an alloying element to the CuAlNi alloy to improve its ductility and 
stability. Additionally, it permits the betatising process to be carried out at lower temperatures 
and expands the β phase's stable domain [20].  In addition, Manganese is added to improve 
thermoelastic and pseudoelastic performance [21] and Saud et al. [22] reported that the 
inclusion of Manganese also lowers the rate of corrosion. 

This research aimed to investigate the effect of micro-addition of La as a rare metal on the 
CuAlNiMn SMA in its as-cast condition through casting techniques. The findings provide 
information on the porosity, hardness, tensile, specific strength, fracture toughness, and 
corrosion behavior of the CuAlNiMn SMA system.  

2. Materials and Method  

2.1. Materials  

To produce the Cu-Al-Ni-Mn base composition for shape memory alloys, pure-grade billets of 
copper, nickel, manganese, and aluminum were used as the base materials. Analytical high-
quality lanthanum (La) powder was chosen to be the microalloying additive. The components 
for Cu, Al, Ni, Mn, and La were purchased from authorized local suppliers. 
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 2.2. Method 

2.2.1. Alloy Design and Production 

Cu-14%Al-4.5%Ni-0.7%Mn and Cu-14%Al-4.5%Ni-0.7%Mn-0.06La were the two components 
that piqued curiosity in this study. The study followed Alaneme et al.'s approach in adopting 
charge computations and alloy production methods to reach these alloy compositions [23]. The 
alloy compositions were developed in an arc furnace with an argon atmosphere using standard 
melting and casting procedures. The melts were then poured into cylinder-shaped cast iron 
metal molds that measured 200 mm in length and 20 mm in diameter using 1300 °C 
temperature as the heat index. The cast specimens were taken out, fettled, and then machined 
into different test specimens for microstructural, mechanical, and corrosion examination. Table 
1 displays the chemical compositions of the alloys developed and the matching sample 
designations. 

Table 1. Composition of the CuAlNiMn SMA, both unmodified and modified with La 

 

2.2.2. Microstructural Characterization 

The CuAlNiMn alloys that were produced, both modified and unmodified, had their 
microstructures observed under an optical microscope (Model: L2003A). The sample's 
surfaces were polished to a mirror-like metallographic finish by a series of grinding operations 
using abrasive papers with grit sizes of 220, 500, 1000, and 1200. Etching was done with a 
solution of 2.5 g FeCl3, 10 mL HCl, and 48 mL ethanol. The grain analysis, comprising the 
estimation of average grain size (using Eq 1), profile plot, and grain size distribution, was 
accomplished with the support of ImageJ software (using the simple linear intercept approach) 
adopting the method outlined by Peregrina-Barreto et al [24]. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐺𝑟𝑎𝑖𝑛 𝑆𝑖𝑧𝑒 =
𝐿𝑖𝑛𝑒 𝐿𝑒𝑛𝑔𝑡ℎ 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝑟𝑎𝑖𝑛𝑠
   (1) 

2.2.3. Measurement of Density and Porosity in Percentage 

Density measurements were used to estimate the compositions' levels of porosity. This was 
accomplished by analyzing the theoretical and experimental densities of every composition. An 
Ohaus Pioneer digital weighing balance (Model: PA214) with a high-precision tolerance of 
0.0001g was used to weigh the test samples to determine the experimental density of the 
samples. In every instance, the measured weight was divided by the volume of the 
corresponding samples. The rule of mixture as stated in Eq (2), was used for the computation 
of the theoretical density. 

𝜌𝐶 =  ∑ 𝑉𝐸 ∗  𝜌𝐸  (2) 

Where ρC is the density of the composition; VE is the volume fraction of the element ; 

ρE is the density of the element. Using the relations stated in Eq (3), the percent porosity of the 
composites was determined.  

% 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = ( 
𝜌𝑇 − 𝜌𝐸𝑋

𝜌𝑇
 ) × 100 (3) 

Where, 𝜌𝑇  𝑖𝑠 𝑡ℎ𝑒 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3) ; 𝜌𝐸𝑋 𝑖𝑠 𝑡ℎ𝑒 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) 

Compositions Cu Al Ni Mn La 

C 1 80.80 14 4.5 0.7 - 

C 2 80.75 14 4.5 0.7 0.06 
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2.2.4. Mechanical Characterization 

• Hardness Testing 

The Emcotest Durascan Microhardness Tester was equipped with the cutting-edge application 
ecos Workflow, was utilized to assess the hardness of the Cu-Al-Ni-Mn-based alloys that were 
produced. The samples were prepared using a finely finished cylindrical flat surface, and the 
ASTM E92–23 standard was followed during the testing process [25]. A 100g load was used for 
the hardness test, with a 10-second dwell period.  The hardness indentation was performed at 
least five times, and the average hardness values were determined. 

• Tensile Test 

A universal testing device (Instron model 3369) was utilized to perform tensile testing on the 
as-cast CuAlNiMn SMA. The test samples were machined following the tensile test standards, 
measuring 30 mm in length of the gauge and 5 mm in diameter. Samples were mounted on the 
testing platform, the test samples were drawn under tension with a strain rate of 10-3/s until 
they fractured. The ASTM E8/E8M-22 criteria were followed during the preparation of 
samples, evaluation, and data analysis [26]. For every composition of CuAlNiMn SMA produced, 
three repeatable tests were carried out to ensure the test results’ dependability and 
repeatability.  

• Fracture Toughness  

The fracture toughness values of the CuAlNiMn SMA were evaluated by using the 
circumferential notch tensile (CNT) testing method as reported by Alaneme [23] and Alaneme 
& Umar [27]. The CuAlNiMn SMA compositions were shaped to precisely measure the 30 mm 
gauge length, 6 mm gauge diameter (D), 4.5 mm notch diameter (d), and 60° of the notch angle 
to conduct the evaluation. A standardized testing device with a strain rate of 10-3/s was used to 
bend the samples until they broke while they were in the stage of testing. The relation was used 
to determine the fracture loads (Pf) obtained from the load-extension data of the alloys to 
evaluate their fracture toughness using Eq (4) as stated by [27]. 

𝐾1𝑐 =  
𝑝𝑓

𝐷3/2
 [1.72 (

𝐷

𝑑
) − 1.27] (4) 

Where the specimen diameter (D) and the notched section diameter (d) are the corresponding 
values. By using the relationships described in Eq (5) [27], the values for the fracture toughness 
were obtained for validation under plane strain conditions. 

𝐷 ≥ (
𝐾1𝑐

𝜎𝑦
)2   (5) 

For every composition of CuAlNiMn SMA, three tests were rerun to make sure the results were 
dependable and accurate. 

2.2.5. Corrosion Test 

The following materials, instruments, and reagents were employed in the study following 
Edoziuno et al [28]: 500-milliliter beakers, 100-milliliter volumetric flasks, emery paper, 
distilled water, 0.5 M and 1.0 M sodium chloride (NaCl) solutions made with laboratory-quality 
materials, filter paper, and dry clothes, analytical grade acetone substance including 
unmodified and modified CuAlNiMn SMA specimens in the form of cylindrical 20 mm diameter 
by 10 mm length are all included. 

Before any further processing, the alloy specimens were cleaned and polished using emery 
papers of different sizes (such as 400, 800, and 1,200 grit), filter paper, and dry clothes. They 
were rinsed with distilled water from the faucet and thoroughly cleaned using acetone. 
Following a thorough air-drying process, the samples were weighed to four decimal places 
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(0.0001) on an analytical scale. After the samples were weighed, they were immersed in the 
measured NaCl concentrations. At 48-hour intervals (up to 240 hours), the compositions were 
removed from the test solutions and immediately given a quick washing with distilled water. 
Finally, an analytical scale was used to weigh the specimens, and the variations in weight at 
each period were recorded. Each sample's weight loss (mg) and corrosion rate (mm/yr) were 
assessed using ASTM G31-21 guidelines [29]. 

3. Results and Discussion 

3.1 Microstructure Analysis, Grain Size Distribution, and Average Grain Size 

CuAlNiMn and CuAlNiMn modified with 0.06 weight percent La alloying additions are shown 
in their as-cast microstructures in Fig. 1(a-b). The distribution of grain sizes in the CuAlNiMn 
and CuAlNiMn0.06La alloy systems is presented in Fig. 2. Based on the microstructures of the 
parent alloy shown in Fig. 1a, the structures composed of α-phase, β-phase, and a huge coarse 
intermetallic compound called α+γ2. The grains are coarse and dendritic, evenly distributed, 
but with an overabundance of undissolved copper. As illustrated in Fig. 1a, the composition 
alloy's microstructure revealed more of an undissolved Cu-alloy complex (dendritic grain) with 
an average grain size of 9.25 μm, which gave rise to the hard and brittle eutectoid α+γ2 phase 
which is the predominant phase [11,30]. This resulted in the low performance of mechanical 
properties displayed by the composition (CuAlNiMn). In contrast, Fig. 1b shows a notable 
increase in the number of rosette-shaped β-phase grains that were uniformly distributed 
throughout the α-phase, indicating full wettability of the grains and improved mechanical 
properties displayed by the CuAlNiMn–0.06%La alloy. Additionally, it was noted that the micro-
addition of La to the concentration of the parent alloy system (CuAlNiMn) resulted in a 
reduction of the huge coarse grains (α+γ2 phase), indicating the soluble nature of elements in 
the copper matrix. The enhanced mechanical features exhibited by the alloy can be attributed 
to the size and dispersion of its grain [31].  

  

Fig. 1. Representative Optical Micrograph of as-cast structure for (a) CuAlNiMn and (b) 
CuAlNiMnLa 

When 0.06 wt.% La was added to the parent alloy system (CuAlNiMn), a decrease in grain size 
was observed with a decrease in the solid solution region (Figure 1), which improved the 
mechanical properties. The average grain size of the parent alloy decreased from 9.25 µm to 
6.08 µm after being doped, as shown in Fig. 2(a-b). As evident in Fig. 2, the strength and 
hardness of the Cu-14Al-4.5Ni-0.7Mn-0.06La alloy system increased by about 28.44 % and 
10.77 %, respectively, as compared to the parent alloy. It is noted that the micro-addition of La 
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caused the average grain size to reduce drastically from 9.25 μm to 6.08 μm. Evidently, Fig. 2b 
showed a superior grain size distribution than the composition of the parent alloy. 

 

(a) 

 

(b) 

Fig. 2. Grain size distribution of (a) CuAlNiMn (b) CuAlNiMnLa 

3.2 Measurement of Density and Porosity 

Table 2 displays the result of the percent porosity and density measurements of the CuAlNiMn 
SMA system. Comparing the two compositions, it is shown that the modified CuAlNiMn (C2) 
had lower porosity levels than the unmodified CuAlNiMn (C1) SMA system. 

Table 2. The percentage porosity for the produced CuAlNiMn SMA 

Composition 
Theoretical density, 

(𝑔𝑐𝑚−3) 
Experimental density, 

(𝑔𝑐𝑚−3) 
Porosity 

(%) 

C1 8.05323 7.963 1.12 

C2 8.05162 7.963 1.10 

 

It is observed that the micro-addition of the La causes the composites' percentage porosity to 
decrease. This shows that rare earth elements contribute to the excellence of the SMA produced 
by decreasing the percentage porosity. Additionally, the dispersion of La particles in the 
CuAlNiMn SMA was improved by the procedure, because the maximum permissible porosity 
value in sand casting composition is less than 4% [32], for porosity has a significant impact on 
material behavior. 

3.3 Mechanical Characteristics 

3.3.1 Hardness Properties 

Figure 3 shows the variation in the CuAlNiMn SMA hardness with and without the micro-
addition of La. The inclusion of La was found to marginally boost the alloys' hardness; in 
comparison to the unaltered CuAlNiMn, the weight percentage of La increased the 
composition's hardness value by 17.3%. The inclusion of La as a micro-alloying addition is 
responsible for the increased hardness found in the modified CuAlNiMn SMA. This change in 
grain edge morphology and reduction of elongated grain width (i.e., grain thickness) were the 
outcomes of these additions [33]. A hardening effect caused by the finely dispersed particles 
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could account for the modified CuAlNiMn SMA's increased hardness value [34]. The Hall-Petch 
relation is supported by the enhanced resistance to indentation with smaller grain sizes [35]. 

 

Fig. 3. Variation in hardness value of the produced composition 

3.3.2. Tensile Properties 

The ultimate tensile and yield strength are shown in Fig. 4.  As observed, the tensile strength 
and yield strength of the composition increase with the micro-addition of La by 22.14% and 
20.31% respectively. However, it was observed that the ultimate tensile and yield strengths for 
unmodified alloys were lower compared with the La-modified CuAlNiMn SMA. Hence, it is 
noteworthy that the inclusion of rare earth elements significantly improved the strength of the 
composition. The Rare earth elements help in achieving a refined and homogeneous structure 
by removing voids and micro-voids and also help in redistributing the particulates and second-
phase particles resulting in considerable elimination of particle clusters and segregation. The 
elimination of a considerable number of voids and porosity in the composition strengthens its 
ability by lowering the possibility of particle separation under tensile loading [36,37]. 

 

Fig. 4. Ultimate tensile strength and yield strength of the compositions 
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3.3.3 Fracture Strain Properties 

The fracture strain for the compositions is shown in Fig. 5. It is noted that there was an increase 
in the fracture strain owing to the addition of La compared with the unmodified CuAlNiMn SMA. 
Sample C2 has the greatest strain improvement with a 20 % increase compared with C1. This 
shows the possibility of the CuAlNiMn system to withstand plastic deformation and therefore 
the rare earth metals modification improves their cold workability especially when the alloy is 
solution heat-treated [38,39]. 

3.3.4 Percentage Elongation Properties 

Figure 5 shows the percentage elongation of the produced compositions. The highest 
percentage elongation was observed in sample C2 (0.06 wt % of La addition) with a 7.7 % 
increase when compared with the unmodified CuANiMn alloy. This is due to the ability to 
achieve better interphase interaction between the CuAlNiMn SMA particles and the rare earth 
metals.  

 

 

Fig. 5. Variation of fracture strain and percentage elongation of the produced compositions 

It is worth noting that rare metals are naturally ductile compared to the brittle CuAlNiMn 
system [22,40,41]. It implies that the CuAlNiMn SMA enhanced with La will have a greater 
ability to withstand plastic deformation. The reduction in percentage elongation of unmodified 
CuAlNiMn alloy can be ascribed to its sharp end grain boundaries, which can limit deformation 
through plasticity because of the triaxial stress condition that is formed at these locations [23]. 

3.3.5 Specific Strength Properties 

Specific strength, commonly referred to as a material's strengths-to-weight ratio, is an 
indication of a substance's durability. It is noted from Fig. 6 that the micro-addition of La 
increases the specific strength of the composition. C2 which has 0.06 wt% of La has the highest 
specific strength, compared to C1 which is an unmodified alloy, this is a result of the relatively 
higher density of the composition as shown in Table 2. This implies that grain structures with 
thinner walls of higher material strength-to-weight ratio can be produced using La as an 
additive to CuAlNiMn SMA without any adverse effect on strength performance [42,43]. 
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3.3.6 Fracture Toughness Properties 

Figure 6 shows the evaluation of the fracture toughness for the CuAlNiMn SMA. The stated 

values are valid for fracture toughness, as condition,  𝐷 ≥ (
𝐾1𝑐

𝜎𝑦
)2, given for the requirements 

for planar strain for the cylindrical round sample geometry were satisfied [27]. The micro-
addition of La is noted to increase the fracture toughness of the CuAlNiMn SMA. 22.5% increase 
in fracture toughness was achieved for C2 with La addition. The inclusion of the rare metal in 
the alloy composition enhances the ability of the CuAlNiMn SMA to prevent the propagation of 
cracks. This is because the addition of La to CuAlNiMn SMA causes a stabilizing and refining 
impact on the grain, enhancing the alloy's toughness and resistance to the propagation of crack 
[39]. This means that in an application where impact absorption and resistance to fracture are 
essential service requirements, the CuAlNiMn SMA with La will be more dependable [42]. 

 

 

Fig. 6. Variation of specific strength and fracture toughness of the produced compositions 

3.4 Corrosion Behavior  

The variation of weight loss (mg) and corrosion penetration rate (mm/yr.) of the CuAlNiMn 
SMA in 0.5 M NaCl and 1.0 M NaCl solutions are presented in Fig. 7 and Fig. 8 respectively. Fig. 
7(a), shows that the weight losses of the two alloy systems produced were less than 9 mg in the 
NaCl solution after 240 hours of experiment. The micro-addition of La has a modest effect on 
the alloy's resistance to corrosion in the solution, as may be seen by careful observation. 
Compared to the unmodified composition (C1) the corrosion tendency of the alloy was slightly 
reduced with the addition of the rare element. Fig 7(b) shows the weight loss variation in 1.0 
M NaCl solution. It was noted that the weight losses of the compositions were less than 10.0 mg 
in the NaCl solution after 240 hours of experiment. The compositions are influenced by the 
addition of La rare earth metal, which results in a considerable weight decrease compared to 
the unmodified alloy (C1), which exhibits the greatest weight loss throughout the experiment. 
Figure 8 shows the corrosion penetration rate of the produced compositions in 0.5 M and 1.0 
M of NaCl solutions. It was observed that the corrosion rate of the La-modified composition was 
reduced compared with the unmodified composition. It was also observed in Fig. 8(a) and 8(b) 
that C2 showed a resistance to corrosion (lowest corrosion penetrated rate) throughout the 
study while it was so evident at 114 hours for 0.5 M of NaCl solution and 96 hours for 1.0 M of 
NaCl solutions. In Fig. 7 and 8, it is observed that the addition of La to the CuAlNiMn SMA 
resulted in a significant improvement of the corrosion resistance of the CuAlNiMn SMA in NaCl 
solution. 
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(a) 

 

(b) 

Fig. 7. (a) Variation of weight loss for the produced CuAlNiMn-based SMA immersed in 
0.5M NaCl solution, (b) Variation of weight loss for the produced CuAlNiMn-based SMA 

immersed in 1.0M NaCl solution 

 

(a) 

 

(b) 

Fig. 8. (a) Variation of Corrosion Penetration Rate for the produced CuAlNiMn-based SMA 
immersed in 0.5 M NaCl solution, (b) Variation of Corrosion Penetration Rate for the 

produced CuAlNiMn-based SMA immersed in 1.0 M NaCl solution 

After the corrosion test, the surfaces were subjected to an ultrasonic treatment in deionized 
water, dried in a desiccator, and then evaluated under an optical microscope at a magnification 
of 10 to ascertain the surface state, as illustrated in Fig. 9. Pits are evident on the surfaces of C1 
and C2 as shown in Fig. 9a and 9b, which show a 0.5 M NaCl solution, but the surface of C2 
shows less pitting corrosion. Also, both C1 and C2 of the 1.0 M NaCl solution in Fig. 9c and 9d 
follow the same pattern as Fig. 9a and 9b but there is more evidence of pitting corrosion 
compared to Fig. 9a and 9b due to the higher concentration of NaCl in the solution. This is a 
positive indicator that micro-additions of La into CuAlNiMn alloy can improve the corrosion 
resistance for applications in environments with moderate NaCl concentrations  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 9. Optical Microscope images of the samples with corroded surfaces; (a) C1 of 0.5 M of 
NaCl solution, (b) C2 of 0.5 M of NaCl solution, (c) C1 of 1.0 M of NaCl solution, and (d) C2 of 

1.0 M of NaCl solution 

4. Research Significance  

Rare metals can greatly improve the performance of copper-based shape memory alloys 
(SMAs), providing several benefits for both basic science and practical applications. La metal 
addition to CuAlNiMn system is an active field of study with broad implications for applied 
engineering. It results in improved mechanical properties, increased resistance to corrosion, 
and the possibility of new, cutting-edge applications. This study attempts in developing a high-
performance material suited for harsh environment. 

5. Knowledge Gaps 

Rare earth metals have been employed by several authors in their SMA research, it has been 
discovered that these metals are limited in availability in Cu-based SMAs. The influence of 
Lanthanum as an enhancer for improved grain characteristics, mechanical, and corrosion 
properties of CuAlNiMn shape memory alloy in its as-cast state have been examined in this 
study. Although the as-cast condition is the main emphasis, these alloys may be optimized by 
investigating various benefits and constraints in the solution treatments. Furthermore, 
alternative metal-forming processes (such as powder metallurgy and rapid solidification) and 
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their effects on the inclusion and dispersion of rare metals in Cu-based SMAs have not been 
well explored. This requires a grasp of how processing factors influence the final properties of 
the alloy's system. 

6. Comparison of Previous Studies with The Current Study 

It is evident from Table 3, that the inclusion of rare elements in the Cu-based SMA affects its 
properties. These elements produced a shape memory alloy system with a refined grain 
structure and could control the amount of austenite to martensite transition [47]. More study 
is necessary to fully understand the potential of La addition to Cu-based SMA since the effect 
has not been well studied. 

Table 3. Comparative table showing the properties’ results of the previous studies on Cu-based 
SMA and the current study with additions of rare metals 

Reference(s) 
Shape Memory Alloy 

(SMA) 
Hardness 

(HV) 
Strength 

(MPa) 
Strain 

(%) 
Porosity 

(%) 

Corrosion 
Rate 

(mm/yr.) 

[45] 

CuAlNi 223.6 270 1.65 - - 

CuAlNi0.97wt%Mn 225.4 450 3 - - 

CuAlNi0.99wt%Ti 236.4 680 2.8 - - 

CuAlNi1.14wt% Co 345 650 7 - - 

[46] 

Cu11Al5Mn0.7Ti 190 266.5 0.65 - - 

Cu11Al5Mn0.7Ti1Ta 233.5 386.1 1.05 - - 

Cu11Al5Mn0.7Ti2Ta 247.2 393.6 1.22 - - 

Cu11Al5Mn0.7Ti3Ta 211.9 357.4 0.98 - - 

[47] 

Cu-14Al-4.5Ni - 622 12.66 - - 

Cu-14Al-4.5Ni-0.3Ce - 659 16.45 - - 

Cu-14Al-4.5Ni-1Ce - 637 15.35 - - 

Cu-14Al-4.5Ni-3Ce - 340 6.99 - - 

[48] 

Cu-11.9Al-2.5Mn - 380 3.5 - - 

Cu-11.9Al-2.5Mn-
0.4CuZr 

- 540 4.3 - - 

Cu-11.9Al-2.5Mn-
0.5CuZr 

- 530 7.0 - - 

Cu-11.9Al-2.5Mn-
0.7CuZr 

- 545 7.2 - - 

Cu-11.9Al-2.5Mn-
0.9CuZr 

- 720 8.5 - - 

Cu-11.9Al-2.5Mn-
1.0CuZr 

- 450 3.7 - - 

[49] 
 
 

(Cu83Al12M
n5)1-x Cex 

(Cu83Al12Mn5)100 Ce0 - 600 11 - - 

(Cu83Al12Mn5)99.5 Ce 
0.05 

- 890 15 - - 

(Cu83Al12Mn5)99.90 Ce0.1 - 800 16.7 - - 

(Cu83Al12Mn5)99.85 
Ce0.15 

- 790 20.5 - - 

[50] Cu-12.5Al-4Ni - - - 12.96 2.68 
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7. Conclusions 

CuAlNiMn alloy containing Lanthanum micro-alloying element has its mechanical properties, 
corrosion behavior, and grain characteristics adequately studied. The detailed outcomes of the 
present study are as follows:  

• The microstructures and grain features directly affect the remarkable increase in 
mechanical properties that alloyed CuAlNiMn alloy demonstrates. The microstructure 
was composed of combinations of Cu-rich α-phase, β-phase with a substantial volume 
portion, and a huge coarse intermetallic compound called α+γ2.  

• Adding La to the CuAlNiMn alloy caused a notable increase in the alloy's characteristics 
through grain refining. Following the micro-addition of the alloying element, the parent 
alloy's average grain size reduced from 9.25 μm to 6.08 μm, resulting in improved 
mechanical characteristics.  

• The CuAlNiMn alloy without alloying elements performed the least favorably in terms 
of physical properties, with 1.12% porosity, and mechanical properties, with 9.75 BHV 
of hardness, 160.21 MPa of UTS, 108.15 MPa of yield strength, 0.052 of fracture strain, 
5.2% of elongation, 19.89 MPa/gcm3 of specific strength, and 6.99 MPa.m1/2 of fracture 
toughness. In contrast, the CuAlNiMnLa alloy system achieved a lower percentage of 
porosity, higher value of hardness, UTS, yield strength, fracture strain, %elongation, 
specific strength, and fracture strain, with values of 1.10%, 10.80 BHV, 205.77 MPa, 
135.71 MPa, 0.065, 6.5%, 25.57 MPa/gcm3, and 8.91 MPa.m1/2, respectively. 

• Within the chosen media (0.5 M and 1.0 M of NaCl solutions), it was noticed from the 
corrosion rate and weight loss plots that the developed modified CuAlNiMn SMA 
exhibited a notable increase in corrosion resistance. 

• After 240 hours in a 0.5 M NaCl solution, the corrosion rates of CuAlNiMn decreased 
from 0.144 mm/yr. to 0.087 mm/yr. while CuAlNiMnLa from 0.096 mm/yr. to 0.067 
mm/yr. Additionally, after 240 hours of exposure to 1.0 M NaCl solution, the corrosion 
rates of CuAlNiMn decreased from 0.144 mm/yr. to 0.096 mm/yr., while CuAlNiMnLa 
decreased from 0.096 mm/yr. to 0.077 mm/yr. 

• The micro-addition of lanthanum considerably enhanced the corrosion behavior, 
mechanical, and physical properties of the CuAlNiMn alloy.  
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Cu-12.5Al-4Ni-1Ta - - - 9.0 1.79 

Cu-12.5Al-4Ni-2Ta - - - 7.5 0.74 

Cu-12.5Al-4Ni-3Ta - - - 11.0 0.29 

Current 
Study 

Cu-14Al-4.5Ni-0.7Mn 9.75 160.21 5.2 1.12 0.087 

Cu-14Al-4.5Ni-0.7Mn-
0.06La 

10.8 205.77 6.5 1.10 0.067 
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Nomenclature 

SMA – Shape Memory Alloy 
SME – Shape Memory Effect 
C1 – Composition 1 
C2 – Composition 2 
Cu - Copper 
Al – Aluminum 
Ni – Nickel 
Mn – Manganese 
La – Lanthanum 
Ce – Cerium 
Ti – Titanium 
Ga – Gallium 
Zn – Zinc 
Fe – Iron 
Si – Silicon 
Au – Gold 
Ag – Silver 
Cd – Cadmium 

Pt – Platinum 
Co – Cobalt 
FeCl3 – Iron (III) Chloride 
HCl – Hydrochloric Acid 
NaCl – Sodium Chloride 
CPR – Corrosion Penetration Rate 

𝜌𝐶  = Density of the composition 

𝜌𝐸= Density of the element 

𝑉𝐸 = Volume fraction of the element 
∑ = Summation 

𝜌𝑇 = Theoretical density 

𝜌𝐸𝑋 = Experimental density 
CNT = Circumferential notch tensile 

𝐾1𝑐  = Fracture toughness 

𝑝𝑓 = Fracture load 

D = Guage diameter 
d = Notch diameter 
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Article Info  Abstract 

Article History:  This work used the Finite Element Method (FEM) to estimate the shear force for a 
blind shear ram type blowout preventer. In recent years, significant advancements 
have been made in the design of Foot Over Bridges (FOBs) through the utilization 
of advanced analytical methods, innovative materials, and novel bridge concepts. 
FOBs have gained popularity in urban India due to their ability to facilitate safe 
pedestrian crossings without disrupting vehicular traffic flow, thereby enhancing 
pedestrian safety in areas with heavy traffic. This research focuses on the 
development of an economically optimized steel FOB design specifically tailored 
for the Mumbai region. The primary objectives are to ensure durability, stability, 
safety, and cost-effectiveness in the design. The study involves modelling the 
typical span of a skywalk structure using STAAD Pro, followed by comprehensive 
analysis and design iterations for various configurations based on real-world 
spans of existing pedestrian bridges. Static loading conditions are applied to the 
FOB models, allowing important characteristics like weight, number of joints, 
number of members, weld lengths, painting surface area, and natural frequency of 
pedestrian bridges to be evaluated. These factors are carefully contrasted to 
determine the bridge design that is the most economical. Additionally, vibration 
tests are conducted on two selected skywalks to assess their compliance with 
serviceability criteria. The research scrutinizes the utilization ratio of members in 
the bridge structures and explores variations in section sizes within the design to 
achieve the optimal configuration. The findings are presented in detail, offering 
valuable insights into the process of identifying the most economical FOB design 
from the skywalks in the Mumbai suburban region. This study contributes to the 
enhancement of pedestrian infrastructure in urban India by delivering a robust 
and cost-efficient FOB design approach. 
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1. Introduction 

The importance of providing safe and dedicated pathways for walkers in pedestrian infrastructure, 
distinct from vehicular traffic, cannot be overstated. Sidewalks and skywalks emerge as critical 
components of urban planning, offering pedestrians the security and convenience they deserve. 
However, in many regions of India, these pedestrian facilities face dire challenges marred by 
neglect, encroachments, and inadequate capacity. As a result, pedestrians often need to be more 
open to utilising them, and there is a pressing need to transform these neglected walkways into 
appealing, secure, and efficient avenues for foot traffic. This imperative underscores the 
significance of conducting thorough investigations into the design and functionality of sidewalks 
and skywalks, particularly in India. While extensive research exists on pedestrian facilities, much 
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of it stems from studies conducted in developed countries, leaving a noticeable void when it comes 
to India’s unique conditions and requirements. 

This research endeavours to fill this void by analysing and designing pedestrian bridges of diverse 
types and spans using STAAD PRO software. By examining critical parameters such as weight per 
meter, the number of structural members, the number of joints, deflection characteristics, and cost 
per meter span, we aim to determine the most economical bridge design. We aim to develop a 
comprehensive understanding of the factors that influence pedestrian bridge design, thereby 
contributing to enhancing pedestrian infrastructure in India. Furthermore, it is essential to 
navigate the labyrinth of codes and standards governing the construction of road bridges in India. 
The Indian Road Congress (IRC) codes play a pivotal role in shaping the guidelines for road bridge 
design, encompassing provisions for load considerations, stress analysis, working stress 
methodologies, limit state methods, steel road bridges, and seismic load considerations. These 
codes form the backbone of safe and efficient bridge construction, ensuring structural integrity and 
reliability. Additionally, this research introduces three predominant truss types frequently 
employed in constructing skywalks, each characterised by distinct structural attributes and 
applications. The Pratt Truss is recognised for its cost-effectiveness and suitability for vertical load 
scenarios; the Warren Truss is notable for its configuration of equilateral triangles, rendering it 
favourable for distributing spanned loads; and the Howe Truss, which presents an intriguing 
inversion of structural forces, with diagonal members in compression and vertical loads in 
tension[1]. In addition to classifying trusses based on their structural attributes, this research also 
delves into their classification predicated on the positioning of the deck slab. This categorisation 
yields three primary types: the underslung truss bridge, where the deck carries the live load, 
demonstrating remarkable cost-effectiveness; the through type truss bridge, ideal for 
accommodating long spans where underslung trusses may not be suitable; and the semi-through 
truss bridge, serving as an economical choice for shorter spans[1]. 

In summary, this introduction lays the groundwork for our research by highlighting the critical 
significance of pedestrian infrastructure in urban settings, shedding light on the unique challenges 
faced in India, articulating our research goals, referencing the pertinent codes and regulations, and 
presenting a comprehensive introduction to various truss types and classifications. These elements 
collectively prepare the context for our detailed investigation into pedestrian bridge design and its 
economic aspects, outlining our study’s objectives. These objectives include: 

• Comparative analysis using STAAD Pro software results for several foot-over bridges in 
Mumbai.  

• Testing the vibrations of footbridges to ascertain their inherent frequencies.  

•  Interpreting the findings to determine the foot over bridge design that is the most cost-
effective. 

Additionally, we navigate relevant codes and standards and provide a comprehensive overview of 
various truss types and classifications. These elements collectively set the stage for our in-depth 
exploration of pedestrian bridge design and economics. In the past,  A pedestrian count experiment 
was conducted in Cincinnati [2], providing insights into pedestrian behaviour on skywalks during 
lunch and nighttime peak hours. Further insights into peak-hour pedestrian behaviour were 
extended [3] through pedestrian counts conducted in Hong Kong's Central Business District, 
focusing on morning and evening peak flows. The structural efficiency of different truss types was 
explored [4]through vibration analysis, demonstrating the cost-effectiveness of Howe-type truss 
bridges. Innovative composite bridge construction using corrugated steel webs and trusses was 
introduced [5] to reduce material usage and construction costs. Research on the capacity analysis 
of railway Foot Over Bridges (FOBs) [6] was done with a particular emphasis on geometric aspects 
and their influence on bridge capacity. A performance evaluation of a novel composite pedestrian 
bridge design utilising hybrid materials for achieving lightweight, cost-effectiveness, and durability 
in bridge construction was conducted [7]. A parametric research study [8] focuses on optimising 
pedestrian traffic for arch bridges with radial hanger arrangements, with a specific mass reduction 
goal. Detailed structural insights into aluminium alloy truss arch bridges were provided [9], 



Jha et al. / Research on Engineering Structures & Materials 11(3) (2025) 1101-1119 
 

1103 

considering pedestrian comfort and load-bearing capacity factors. A comparative study was carried 
out between pre-engineered steel structures and conventional steel structures, highlighting the 
sustainability and cost-effectiveness of pre-engineered designs [10]. An economical and functional 
pedestrian bridge deck was created. It is composed of two layers: carbon-reinforced polymer fiber 
on the bottom and cement composite on top [11]. The research was conducted on pedestrian 
crossing speed and behaviour, finding that city features, geography, and pedestrian characteristics 
contribute to crossing behaviour [12]. 

While the research has been comprehensive, it presents several notable gaps: Studies have been 
conducted on pedestrian behaviour during peak weekday hours but need to capture a complete 
picture by not including traffic counts over an entire month, which could reveal additional essential 
patterns. Analyses using STAAD PRO have been completed to compare the performance of various 
trusses under vibration loads, but these studies still need to consider the impact of different span 
lengths. Work on cost optimisation has been focused primarily on arch-type pedestrian bridges, 
excluding other common types of truss bridges, thereby limiting the understanding of cost 
efficiencies across a broader range of bridge designs. Furthermore, there needs to be a more 
detailed comparative analysis concerning the influence of span variations on pedestrian bridges, 
and discussions on cost-affecting parameters such as weld length and paint surface area are absent. 
Equally, research needs to adequately address the construction ease of bridges, which has 
significant implications for project timelines and labour costs. Bridging these gaps is essential for 
advancing the field and could lead to more effective bridge construction and design practices. 

2. Foot Over Bridges: Analysis and Modelling - Case Studies 

 
This is the case study completed on the skywalks in the Mumbai region; it includes modelling and 
on-site visual observations for 14 distinct skywalks, as well as comprehensive data on the 
skywalks' weight, number of members, number of joints, weld length, and surface area. Table 1 
shows the bridge's 3D model and structure at various points. Table 2 displays the bridges' specifics.  
Table 1 shows the actual bridge structure and the related 3D model. 

Table 1. Bridge structures considered for study and related 3D Model  

Sr.   
No. 

Location Bridge at location 3D Model 

1 
Skywalk at 

Bandra West 

  

2 
Bridge 

Girder at 
Andheri 
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3 
 Warren 

truss bridge 
at Andheri 

 

 

4 
 Skywalk at 
Goregaon 

  

5 
 Skywalk at 
Santacruz 

  

6 
Skywalk at 
Wadala 

 
 

7 
Skywalk at 
Sion East 

  

8 
Skywalk 
At Ghatkopar 
West 
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9 
 Skywalk at 
Bhandup 

  

10 
Skywalk at 
Tagore Nagar 

  

11 
Skywalk at 
Nalanda 
Nagar 

 
 

12 
 Skywalk at 
Priyadarshini 

 
 

13 
 Skywalk at 
Vikhroli 

 
 

14 
Pravin Hotel 

Skywalk 
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Table 2. Structure of the bridges taken into consideration for the research 

 

3. Experimental Investigation and Outcome of the Study 

To verify the serviceability requirements for the vibration limit, an experimental research was 
conducted on a variety of bridges. An accelerometer vibration test is used to determine the 
natural frequency of bridges. The natural frequency of the bridges in these studies was contrasted 
with the software's output. 

3.1 Method of Experimentation 

3.1.1 Instrument Calibration 

First, the cantilever beam is used to calibrate the device; see Fig. 1. 

 

Fig. 1. Cantilever beam 

Sr. 
No. 

Bridges 
Considered 

Span 
Length 

(m) 

Width 
of 

Bridge 

Weight 
per 

meter 
(Kg/m) 

No. of 
Members 

per 
meter 

No. of 
Joints 

per 
meter 

Weld 
Length 

per 
meter 

Deflec. 
(mm) 

Max 
Axial 

Stress 
(N/m2) 

Natural 
freq. 
Hz 

1 
Bandra 

West 
28.8 4 862.5 5 2 11.7 24.8 65.77 5.485 

2 
Andheri 
Warren 

Type 
30 4 506.5 3 2 19 46.1 141.4 4.05 

3 Goregaon 18 4 362.7 5 2 8.98 32.0 91.14 4.37 

4 
Wadala 

East 
21 4 647.9 3 2 24 36.1 130.1 4.31 

5 Sion East 17.5 4 503.6 8 - 12.1 30 108.6 4.06 

6 
Ghatkopar 

West 
8 4 738.6 20 8 14.3 2.3 14.58 18.22 

7 
Andheri 
Bridge 
Girder 

16.4 4.5 1169.7 2 - 12 26.365 135 4.445 

8 
Santacruz 

West 
16.8 4.5 918.9 3 - 10.12 20.637 85.632 3.46 

9 Bhandup 13.6 3.5 416.0 5 2 7.062 15 102.35 13.989 

10 
Tagore 
Nagar 

22.5 3.15 420.0 6 2 4.302 19.563 106.33 6.784 

11 
Nalanda 

Nagar 
16.7 3.75 367.1 4 2 5.735 18 117.50 10.424 

12 
Priyadarsh-

ani 
27.5 3.15 559.6 5 2 4.16 17 102.94 4.633 

13 Vikhroli 18.1 3.75 350.9 4 2 5.322 19 142.55 9.54 

14 
Pravin 
Hotel 

23.4 3 395.1 6 2 4.427 20 140 6.427 
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The following sizes of M. S. steel plate are needed for the cantilever beam. Length (L) = 497 mm, 
Width = 39.82 mm, and Thickness = 5 mm. 

4n n

EI
C

mL
 =

 
(1) 

Cn=In above standard formula Cn depends on vibration mode 

•    C1 = 3.516 for 1st mode 
•    C2= 22.0345 for 2nd mode 
•    C3 = 61.6972 for 3rd mode 
•    C4 is 120.0902 for fourth mode. 

A beam's mass per unit length (m) is 1.562935 kg/m, its natural frequency is 103.7053 rad/sec, or 
16.5 Hz, its moment of inertia (I) is 414.792 mm4, its Young's modulus (E) is 2x105 MPa, and its 
natural frequency from the experiment is 14.607 Hz. 

 3.1.2 Configuration of the Test 

 Sandpaper is used to clean the surface in order to mount an accelerometer and get precise 
readings. The test setup completed at the site location is depicted in Figure 2(a). Accelerometer 
mounting (Fig. 2(b)) Results are obtained in the form of acceleration against time using a data 
gathering device (see Fig. 2(c)).  

 
(a) 

 
(b) 

 
 
 

(c) 

Fig. 2. (a)Test setup (b)accelerometer (c)data acquisition system 

3.1.3 Method of Testing 

To obtain results, the test setup is followed by the following actions. The testing is carried out 

at a specific site. Following the test configuration, five or six participants each leaped once at a 

distance of two meters from the test site in order to produce vibrations and obtain a consistent, 

undistorted frequency vs time graph. At that same position, three leaps are made in order to 

collect accurate data. At the other two locations, the test is administered again. The Data 

Acquisition System is where the data is obtained.  

4. Experimental Findings 

After conducting a vibration test on two bridges, the Data Acquisition System yielded the 

following results.  

4.1 Skywalk at Priyadarshini Location 

The acceleration vs. time curve for the Priyadarshini Skywalk at position 1 is displayed in Figure 3. 
The acceleration vs. time curve for the Priyadarshini skywalk at position 2 is displayed in Figure 4. 



Jha et al. / Research on Engineering Structures & Materials 11(3) (2025) 1101-1119 
 

1108 

4.2. Skywalk at Wadala Location 

The Wadala Skywalk at location 1's acceleration vs. time curve is displayed in Figure 5. The Wadala 
Skywalk at location 2's acceleration vs. time curve is displayed in Figure 6. The Wadala skywalk at 
location 3's acceleration vs. time curve is displayed in Figure 7. An accelerometer is used in this 
experimental setup and process to conduct a vibration test. 

 
Fig. 3.  Priyadarshini Skywalk acceleration against time at Location number 1. 

 
Fig. 4.  Priyadarshini Skywalk acceleration against time at Location number 2. 

 
Fig. 5. Wadala Skywalk Acceleration against time for at location1 
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5. Results and Discussions 

The analysis results for the deflection of foot over bridges meet the AASHTHO requirements' 
permitted serviceability limit.[13]. The foot deflections over bridges are displayed in Table 3. When 
evaluating the structural performance of foot-over bridges (FOBs), deflection is a crucial factor. 
Excessive deflection can lead to serviceability issues, discomfort for users, and, in severe cases, 
structural failure. The deflection values from Table 3, which show the deflection of various bridges 
under specified loads, are essential for evaluating their safety and performance. 

Table 3. Foot over bridges with measured and allowable deflections 

 
Fig. 6. Wadala Skywalk Acceleration against time for at location2 

 
Fig. 7. Wadala Skywalk Acceleration against time at location 3 

 Location of Bridge Measured Deflection Deflection allowed 

Skywalk at Bandra 24.815 57 

Bridge Girder at Andheri 26.365 32.8 

Andheri warren type 46.154 60 

Goregaon 32.091 36 

Santacruz 20.637 33.6 

Wadala East 36 42 

Sion East 31 35 

Ghatkopar 2.30 2.2 
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5.1 Analysis of Deflection Values as Given in Table 3  

5.1.1 Bandra West Bridge 

The deflection value of 24.815 mm is significantly below the permissible limit of 57 mm. This 
indicates that the Bandra West bridge has a robust design with a substantial safety margin. The low 
deflection suggests excellent structural integrity and user comfort, with minimal perceptible 
movement under load 

5.1.2 Andheri Girder Bridge 

The Andheri Girder bridge deflects 26.365 mm, which is well within the permissible limit of 32.8 
mm. While the deflection is close to the upper limit, it still ensures safety and functionality. 
However, being nearer to the limit means that the bridge should be monitored for any changes over 
time, especially under increased loads or in case of structural ageing. 

5.1.3 Andheri Warren Type Bridge 

The deflection of the Andheri Warren Type bridge is 46.154 mm, which is comfortably within the 
permissible limit of 60 mm. This shows that the bridge is designed efficiently, using materials 
optimally while maintaining safety standards. The higher deflection compared to other bridges 
might indicate a design that prioritizes material efficiency and cost-effectiveness without 
compromising safety. 

5.1.4 Ghatkopar West Bridge 

With a deflection of 27.09 mm against a permissible limit of 48 mm, the Ghatkopar West bridge 
demonstrates good structural performance. The deflection value suggests that the bridge has a 
balanced design, ensuring both safety and comfort for pedestrians. 

5.2 Implications for Structural Performance and Safety 

• Safety Margins: Bridges like Bandra West and Andheri Warren Type have high safety 
margins, with deflection values well within permissible limits. This indicates an efficient 
design that can handle additional loads or unforeseen stress without significant risk. 

• Serviceability: Lower deflection values contribute to better serviceability, ensuring that 
pedestrians experience minimal movement, which enhances comfort and confidence in the 
bridge's stability. 

• Maintenance and Monitoring: Bridges like the Andheri Girder, which have deflection values 
closer to their permissible limits, require regular monitoring and maintenance. This ensures 
that any degradation over time is detected early, preventing potential serviceability issues or 
safety hazards. 

• Material Efficiency: The analysis shows that designs like the Andheri Warren Type bridge 
achieve higher deflection within safe limits, indicating efficient use of materials. This balance 
between material usage and structural performance is crucial for cost-effective bridge 
design. 

In conclusion, the detailed deflection analysis from Table 3 demonstrates that all the bridges 
analysed are within their permissible deflection limits, ensuring safety and structural integrity. 
However, it highlights the importance of regular monitoring, especially for those designs nearing 
their deflection limits, to maintain long-term performance and safety. 

Bhandup 16 27.3 

Tagore 19.60 45 

Nalanda 19 33.6 

Priyadarshini 18 55 

Vikhroli 20 36 

Pravin Hotel 21 47 
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Table 4. Results of comparison between skywalks having width of 4 meters 

Sr. 
No. 

 Bridge 
name by 
location 

 Length 
of span 
(m) 

Width 

Weight 
of bridge 

per 
meter 

(Kg/m) 

Members 
per meter 

Joints 
per 
meter in 
number 

 Length 
of weld 
per 
meter 

Painting 
surface 
area per 

meter 

1 
Skywalk at 

Bandra 
West 

28.8 4 863.00 5 2 11.72 11 

2 
 Warren 
Type at 
Andheri 

30 4 506.54 3 2 19.00 8.80 

3 
Skywalk at 
Goregaon 

18 4 363.00 5 2 8.98 19.00 

4 
Skywalk at 

Wadala 
East 

21 4 648.00 3 2 24.00 9.00 

5 
Skywalk at 
Sion East 

17.5 4 503.70 8 - 12.10 13.20 

6 
Skywalk at 
Ghatkopar 

West 
8 4 739.00 20 8 14.30 19.27 

 

Most bridges (10 out of 14) have deflections within their allowable limits, indicating they perform 
within the expected safety margins. The Bandra, Santacruz, Bhandup, Tagore, Nalanda, and 
Priyadarshini bridges show significantly lower deflections than their allowable limits, suggesting a 
good safety margin. The Andheri Girder bridge's deflection exceeds its permissible limit, which may 
indicate potential structural concerns requiring attention. The Goregaon and Sion East bridges are 
near their maximum allowable deflection, which could warrant close monitoring. The Ghatkopar 
bridge is notable because its deflection is just slightly above the permissible limit, possibly 
signalling a critical condition that needs immediate assessment. While within limits, the remaining 
bridges vary in proximity to their maximum allowable deflection, affecting their respective safety 
assessments and monitoring needs. The foot-over bridges' comparative outcomes are displayed 
below. Following the calculation of the parameters, the quantities are transformed into a simplified 
format and made easier to understand by dividing each by the span itself, as indicated below; refer 
to Tables 4, 5, 6, and 7. 

5.3 Weight and Material Usage 

Bandra West has the highest weight per meter (862.52 Kg/m) with a span length of 28.8 meters. 
This high weight suggests substantial material usage and higher costs. Ghatkopar West also shows 
a high weight per meter (738.63 Kg/m) but with a much shorter span (8 meters), indicating a dense 
structure that might be over-designed. Andheri Warren Type and Sion East have moderate weights 
per meter (506.54 Kg/m and 503.68 Kg/m respectively), making them relatively efficient in terms 
of material usage for their span lengths (30 meters and 17.5 meters). Goregaon has the lowest 
weight per meter (362.74 Kg/m) for an 18-meter span, indicating good material efficiency. 

5.4 Number of Members and Joints per Meter 

Ghatkopar West stands out with the highest number of members (20) and joints (8) per meter, 
suggesting a complex and potentially costly construction. Sion East also has a high number of 
members (8) per meter, which could impact the construction time and costs. Bandra West and 
Goregaon have moderate numbers of members (5 each) per meter, indicating a balanced design. 
Andheri Warren Type and Wadala East have fewer members (3 each) and joints (2 each) per meter, 
suggesting simpler and potentially more cost-effective designs. 
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5.5 Weld Length and Surface Area for Painting 

Wadala East has the highest weld length per meter (24.00), which could increase welding costs and 
maintenance complexity. Andheri Warren Type also has a significant weld length per meter 
(19.00), impacting initial construction costs. Ghatkopar West and Sion East have moderate weld 
lengths (14.30 and 12.10 respectively), with potential implications for construction and 
maintenance costs. Bandra West and Goregaon have lower weld lengths (11.72 and 8.98 
respectively), suggesting more efficient welding processes. 

5.6 In Terms of Surface Area for Painting 

Ghatkopar West (19.27) and Goregaon (18.71) have the highest surface areas per meter, leading to 
higher long-term maintenance costs. Sion East and Bandra West have moderate surface areas 
(13.18 and 10.98 respectively), balancing initial and maintenance costs. Andheri Warren Type 
(8.80) and Wadala East (8.98) have the lowest surface areas, suggesting cost-effective maintenance. 

5.6.1 Summary and Recommendations 

• Most Material Efficient: Goregaon stands out for its low weight per meter and moderate weld 
length and surface area for painting. 

• Most Cost-Effective: Andheri Warren Type appears to be the most cost-effective in terms of 
material usage and maintenance costs, despite the higher weld length. 

• Complex and Costly: Ghatkopar West is the least efficient due to its high weight, number of 
members and joints, and extensive weld length and surface area for painting. 

• Balanced Designs: Bandra West and Sion East offer balanced designs with moderate weights 
and material usage, though Sion East's higher number of members might increase 
complexity. 

By optimizing designs to reduce weight, minimize the number of structural members and joints, 
and control weld lengths and surface areas for painting, bridges can achieve better cost and 
material efficiency. 

Table 5. Results of comparison between skywalks and bridge width of 4 meters 

Sr. 
No. 

Location of 
Bridges  

Length of 
Span (m) 

 Bridge 
width  

Measured 
Deflection (mm) 

Axial Stress 
maximum 

N/mm2 

1 Bandra West 28.8 4 24.81 65.78 

2 
Andheri Warren 

Type 
30 4 46.15 141.41 

3 Goregaon 18 4 32.09 91.14 

4 Wadala East 21 4 36.12 130.12 

5 Sion East 17.5 4 30.70 108.61 

6 Ghatkopar West 8 4 2.31 14.58 
 

The above table outlines characteristics and stress metrics for six different bridges. Bandra West 
and Andheri, Warren Type bridges have the longest spans at 28.8 and 30 meters, respectively, with 
the latter experiencing the highest deflection and axial stress, potentially indicating significant load 
or structural challenges. Goregaon, Wadala East, and Sion East bridges present a mid-range span 
with moderate deflections and axial stresses. Notably, the Ghatkopar West bridge, with the shortest 
span of only 8 meters, exhibits the smallest deflection and axial stress, which suggests lighter loads 
or a sturdier design. The consistency in width across all bridges suggests standardisation in design, 
but the varying deflection and stress levels point to differences in traffic load, structural materials, 
or design efficiency. 
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5.7 Analysis of Comparative Results of Skywalks for Width of Bridge 4m from 
Table 5 

5.7.1 Deflection Analysis  

• Permissible Deflection Limits: Typically, the permissible deflection for bridges is span/250 
to span/500, depending on the design standards and load conditions. For a 30-meter span, 
permissible deflection ranges from 60 mm to 120 mm. 

• Bandra West: With a deflection of 24.81 mm for a 28.8-meter span, this bridge is well within 
permissible limits, indicating good structural performance and stiffness. 

• Andheri Warren Type: Exhibits the highest deflection at 46.15 mm for a 30-meter span, 
which is within permissible limits but relatively higher than other bridges, indicating a more 
flexible structure. 

• Goregaon and Wadala East: Deflections of 32.09 mm and 36.12 mm for 18-meter and 21-
meter spans respectively, are within limits but higher than Bandra West, suggesting 
moderate flexibility. 

• Sion East: With a deflection of 30.70 mm for a 17.5-meter span, this bridge shows moderate 
stiffness. 

• Ghatkopar West: The lowest deflection at 2.31 mm for an 8-meter span, indicating a very stiff 
structure. 

5.7.2 Maximum Axial Stress Analysis 

• Significance: Axial stress impacts the stability and serviceability of the structure. Higher 
stress values can indicate potential risk of material yielding or failure under load. 

• Bandra West: Maximum axial stress of 65.78 N/mm², indicating good performance and 
structural safety. 

• Andheri Warren Type: The highest axial stress at 141.41 N/mm², which is significantly higher 
than other bridges, suggesting potential concerns under high load conditions. 

• Goregaon and Wadala East: Moderate axial stresses of 91.14 N/mm² and 130.12 N/mm² 
respectively, indicating reasonable structural performance. 

• Sion East: Exhibits 108.61 N/mm² axial stress, suggesting adequate performance but higher 
stress than Bandra West. 

• Ghatkopar West: The lowest axial stress at 14.58 N/mm², indicating excellent structural 
stability and safety under axial loads. 

5.7.3 Summary and Recommendations 

• Bandra West: Offers the best balance between deflection and axial stress, indicating optimal 
design for both stiffness and stability. 

• Andheri Warren Type: Requires attention due to high deflection and axial stress, potentially 
necessitating design improvements for enhanced stiffness and reduced stress. 

• Goregaon, Wadala East, and Sion East: Moderate performance in terms of deflection and axial 
stress, suggesting satisfactory design with room for optimization. 

• Ghatkopar West: Exhibits the best performance in terms of deflection and axial stress, 
indicating a very robust design but with potentially higher material costs due to its very low 
deflection and stress values. 

• For optimized design, it is recommended to: Focus on material efficiency: Similar to Bandra 
West, which provides good performance with moderate deflection and stress values. 

• Improve designs with high deflection and stress: Particularly for Andheri Warren Type, by 
enhancing the structural stiffness and reducing axial stress through material selection or 
design modifications. 

• Balance performance and cost: By aiming for moderate deflection and stress values, ensuring 
both structural safety and cost-effectiveness. 
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Table 6. Comparison of skywalk performance at varying bridge widths 

Sr. 
No. 

 Bridges 
location and 
name 

Span of 
bridge 
(m) 

Bridge 
width 

Weight 
per 

meter 
(Kg/m) 

 Members 
per meter 

Joints 
per 

meter 

Length 
of weld 

per 
meter 

Painting 
surface 
area per 

meter 

1 
 Bridge Girder 
at Andheri 

16.4 4.5 1169.78 2 - 12.00 9.20 

2 
Santacruz 

West 
16.8 4.5 918.9 3 - 10.12 17.81 

3 Bhandup gaon 13.64 3.5 416.70 5 2 7.06 10.57 

4 Tagore Nagar 22.5 3.15 420.50 6 2 4.30 9.72 

5 Nalanda Nagar 16.79 3.75 367.13 4 2 5.73 8.59 

6 Priyadarshani 27.5 3.15 559.66 5 2 4.16 9.48 

7 Vikhroli 18.1 3.75 350.91 4 2 5.32 8.30 

8 Pravin Hotel 23.4 3 395.09 6 2 4.43 8.84 
 

5.8 Cost Efficiency Analysis 

5.8.1 Weight and Material Usage 

• Andheri Bridge Girder: Highest weight per meter (1169.78 Kg/m) for a 4.5-meter width. This 
implies higher material usage and cost. 

• Santacruz West: Second highest weight per meter (918.9 Kg/m) for a 4.5-meter width. 
• Bhandupgaon and Nalanda Nagar: Lower weights per meter (416.70 Kg/m and 367.13 Kg/m 

respectively) for 3.5-meter and 3.75-meter widths, indicating material efficiency. 
• Vikhroli and Pravin Hotel: Lowest weights per meter (350.91 Kg/m and 395.09 Kg/m 

respectively) for 3.75-meter and 3-meter widths, showcasing material efficiency. 

5.8.2 Number of Structural Members 

• Tagore Nagar and Pravin Hotel: Highest number of members per meter (6), indicating 
potentially higher complexity and assembly costs. 

• Andheri Bridge Girder: Lowest number of members per meter (2), suggesting simpler 
construction but higher weight. 

5.8.3 Weld Length and Surface Area for Painting 

• Andheri Bridge Girder and Santacruz West: Longer weld lengths (12.00 m and 10.12 m 
respectively) indicating higher welding costs and potential for increased maintenance. 

• Bhandupgaon and Priyadarshani: Shorter weld lengths (7.06 m and 4.16 m respectively), 
indicating reduced welding costs. 

• Santacruz West: Highest surface area for painting per meter (17.81 m²), indicating higher 
maintenance costs. 

• Nalanda Nagar and Vikhroli: Lowest surface areas for painting (8.59 m² and 8.30 m² 
respectively), indicating reduced maintenance costs. 

5.8.4 Summary and Recommendations 

5.8.4.1. Optimal Designs: 

• Vikhroli and Nalanda Nagar: Exhibit the lowest weight per meter and surface area for 
painting, indicating cost efficiency in both material usage and maintenance. 

• Bhandupgaon: Although it has more structural members, its lower weight per meter and 
moderate surface area for painting make it an efficient choice. 
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5.8.4.2 Considerations for Improvement 

• Andheri Bridge Girder: While having a simpler design with fewer members, its high weight 
per meter and long weld lengths suggest the need for material optimization. 

• Santacruz West: Although lighter than Andheri Bridge Girder, its higher surface area for 
painting implies increased maintenance costs. Design modifications to reduce painting 
surface or improve protective coatings could be beneficial. 

5.8.4.3 Design Practices for Cost Efficiency: 

• Material Optimization: Use lighter materials or optimized designs like those seen in Vikhroli 
and Nalanda Nagar to reduce overall weight and cost. 

• Simplified Construction: Aim for a balance between the number of structural members and 
material weight, as seen in Bhandupgaon. 

• Maintenance Considerations: Designs with lower surface areas for painting, like Nalanda 
Nagar and Vikhroli, should be preferred to minimize long-term maintenance costs. 

These recommendations aim to balance material costs, construction complexity, and long-term 
maintenance, ensuring cost-effective and efficient bridge designs.  

Table 7 presents a comparative analysis of skywalks, examining the effects of varying bridge widths 
on structural performance. The comparison involves eight bridges, with span lengths ranging from 
13.64 to 27.5 meters and widths from 3 to 4.5 meters. Key performance indicators include 
deflection and maximum axial stress. The Andheri Bridge Girder, with a span of 16.4 meters and a 
width of 4.5 meters, exhibits a deflection of 26.365 mm and an axial stress of 135 N/mm². In 
contrast, the Santacruz West, slightly longer at 16.8 meters but the same width, has a lower 
deflection and axial stress. As the spans increase, the Priyadarshini skywalk stands out for its longer 
span of 27.5 meters and narrower width. It shows lower deflection and moderate stress levels, 
suggesting it is an efficient design for its length category. Conversely, Vikhroli, with an 18.1-meter 
span and a 3.75-meter width, has one of the higher stress readings at 142.55 N/mm², yet it is 
considered optimal for bridges with a span of 10-20 meters. These observations indicate that the 
Vikhroli Skywalk performs best for medium-span bridges, while the Priyadarshini Skywalk is the 
most economical for longer spans, factoring in variables such as weight, joints, deflection, weld 
length, and maximum axial stress against the width of the bridges. 

Table 7. Comparison of skywalk performance at varying bridge widths 

Sr. 
No. 

Bridge locations 
Span 
(m) 

Width 
(m) 

Measured 
Deflection 

(mm) 

Max Axial 
Stress 

N/mm2 

1 
Andheri Bridge 

Girder 
16.4 4.5 26.365 135 

2 Santacruz West 16.8 4.5 20.637 85.63 

3 Bhandupgaon 13.64 3.5 15 102.35 

4 Tagore Nagar 22.5 3.15 19.563 106.33 

5 Nalanda Nagar 16.794 3.75 18 117.50 

6 Priyadarshini 27.5 3.15 17 102.94 

7 Vikhroli 18.1 3.75 19 142.55 

8 Pravin Hotel 23.4 3 20 140 
 

5.9 Analysis of Result from Table 7 

5.9.1 Deflection vs. Span Length 

The bridge with the highest deflection is the Andheri Bridge Girder, which also has a relatively short 
span length (16.4 m). This suggests that the design or load conditions of this bridge may cause 
higher deflection. 
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5.9.2 Maximum Axial Stress 

The highest axial stress is observed in the Vikhroli bridge (142.55 N/mm²), indicating that it 
experiences significant stress despite not having the longest span. 

5.93. Widest Bridge 

The Andheri Bridge Girder and Santacruz West bridges are the widest, both at 4.5 meters. Wider 
bridges generally can accommodate more traffic but may also face higher stresses and deflections. 

5.9.4 Longest Span 

The longest span is the Priyadarshini bridge at 27.5 meters, but it has a moderate deflection (17 
mm) and stress (102.94 N/mm²), suggesting efficient design. 

5.9.5 Insights 

• Design Efficiency: The Priyadarshini bridge, with the longest span but moderate deflection 
and stress, indicates a potentially more efficient design. 

• Potential Issues: The Andheri Bridge Girder, with the highest deflection, and the Vikhroli 
bridge, with the highest axial stress, may need further inspection or maintenance to ensure 
safety. 

• Comparative Analysis: Comparing the span length, width, deflection, and stress can help 
identify potential weaknesses in bridge design and prioritize maintenance efforts. 

5.9.6. Analysis of result for Acceleration versus frequency  

The acceleration vs. frequency plot is displayed in Table 8 following the conversion of the time-
domain data into frequency-domain data using MATLAB's Fast Fourier Transform. The basic 
frequency of vibration is provided by the acceleration vs. frequency graph. 

Skywalk Acceleration versus Frequency Data: 

• Skywalk at Priyadarshini Location: 

Result at Location 1 when at first Jump: Frequency = 3.42035 Hz, 

 Result at Location 1 when at second Jump: Frequency = 3.80556 Hz 

• Skywalk at Wadala: 

Jump 1 at Location 1: Frequency = 4.10256 Hz,  Jump 2 at Location 1: Frequency = 4.16 Hz 

Table 8. Graphical representation in Tabular form 

Sr. 
No

. 
Skywalk Acceleration versus Frequency plot 

Frequenc
y in Hz 

1 
Skywalk at 
Priyadarshini 

 

 
First Jump at Location 1 at Priyadarshini skywalk  

3.42035 
Hz 
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5.10 Analysis of the Data from Table 8 

5.10.1 Frequency Variations: 

• For the Priyadarshini Skywalk, the frequency values for jumps 1 and 2 are 3.42035 Hz and 
3.80556 Hz, respectively. 

2 
Skywalk at 
Priyadarshini 

 
Second jump at location 2 at Priyadarshini skywalk  

3.80556 
Hz 

 

3 
 

Skywalk at 
Wadala 

 
First jump at location 1 for Wadala skywalk  

4.10256 
Hz 

4 
 

Skywalk at 
Wadala 

 
Second jump at location 1 for Wadala skywalk 

 

4.15 Hz 
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• For the Wadala Skywalk, the frequency values for jumps 1 and 2 are 4.10256 Hz and 4.16 Hz, 
respectively. 

• The Wadala Skywalk shows slightly higher frequency values compared to the Priyadarshini 
Skywalk for the same jump locations. 

5.10.2 Acceleration Patterns 

• The graphs indicate how the acceleration changes with frequency for each skywalk during 
the jumps. 

• Typically, a peak in the graph represents the natural frequency at which the structure tends 
to resonate. 

• Structural Resonance: Both skywalks exhibit specific resonance frequencies. The Wadala 
Skywalk has higher resonance frequencies than the Priyadarshini Skywalk. 

• Potential Impact: Higher frequencies in Wadala Skywalk imply stiffer structural 
characteristics compared to the Priyadarshini Skywalk. 

5.10.3 Recommendations 

• Safety Assessments: Regular monitoring and assessment of these frequencies are 
recommended to ensure the skywalks remain safe under various loading conditions. 

• Further Analysis: A detailed modal analysis can be conducted to understand the vibration 
modes and ensure the design accommodates expected loads and pedestrian traffic. 

6. Conclusions  

This detailed study thoroughly examined Foot Over Bridges (FOBs) in the Mumbai region to 
develop an economically optimized steel design suitable for the high-density urban environment. 
The research highlighted the importance of durability, stability, safety, and cost-effectiveness in 
these critical structures, which enhance pedestrian safety in busy traffic areas. 

The methodology incorporated on-site visual inspections and detailed parameter collection for five 
distinct skywalks, including weight per meter, the count of structural members and joints, weld 
lengths, and surface areas for painting. STAAD Pro software was used for 3D modelling, analysis, 
and design, relying on the actual measurements of existing pedestrian bridges to inform the study. 

A series of static loading tests were conducted on the FOB models to evaluate critical parameters. 
These assessments aimed to determine the most cost-effective design by comparing weight, 
member count, joint count, weld lengths, paint surface area, and natural frequencies. Vibration 
testing was also performed on selected skywalks to ensure they met serviceability criteria. 

The research delved into the efficiency of using bridge members and the potential for optimizing 
section sizes to find an ideal balance for an optimized bridge design. Examining these elements 
revealed insights into the most cost-effective FOB design among the studied skywalks, marking a 
notable contribution to developing pedestrian infrastructure in urban India. A significant discovery 
was that the deflections, natural frequencies, and maximum axial stresses of the bridges were 
within the permissible limits, suggesting that most of the bridges were performing within expected 
safety margins. The study also identified the Andheri Warren Type Truss Bridge as the most 
economical option, considering material costs, structural efficiency, and maintenance needs. 
However, the research also highlighted concerns for certain bridges like the Andheri Girder, where 
deflections exceeded allowable limits, and for others like Goregaon and Sion East, which were close 
to their maximum permissible deflection, indicating a need for close monitoring or potential 
intervention. 

The experimental and analytical results revealed variations in the natural frequency of some 
skywalks, with the Priyadarshini Skywalk showing a 17.395% variation and the Wadala Skywalk a 
12.82% variation from expected values. This suggests a discrepancy that warrants further 
investigation. In conclusion, the study presents a comprehensive approach to improving FOB 
design, creating economically feasible and structurally sound FOB designs. This approach ensures 
that the infrastructural needs of pedestrian traffic in Mumbai are met with optimized designs that 
priorities safety, stability, and cost-effectiveness. 
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Article Info  Abstract 

Article History:  Due to the ever growing need to incorporate ecofriendly and sustainable materials 
in construction projects, this research study was carried out with the purpose of 
exploring the feasibility of utilizing recycled municipal solid waste ash (RMSWA) 
as a sustainable material for stabilizing clayey lateritic soils (LS). The research was 
aimed at investigating the effect of incorporating varying amounts of RMSWA on 
the engineering properties of weak soils. Laterite specimens were incorporated 
with the varying ash contents at intervals of 3%, 6%, 9%, 12% and 15% as 
replacement levels, and tested for Atterberg limits, compaction and unconfined 
compressive strength (UCS) behavior. The scanning electron microscopic (SEM) 
test was conducted to determine the morphology changes in the soil when blended 
with RMSWA contents at curing ages of 1, 7 and 14 days. Based on the results of 
UCS test, stress - strain behavior, load - deformation relationships curves were also 
established and analyzed. Results from the Atterberg limit test revealed that the 
plastic index, plastic limit, liquid limit ranged between 1.6-11.9%, 20.6-24.5% and 
26.1-35.0%.  The maximum dry density of the samples increased with the ash 
inclusion, with the maximum dry density value of 2020Kg/m3 achieved at 6% ash 
inclusion, thus making it suitable in laterite stabilization. 
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1. Introduction 

Road infrastructure is an important driver of economic growth by way of facilitation of the 
movement of goods and services [1]. However, the stability of our roads required to enhance its 
sustainable performance to a large extent depends on the quality of its surface, base, sub-base and 
subgrade components. Lateritic soils, renowned for their advantageous engineering characteristics 
such as a low plasticity index and high California Bearing Ratio (CBR), are frequently employed in 
road construction projects for sub-base and base layers. These layers are critical in distributing 
traffic loads from the surface to the underlying sub grade, ensuring the durability and longevity of 
the road structure. The effectiveness of lateritic soils in these applications is due to their ability to 
provide adequate support and stability, particularly in regions with tropical climates where these 
soils are abundant. Interestingly, quality laterites are not always readily available within 
construction sites, hence leading to haulage of laterites from long distances which in-turn leads to 
an increase in the overall construction cost and carbon footprint of a project [3]. To address this 
issue, several researchers have proposed various techniques to improve the engineering 
characteristics of weak lateritic soils. Caro et al. [4] and Teerawattanasuk et al. [5] recommended 
the use of cement to improve granular soils and this has been embraced by various countries 
around the world. 

mailto:16-68ge015pg@students.unilorin.edu.ng
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Texas Department of Transport and Thailand Department of Highways recommends a minimum 
unconfined compressive strength (UCS) of 1.2 MPa and 689 KPa for cement-Lateritic sub-base [6, 
7]. Wahab et al. [8] studied the effect of cement inclusion on the unconfined compressive strength 
(UCS) of laterite. Prior to testing for UCS, they subjected the lateritic specimens to four cement 
doses (3%, 6%, 9%, and 12%) at a curing period of 7 days. They recorded the maximum value at 
6% which was greater than 0.8 MPa, thus meeting the Malaysian standard specification.  Mengue 
et al. [9] varied the cement content in laterite at an interval of 3% and discovered that lateritic soil 
containing 6 and 9 % of cement met the UCS conditions. Ahmed et al. [10] accessed the efficiency 
and durability of using cement and shredded pet bottles in soil stabilization. Prior to examination, 
the sample preparation entailed mixing different proportions of two grades of shredded PET, each 
displaying diverse shapes, and demonstrated properties resembling fibers. Subsequently, their 
compacted samples underwent CBR testing to determine the optimum PET content. Based on their 
findings, it was discovered that both combinations led to better durability when exposed to freeze 
and thaw, and a reduced brittleness compared to only cement. Soils reinforced with only shredded 
pets at varying percentage resulted in an improvement in CBR values from 28.5 to 90.7% in 
comparison to plain soil. Onyekwena et al. [11] recommended that 5% of GGBS or Biochar be added 
to MgO to reduce carbonation entry rate and improve ductility of the soil. Wang et al. [12] 
documented an optimal cement to metakaolin mix ratio of 5:1 for optimal strength performance in 
fine sandy soils provided the specimen is cured for a period of 28 days. They also recorded a linear 
decrease in strength with an increase in water binder ratio, and a linear rise with curing ages. 

However, Kulanthaivel et al. [13] adopted the used of cement mixed with sodium silicate and 
sodium hydroxide admixtures in accessing the behavior of clayey soils. The experimental variables 
adopted in their studies included the type of admixtures, the proportion of admixtures, the binder 
material, and the curing time. And the output of their investigation revealed that an optimum 
unconfined compressive strength and modulus of elasticity of 215.22KPa and 8.353 MPa was 
attained when the dosage of 10% OPC + 4% SS + 8 molarity of SH was used. Jose et al. [14] 
investigated the strength and microstructure of clayey soils stabilized with natural limestone. 
Before the testing, they substituted the clayey soil specimens with natural lime at intervals of 3%, 
6% and 9% replacement levels, with that 0% acting as the reference mix. Based on their findings, 
an improvement in UCS when6% natural limestone powder waste was used as a stabilizing agent. 
Wibowo et al. [15] worked on examining the soil bearing capacity of soils when incorporated with 
the blend of rice husk ash and cement. Results from their investigation displayed better outcome 
for the blends in comparison with the un-stabilized soils. 

However, in spite of research strides being recorded, the major issue of cement usage as soils 
stabilizer relates to its manufacturing process as high amount of greenhouse gases are emitted into 
the atmosphere during it production process, thus further thinning the Ozone layer. According to 
Worrell et al. [16], for every 1 tons of cement produced, 222Kg of CO2 is emitted into the 
atmosphere. Other pressing serious problems associated with the use of cement include 
environmental degradation, natural resource depletion, and air pollution [17, 18].  

Secondly, the challenge of the astronomical surge in population globally in relation to the amount 
of municipal solid waste being disposed cannot be underemphasized. The global waste generated 
annually was estimated at 2.01 billion tones as of 2018 and was expected to rise to around 3.40 
billion by 2050 [19]. Due to the aforementioned, there is an ever-growing need by various countries 
to continually come up with more sustainable and economical way of managing and recycling waste 
disposal. Various researchers have keyed into this project by researching and developing mix 
designs incorporating the waste as additives in construction. Liang et al. [20] investigated the effect 
of pre-treated municipal waste ash on cement-stabilized soils. The outcome of their investigations 
revealed an improvement in UCS, cohesion and internal angle of fiction of cement when 
incorporated with 10% waste as repl. for 5% cement. However, no research was carried out to 
understand the Stress-strain and load-deformation behaviors of the unstable soils when 
incorporated with the additives. Amiri et al. [21] investigated the possibility of stabilizing Aeolian 
sand using municipal solid waste. They investigated the varying MSWA on the unconfined 
compressive, ph and scanning electron microscopy test of the unstable aeolian sand. Results from 
their findings revealed a maximum UCS of 5.2 attained after 90 days. The concluded MSWA can 
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potentially be used in pavement construction works. However, the scope of their research did not 
include investigating the consistency and setting time (initial and final) performance of weak soils. 
Similar research was carried out by Yahia et al. [22] on dune stabilization using MSWA. They 
however conducted compaction, unconfined compression, shear box and hydraulic conductivity 
performance tests to evaluate the engineering characteristics of the dune sand when replaced with 
MSWA at a replacement interval of 10% up to 80%. The outcome show that the maximum dry 
density remained relatively constant up to 30% ash inclusion. Beyond 30%, a drop in maximum 
density was noticed with ash content. In the case of optimum water content, it increases with the 
addition of ash content. That of the unconfined compressive strength and the cohesion slightly 
increased with curing time up to 90 days. However, their investigation excluded studying the effect 
of this ash inclusion on the consistency, setting time, stress-strain and load-deformation of the soils. 

Owing to the fact that most research conducted by researchers focused on the use of cement with 
various binders, this research will be solely focus on the study of the mechanical performance of 
lateritic soils incorporated with municipal solid waste ash (MSWA) as additives, with much 
emphases on addressing the issue of overdependence on the use of non-ecofriendly cement 
materials in construction works and proffering a smart and sustainable waste recycling approach.  

2. Materials and Method 

The reddish-brown laterite was obtained from a borrowed pit at Ikpayongu, along Makurdi -
Otukpo road, in Nigeria. The collected laterite was dried in an oven at a temperature of 500c for 24 
hours and afterwards sieved through a 4.75 mm sieve size conforming to ASTM 98 D422-63[23]. 
The standard entails collecting soil sample and subjecting it to oven drying to remove moisture. 
The dried soil sample is then sieved through a set of progressively smaller sieves, with the smallest 
size being 4.75 mm. After sieving, the retained soil on each sieve is weighed to determine the mass 
of particles retained at each size fraction. Using this data, the percentage of soil retained on each 
sieve is calculated, and a particle size distribution curve produced as displayed in Figure 1.The 
results of the preliminary test conducted on the laterite samples are presented in Table 1 while the 
particle size distribution (PSD) curve for the laterite is shown in Figure 1.The laterite had a dry 
density of 1930Kg/m3 and fell within the range of 1500-2000 Kg/m3 requirement for the 
construction of stabilized soil bricks. The specific gravity (S.G) of the soil determined as 2.69 fell 
within the typical range for lateritic soils [24, 25]. The presence of iron oxide concentration in the 
coarse fraction of soil can be linked to the high S.G of the laterite soil. The PSD of laterite can also 
be classified as a fine grain soil since more than 50% of the laterite scaled through the 200mm sieve 
size as required in both the Unified Soil Classification (USCS) and American Association of State 
Highway and Transport Officials (AASHTO) classification manual. The plastic index of the laterite 
was 14.4%, thus falling within 20% benchmark for manual compaction. The LL below 50% falls 
within the low plasticity range [26]. Values of the LL plotted vertically and PI on the horizontal falls 
below the A line on the plasticity chart, thus falling within the category of Silty clayey soil. Hence, 
the lateritic material was classified as a low plasticity silt USCE, and as A-5 in accordance to 
AASHTO. Based on the classification, the materials is rated poorly as a sub-base material. The 
chemical composition of un-stabilized laterite (LS) and MSWA are presented in Table 2.  

Table 1. Physical properties of un-stabilized lateritic soil 

Property Value 

Optimum moisture content (%) 12.2 

Maximum dry density (Kg/m3) 1930 

Atterberg limits  

Liquid limit (%) 35 

Plastic limit (%) 20.6 

Plastic index (%) 14.4 

Plastic shrinkage (%) 14.3 

Soil Classification  Silty clayey sandy gravel 

Specific gravity 2.69 
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Fig. 1. Particle size distribution of un-stabilized lateritic soil 

Table 2. Chemical Composition of LS and MSWA 

Chemical 
composition (%) 

LS 
MSWA 

 

MSWA 
[27] 

China 

MSWA 
[28] 

France 

MSWA 
[29] 

Portugal 

MSWA 
[30] 
Italy 

SiO2 62.5 31.4 55.2 49.3 43.75 37.78 

Al203 27.8 9.6 9.6 7.5 6.81 11.88 

Fe2O3 11.4 9.6 5.7 7.6 2.03 8.01 

CaO 3.3 25.0 15.9 16.3 22.77 23.29 

SO3 - 19.3 0.9 0.4 6.34 - 

K2O - 3.7 1.7 1.1 3.12 1.63 

LOI 4.1 3.2 - - - - 
 

 

The MSWA collected from a government dump site in Makurdi, Nigeria had a specific gravity of 
2.69. The result of chemical composition carried out using X-Ray fluorescence spectrometry in the 
chemical Engineering Department, Ahmadu Bello University Zaria, Nigeria is presented in Table 2. 
The summation of SO2, Al2O3 and Fe2O3 equaled 50.6% and CaO was documented to be 25%, thus 
falling within pozzolanic class C in accordance to ASTM C618-19 [31]. 

2.1. Sample Preparation and Testing 

Prior to the mixing process, the samples of LS and MSWA were oven dried at a temperature of 50oC 
for 24 hours and sieved through a 75um sieve size to achieve uniformity in sizes. Before testing, 
Aspresented in Table 3, LS samples were substituted with MSWA at an interval of 3%, 6%, 9%, 12% 
and 15%, with 0% used as the control. Afterwards, the dry soils samples were mixed with water at 
various quantities. The fresh mix was placed in cylindrical molds (50 mm in diameter and 100 mm 
in height) in five layers and compacted with 25 blows each by a rammer of mass 4.5 kg dropped 
from a height of 450 mm. Afterwards, measure the height of the compacted soil specimen. Then, 
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repeat the compaction process using different moisture contents, gradually adding water to 
achieve the desired moisture content range. Next, determine the wet density of each compacted 
specimen by weighing it. Subsequently, dry each compacted specimen in an oven and ascertain its 
dry density. Finally, plot a graph with moisture content on the x-axis and dry density on the y-axis, 
with the moisture content corresponding to the peak of the dry density curve representing the 
optimum moisture content (OMC). For the compaction test which conformed to ASTM D1557-02 
[32], it was carried out using standard proctor machine to obtain the optimum moisture content 
and maximum dry density. Compaction test is a process whereby the soil particles are mechanically 
compressed under controlled temperature conditions into a denser structure with the aim of 
reducing the voids present. The result of such carefully conducted experiment results in a soil of 
high strength and deformation resistance. 

For the consistency limit test (plastic limit, liquid limit, linear shrinkage and plasticity index test), 
it was conducted in accordance with (ASTM D4318-00) [33], part 5; this test gave an indication of 
the expansive behavior of LS when embedded with MSWA. Plastic index is used to classify soils and 
estimate strength of sub grad soils. Soil displaying high values of plasticity index translates to high 
expensiveness. For liquid limit, results values exceeding 50% signifies a higher proportion of clay 
or silt, whereas a low plasticity index indicates a granular soil with little or no cohesion. 

Table 3. The details of conducted experiments 

S/N 
Parameters 
determined 

No. of 
experiments 

conducted 
Test specification Reason for determination 

1 Specific gravity 2 ASTM D854-02 
Preliminary analysis 
and soil classification 

2 Liquid Limit (LL) 6 

ASTM D 4318-00 
 

Soil classification and 
determining the 

suitability of the soil 
for road construction 

3 Plastic Limit (PL) 6 

4 
Plastic Shrinkage 

(PS) 
6 

5 Plastic Index (PI) 6 

6 
Particle size 

distribution (PSD) 
1 

ASTM 98 D422-
63 

Preliminary testing, 
Grading and soil 

classification 

6 Compaction 6 ASTM D1557-02 
Suitability of soil as 

road materials 

7 
Unconfined 

compressive 
strength (UCS) 

6 
ASTM 2000 

D2166 

Determine the strength 
of soil and suitability a 
construction material 

Total number of 
experiments 

33 

 

For the Unconfined Compressive Strength (UCS), the test was carried out in accordance to ASTM 
D2487-17 [34]. The standard proctor was made use of in compacting the samples, and the results 
of compressive stress at a point when the curve normal stress vs the axial strain reaches a peak 
value was recorded. The outcome also displayed deformation values at various loadings. 

A brief summary of the total number of experiments, standard methods adopted and reasons for 
conducting the experiment are also presented in Table 3. The results of the UCS that gives the 
maximum strength value when the soil is blended with ash was analyzed in comparison with un-
stabilized laterite soil using scanning electron microscope (SEM). This test was carried out in 
chemical Engineering Laboratory, Ahmadu Bello University, Zaria with the aim of qualitatively 
studying the microstructural development in the soil matrix at various curing ages. 
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Table 3. The details of conducted experiments 

S/N 
Parameters 
determined 

No. of 
experiments 

conducted 
Test specification Reason for determination 

1 Specific gravity 2 ASTM D854-02 
Preliminary analysis 
and soil classification 

2 Liquid Limit (LL) 6 

ASTM D 4318-00 
 

Soil classification and 
determining the 

suitability of the soil 
for road construction 

3 Plastic Limit (PL) 6 

4 
Plastic Shrinkage 

(PS) 
6 

5 Plastic Index (PI) 6 

6 
Particle size 

distribution (PSD) 
1 

ASTM 98 D422-
63 

Preliminary testing, 
Grading and soil 

classification 

6 Compaction 6 ASTM D1557-02 
Suitability of soil as 

road materials 

7 
Unconfined 

compressive 
strength (UCS) 

6 
ASTM 2000 

D2166 

Determine the strength 
of soil and suitability a 
construction material 

Total number of 
experiments 

33 

 

3. Results and Discussion 

3.1. Atterberg Limit 

Figure 2 shows the plastic limit, liquid limit, Plastic index and linear shrinkage behavior of silty-
clayey lateritic soils with the inclusion of MSWA contents at varying percentages. For the liquid 
limit (LL), Plastic index (PI) and linear shrinkage (PS), a decrease was recorded with increase in 
the ash content. The least results of LL (26.1%), PI (1.6%) and PS (7.8%) were documented at 15% 
MSWA addition.  

 

Fig. 2. Atterbergs limits of stabilized soil 

The reason for the decline may be attributed to the water absorption and swelling potential of 
MSWA materials. This outcome suggests that the addition of MSWA at this higher percentage had 
a significant effect on reducing the plasticity characteristics of the soil. When MSWA was added to 
soil, it may have altered soil's properties due to the particle size distribution, chemical composition, 
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and pore structure modification in soil matrix. In this case, at 15% MSWA addition, it's likely that 
the MSWA particles filled the voids in the soil matrix, reducing the available space for water 
retention and limiting the soil's ability to exhibit plastic behavior. Additionally, the chemical 
properties of MSWA, such as its alkalinity, could have contributed to the reduction in plasticity. 
These chemical reactions may have influenced the soil's mineralogy or its interaction with water, 
resulting in a decrease in the liquid limit, plasticity index, and plasticity slope. The results of the LL 
were in agreement with the research carried out by Amadi [35], where a reduction of 
approximately 70% was documented; However, they worked on stabilization of laterite soils using 
fly ash. Beetham et al. [36] also attributed the reduction to the reactiveness of the charge-balancing 
cations in the soil, amid other factor that control the impact of diffused double layers (DDL). The 
results also conformed to the report made by Kayode and Osemwengie [37]. Contrarily, Report by 
Ozdemir, [38] revealed an increase in LL of FA- treated soils under temperate conditions but had 
similar pattern behavior with the results of PL obtained in this research. The LL results for all 
percentages of MSWA-laterites also fell within the Federal Ministry of Works and housing [39] 
specification (LL≤35%) for a given soil to be used as a sub-base material in construction. 

The pattern of development of the LL results was nonsynonymous with that of the PL, as addition 
of ash content in the mix led to a continuous increase in the percentage of PL. There was marginal 
increase of about 1% in the PL when the soil was varied with MSWA at intervals of 3%, with the 
highest increase of 24.5% recorded at 15%MSWA-L; this was higher than that of the plain sand by 
4%. The observed trend tallied with findings recorded by Varaprasad et al [40]; they however 
attributed their reduction to the cationic exchange that takes place between the Ca, Al, Si in MSWIA 
and clayey ions in the soil. The observed trends was also in tandem with findings discovered by 
Okunade [41] and Amade [35]. However, Asunn et al. [42] reported contradicting outcomes in 
terms of plastic limit behavior when laterite was incorporated with RHA and carbide. 

Osman et al. [43] also observed similar patterns when lateritic soils were substituted with 
groundnut husk ash (0-10%); a drop in Plastic Index from 17.2% to 16.48% was reported in their 
case. The outcome of the plastic index test was also similar to the outcome reported by Kayode and 
Osemwengie [37]; they however worked on lateritic soil stabilization using rubber wood ash.  As 
shown in Figure 1, The LL and PI of the stabilized laterite specimens were plotted on the plasticity 
chart. It was observed that the plasticity of soils continuously dropped below the 50% maximum 
benchmark indicating lower silt content. According to Das [44], the changes in plasticity behavior 
with ash inclusion arises from the changes in the thickness of the diffuse double layer of fine content 
of the laterite. Other reports by Ayodele and Agbede [45], Gidigasu [46] linked soil performance to 
the reaction that takes place between the Iron and Aluminum oxides in the laterite, clay 
components and Silica in the ash contents producing cementitious products, thus reducing LL and 
plasticity of the soil. The result of PI for Soils stabilized with 3-15% MSWA had results ranging from 
1.6 – 11.9%, thus falling within the specification (P1≤12) set by Federal Ministry of Work and 
Housing [39] for a sub- base material. Before incorporating the blends, The PI of the un-stabilized 
was above the benchmark requirement by 2.4%, clearly showing that the material was not suitable 
as a sub–base material for construction. With the incorporation of ash, a decline in P1 was noted, 
with values of 2.49, 4.65, 8.70, 11.52, 13.21, and 14.98 observed at replacement levels of 3%, 6%, 
9%, 12%, and 15%. Hence, the inclusion of Municipal Solid Waste Ash (MSWA) significantly 
reduces the Plastic Index (PI) of soil. This decrease is attributed to MSWA’s ability to fill voids 
between soil particles, its finer particle size, and its chemical interactions with soil, forming 
cementitious products that reduce plasticity. As MSWA content increases, the soil becomes less 
plastic and more stable, enhancing its suitability for construction as a sub-base material. While this 
reduction improves stability, it may also decrease workability. The observed reduction in PI with 
MSWA aligns with trends seen in other stabilizers, indicating its effectiveness in modifying soil 
properties. 

3.2. Compaction 

The results of dry density vs. moisture content for the various percentages of MSWA are shown in 
Figure 3. For all the samples, the dry density of MSWA increased steadily with water inclusion until 
it attained peak values, beyond which a decline was observed. However, the addition of 6% MSWA 
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produced the highest MDD value of 2020Kg/m3 and beyond 12.2% moisture content, a drop in 
MDD value was noticed; the result of MDD was higher than that plain laterite by 4.7%. The peak 
values recorded for 3%, 9%, 12% and 15% MSWA were 1990Kg/m3, 1920Kg/m3, 1870Kg/m3 and 
1720Kg/m3 at moisture contents of 11.8%, 15.3%, 18.1% and 18.3% respectively. The MDD also 
ranged between 1720 Kg/m3 and 2020Kg/m3 within the varying MSWA content of 0% and 15%. 
The pattern of DD development coincided with findings made by Alizera et al. [47]. 

Figure 4 shows that the Maximum Dry Density (MDD) of stabilized laterite increases with the 
addition of Municipal Solid Waste Ash (MSWA) up to a certain point. The peak MDD of 2020 kg/m³ 
was achieved at 6% MSWA. This initial increase is due to the fine filler effect of MSWA, which 
effectively fills voids in the soil matrix, allowing for better compaction and increased density. The 
presence of MSWA particles likely improves the soil's compaction characteristics by enhancing the 
soil's ability to pack closely. However, beyond 6% MSWA, the MDD begins to decline. This decrease 
is attributed to the increased water absorption capacity of MSWA. As MSWA content increases, it 
absorbs more water, which raises the optimum moisture content (OMC) required for compaction. 
The additional water results in a less efficient compaction process and a subsequent reduction in 
MDD. This trend is evident in Figure 5, where the polynomial correlation coefficient of 0.5746 
indicates a strong negative correlation between MDD and MSWA content. 

 

Fig. 3. Dry density vs moisture content at varying MSWA content     

 

Fig. 4. MDD vs varying percentages of MSWA 
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Fig. 5. OMC vs varying percentages of MSWA 

 

Fig. 6. Relation between the OMC and MDD 
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result aligns with findings from similar studies (e.g., Trivedi et al. [48], Okunade [41]), which 
observed that beyond a certain threshold, the benefits of MSWA on MDD are outweighed by the 
drawbacks of increased moisture absorption. Thus, while a moderate addition of MSWA improves 
MDD, excessive amounts lead to higher moisture content and a decrease in density. 
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an optimum moisture content of 2.4%. It then declined with the least MDD and OMC value of 1700 
Kg/m3 and 7.3% recorded. The r2 value extrapolated was 0.4761. 

3.3. Unconfined Compressive Strength 

Figure 7 shows the behavior of  UCS of laterite soils incorporated with MSWA at varying 
percentages and cured at various ages. The laterite samples cured at both 7 and 14th day displayed 
similar behavioral patterns, as both samples experienced a dip at 3% with correponding UCS values 
of 207.29 KN/m2 and 216.11KN/m2.  

 

Fig. 7. UCS of Lateritc soils varied with MSWA 

At 6% addition, a maximun UCS of 231.62 and 235.16 was documented for both samples cured at 
7 and 14 days. Beyound 6%, a gradual drop in UCS was reported with the lowest point reached at 
15%.  From Figure 1, it is evident that the inclusion of MSWA in the soil improved the UCS strength 
by 40% and 80% at the 7th and 14th day curing. This is due to the pozolanic reaction that takes place 
between the MSWA and clayey component of the soil, as cations interacts between the negatively 
charge clay and silica ions contained in ash resulting in an improvement in strength. This 
observation is similar to the results obtained by Dulaimi et al. [51]. According to Indraratna and 
Nutalaya [12], they also echoed that Iron oxide plays a significant role in the agglomeration process 
of soils particle resulting in a stronger soil matrix. In addition to the pozzolanic reaction, the 
improvement in density can also be due to the MSWA filling the voids in the soil [52].  

3.4. Load- Deformation Behavior 

Figure 8-10 shows the load deformation of (0-15%) MSWA-L specimens when subjected to a curing 
period of 1 day.An  increase in the load led to an increase in the deformation rate for boththe 
ustabilized and 6%MSWA laterite. For the control, a peak load of 192KN corresponded to a 
deformation of 240mm. While at 6%, the maximun load of 171KN resulted in a deformation of 
280mm. The maximun load required to cause  deformation was less than the plain Lateritic sample 
by 10.94%.   As for 3% MSWA-L specimens, the load-deformation steadiliy rose to its peak load 
value of 175KN and deformation of 360mm, slightly above the the load of 171KN recorded for the 
6%MSWA-L specimens; however, the difference in deformation  between the 3%MSWA-L and 
6%MSWA-L specimens was presicely 80mm. That of 9%MSWA-L specimen linearly rose with its 
maximun load of 166KN attained at a deformation level of 240mm respectively.  

The load deformation behavioral pattern of 0%MSWA-L was similar to that at the 7th day curing. 
However, higher maximun loads and deformation results of 209KN and 280mm were recorded, 
which gave an indication that curing tends to improve the strength properties of the soils specimen. 
Preceding the 0%MSWA-L, that of 6% had a peak load and deformation of 202KN and 360mm 
respectively, with 15%MSWA-L specimens performing the least with a peak load of 145KN and 
deformation of 240mm.  
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Fig. 8. Load – deformation of stabilizd soils at 1 day curing         

 

Fig. 9. Load – deformation of stabilizd soils at 7 days curing 

 

Fig. 10. Load – deformation of stabilizd soils at 14 days curing 
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At  the 14th day curing, as shown Figure 10, That of 9% and 12%MSWA-L experienced similar rise  
in the load-formation; however, at their peak, 9% and 12% MSWA-L specimens had slighlty peak 
loads values of 176kN and deformation of 320mm, and 156kN and 240 mm respectively. The 
maximun load and deformation of 212kN and 280mm was documented when laterite was 
substituted for 6% MSWA with the least values observed at 15%MSWA-L. 

3.5. Stress - Strain Behavior 

Figure 11-16 shows the stress and strain curve obtained from the outcome of UCS test. This test 
depicts the behavior of the different mix proportions of the lateritic soils with additives under 
varying curing time intervals.  In tandem with a typical stress strain response behavior, the stress 
was found to have risen proportionally with the increasing strain until a peak value was reached. 
Beyond that, a drop in stress was noticed with further increase in strain for all the samples. The 
zero un-soaked MSWA- L when cured at 1, 7 and 14days age had a resultant maximum stiffness of 
213.88, 231.62 and 235.16 KPa, indicating a percentage rise of 8.29% and 1.53%; this rising 
patterns with curing age was consistent across board. As shown in Figure 6, at 6% inclusion, the 
MSWA-L samples exhibited the highest stress-strain value of 238.67 kPa for all the samples cured 
at the 14th day, which was greater than the control by 3.51%. The maximum stiffness recorded for 
Laterite included with 3% MSWA was 191.98kPa at the 1st day, 207.29kPa at the 7th day and 216kPa 
at 14 days. The result at the 14th day fell short of the un-stabilized laterite by 8.15%. This perhaps 
can be linked to the low pozzolanic activity potential of the ash at this stage. The same kind of 
patterns was also evidenced by Liuet al. [53] as well as Singh and Kumar [54] in their studies. 
However, Singh and Kumar adopted a binary mix of cement and MSWA as a soil stabilization agent; 
they concluded that cement inclusion was the key ingredient responsible for rise in stress, cohesion 
and internal friction between the soil’s particles.  For Laterite specimens containing 6% additive at 
the 14th day curing and 9% additive at the 1st day, they attained a sharp peak in the stress-strain 
curve and immediate after reaching the maximum deviatoric stress, there was a sharp decline in 
stress with increase in strain. Gosh and Subbarao [55], attributes this mode of failure to the distinct 
failure plains that is produced which is usually dependent on ash content inclusion, as an increase 
in the content led to a decrease in the inclination of failure planes along the vertical lines of the 
specimen. On the other hand, for the control specimens, and specimens embedded with 3, 12 and 
15% MSWA, beyond their peak values on all fronts, there was a slow drop in stress with increase 
in strain;  in this case, the bulging of the specimen without the presence of distinct failure plans was 
observed [55]; this can be due to the insignificant amount of pozzolanic reaction between CaO 
present in the ash and lime contained in soil, thus slowing down the microstructural formation of 
binding crystals in the soil matrix [55, 56]. 

 

 

Fig. 11. Stress-strain curve of un-stabilized soil 

0 1 2 3 4 5 6

0

50

100

150

200

250

300

Strain (mm/mm)

St
re

ss
 (

K
P

a)

1 Day curing 7 Days curing 14 Days curing



Tuleun and Wasiu / Research on Engineering Structures & Materials 11(3) (2025) 1121-1138 
 

1133 

 

Fig. 12. Stress-strain curve of 3%MSWA-stabilized soil 

 

 

Fig. 13. Stress-strain curve of 6%MSWA-stabilized soil 

 

Fig. 14. Stress-strain curve of 9%MSWA-stabilized soil 
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Fig. 15. Stress-strain curve of 12%MSWA-stabilized soil 

 

Fig. 16. Stress-strain curve of 15%MSWA-stabilized soil 

3.6. Scanning Electron Microscope (SEM) 

The results of SEM analysis of the soil blended with 6% RMSWA cured at 1, 7 and 14 days are 
displayed in Figure 17-19. The reason for the selection of the 6%MSWA as the reference point for 
the intrinsic analysis was because the maximum UCS was attained using this blend, thus the need 
to further understand its behavior.  

At the 1st day of curing, voids were noticeably observed with whitish substances suspected to be 
lime. However, as the samples was cured up to the 7th day, a reduction in void spaces was observed; 
and this may have been due to the initial phase of reaction between the lime and the silica in the 
ash resulting in the formation of calcium silicatehydrate in the soil mix. At the 14th day curing 

period, the densification of matrix further increased with the formation of new thin coatings 

noticed on the surface, which was not present at the 7th. Based on analysis, an increase in 

microstructural morphology of mix led to increase in the UCS, as also validated by Jafer et al. 

[57]; Vichan et al. [58]; Katz et al. [59]. 
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Fig. 17. SEM analysis of 6%RMSWA-L soils at 
the 1st day curing 

Fig. 18. SEM analysis of 6%RMSWA-L soils at 
the 7st day curing 

 

Fig . 19. SEM analysis of 6%RMSWA-L soils at the 14th day curing 

4. Conclusion 

The main information deduced from the investigation are highlighted below. 

• The test results showed that the LS is a poorly graded silt-clayey-sandy gravel and when 
mixed with MSA as a stabilizing agent, a progressive enhancement in the maximum dry 
density with a peak value of 234.95KN/m2 was achieved at 6% MSWA inclusion, provided 
the soil is kept under un-soaked curing conditions for 14 days. 

• An increase in the MSWA content led to an increase in the plastic limit, with greatest result 
of 16.1% achieved at 15%, and the result being higher than the un-stabilized laterite by 4%. 
In the case of Plastic index, liquid limit and linear shrinkage, an increase in the ash content 
led to their decrease with the least results of LL (26.1%), PI (1.6%) and PS (7.8%) recorded 
at 15% MSWA, the highest percent addition. 

• A peak value UCS of 235KN/m2 was documented at 14 day curing period for Lateritic soils 
incorporated with 6% MSWA content, which was greater than that of the plain laterite by 
12.3%, thus signifying an improvement in strength for laterite with the inclusion of the ash 
content. Beyond 6%, a drop in strength was documented. 

• The stress-strain response behavior of samples was found to have increased proportional to 
the increasing strain until peak values was reached. The highest maximum stress of 238.67 
KPa with a corresponding strain of 3.5mm was deduced for 6%MSWA-L contents when cured 
for 14 days. 
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5. Recommendation 

• Further experimental testing (California Bearing Ratio test) need be carried out to 
understand the behavior of the MSWA-L soils when exposed to moderate and freeze-thaw 
environment. 

• Model the mechanical and durability behavior of 6% MSWA-L as a base and sub material 
under traffic conditions. 

List of Abbreviations 

RMSWA – Recycled Municipal Solid Waste Ash UCS- Unconfined Compressive Strength 
SEM- Scanning Electron Microscopic LS- Lateritic Soils 
PET- Polyethylene Terephthalate MDD- Maximum Dried Density 
OMC- Optimum Moisture Content DD- Dried Density 
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Article History:  In this study, the flexural behavior of structurally deficient reinforced concrete 
(RC) beams incorporating fly ash partially replacing cement was investigated. 
Structural deficiencies in RC beams typically arise from causes like old age, poor 
design, and material deterioration. To understand the performance of these 
deficient beams, a series of flexure tests were conducted. Nine categories of RC 
beam specimens, each measuring 150mm x 150mm x 700mm, were cast and 
divided based on steel reinforcement percentages into three sets: 100%, 70%, and 
50% of required steel. Within each set, one specimen contained 0% fly ash (100% 
cement), another contained 20% fly ash (80% cement), and the last one contained 
30% fly ash (70% cement). The study focused on analyzing crack propagation, 
applied load versus mid-deflection relationships, stress-strain relationships, and 
normalization curve relationships. The results demonstrated that incorporating 
fly ash improved the flexural performance of RC beams. Beams with fly ash 
exhibited enhanced crack resistance and higher load-bearing capacities, 
particularly with 20% fly ash. Lower steel reinforcement percentages increased 
flexural deficiencies, but the presence of fly ash mitigated some effects. This 
research provides a significant understanding of optimizing RC beam design for 
improved durability and performance, showcasing the potential benefits of using 
sustainable materials such as fly ash in construction. 
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1. Introduction 

The construction industry makes considerable use of concrete because of its many favorable 
qualities, such as its exceptional strength in compression and other desirable durability features 
[1]. Plain concrete is frequently inappropriate for a variety of building applications due to poor 
resistance to vibrations, wind, and tensile stress. Thus, reinforced materials like steel are 
embedded within concrete such that concrete’s compressive strength and steel’s tensile strength 
form a powerful bond to resist these stresses [2]. When transverse loads are applied to structural 
members like beams and slabs, flexure or bending usually occurs. Errors in design calculations and 
inadequate reinforcement detailing, subpar construction, poor construction practices, function 
changes in the structure that result in increased service loads, wind and seismic forces, and 
corrosion that diminishes or obliterates the reinforcement steel area in severe service 
environments are all potential causes of flexural deficiencies [3, 4]. Flexural, web shear, flexure-
shear, torsion, and bond fractures are some of the ways that can cause concrete cracking. Crack 
development patterns and beam failure mechanisms are strongly related [5].  

The total amount of CO2 emissions (measured in kg CO2/tonnes or kg CO2/m3) produced 
throughout the extraction, transportation, and raw materials production into the final product is 
called embodied CO2 (ECO2) [6]. To improve and lessen the environmental effect of CO2 emissions 
created during the basic production processes of concrete components, numerous researchers are 
investigating partial or alternative replacements for concrete elements [7]. Supplementary 
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Cementitious Materials (SCMs) namely, Ground Granulated Blast Furnace Slag (GGBS), Pulverized 
Fly Ash (PFA), Rice Husk Ash (RHA), and Silica Fumes (SF) can be used as partial replacements to 
reduce ECO2 of concrete [6]. Fly ash, a fine powder generated during combustion and produced in 
large quantities annually harms the environment but serves as a pozzolanic cement replacement 
in concrete, where it reacts with calcium hydroxide and water to form finer hydration products, 
thereby reducing waste [7]. ECO2 of Type 1 Portland cement is 228 times that of pulverized fly ash 
[6]. In order to compare high-volume fly ash concrete—which replaces 70% of cement with fly 
ash—with conventional concrete (CC), Arezoumandi M, et al [8] investigated experimentally full-
scale RC beams to evaluate their mechanical characteristics and bending strength. It was observed 
that fracture shape and advancement, the behavior of beams of conventional concrete (CC) and 
high-volume fly ash concrete (HVFAC) are comparable. In addition, flexural strength of HVFAC 
beams is typically estimated conservatively in design standards. The flexural strength of both 
beams may be precisely predicted using the Modified Compression Field Theory (MCFT) technique. 
However, it was noted that MCFT overestimates the deflection of the HVFAC beam by around 14% 
and underestimates the deflection of the CC beam by about 9%. Also, test findings for HVFAC and 
the CC mixes agree with the nonlinear regression model fit of CC flexure test database within a 95% 
confidence interval. Raj et. al. [9] investigated the variation of fly ash proportions between 0% and 
60%, binder content between 400 and 450 kg/m3, and the water-binder ratio between 0.2 and 0.4 
to do flexural studies on beams of dimension 0.1x0.2x1.2 meters. The highest load-carrying 
capability was shown by concrete beams reinforced with 30% fly ash; adding fly ash increased the 
load-bearing capacity by up to 40%.  

The properties of concrete containing fly ash which partially replaces cement and the inherent 
structural flaws in RC have been the subject of independent investigations by several researchers. 
But neither of these characteristics had been investigated simultaneously up to now. This study 
aims to examine the behavior of blended RC beams that show flexural insufficiency by integrating 
research on the incorporation of fly ash as a partial cement substitute with the evaluation of 
intrinsic flexural deficiency in reinforced concrete. By integrating investigations on the 
incorporation of fly ash as a partial cement substitute with evaluation of intrinsic flexural 
deficiencies in reinforced concrete, this study provides a comprehensive analysis of the synergistic 
effects of these two factors. Fly ash (FA), by-product of coal combustion, is highly utilized in 
concrete to attain sustainability and improve certain properties, such as workability and long-term 
strength. Concurrently, the structural integrity of reinforced concrete is often compromised by 
intrinsic flaws, particularly in flexural performance, due to factors like inadequate reinforcement, 
poor material quality, and design flaws. This study addresses the critical need to understand how 
these flexural deficiencies interact with the modified concrete mix containing fly ash. Through 
experimental investigations and structural analysis, this research assesses how the integration of 
FA influences flexural behavior of reinforced concrete beams, particularly those with pre-existing 
structural weaknesses. The findings aim to reveal whether the incorporation of fly ash mitigates or 
exacerbates flexural deficiencies, providing valuable insights for structural engineers and 
construction professionals. Ultimately, the study seeks to enhance the understanding of how to 
optimize reinforced concrete formulations to achieve better performance and durability, 
considering both the benefits of fly ash and the challenges posed by intrinsic structural flaws. This 
dual-focused investigation promises to contribute significantly to the fields of sustainable 
construction and structural engineering, promoting the development of more resilient and 
environmentally friendly concrete structures.  

The flexural behavior of beams incorporated with fly ash partially replacing cement has been an 
area of interest due to significant benefits in both performance and sustainability. When FA is used 
in concrete beams, it can positively influence their flexural performance up to a certain degree by 
contributing to the formation of a denser and more cohesive microstructure. This densification can 
lead to improved load-bearing capacity and higher resistance against cracking under flexural 
stresses [9]. Studies have shown that beams with FA exhibit higher ultimate flexural strength and 
increased ductility in comparison to beams made with only ordinary Portland cement alone. The 
pozzolanic reactions of FA also contribute to the gradual strength gain over time, enhancing the 
durability and lifespan of concrete beams. Moreover, the decreased heat of hydration in fly ash-
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modified concrete minimizes thermal cracking, further supporting structural integrity under 
flexural loads. These findings underscore the viability of incorporating fly ash in reinforced 
concrete beams not only as a sustainable practice but also to enhance flexural behavior and overall 
structural performance.    

2. Theoretical Analysis 

The theoretical capacity was computed by analyzing theoretical calculations on specimens that 
measured 150mm x 150mm x 700mm and had different balanced steel reinforcement ratios of 
100%, 70%, and 50%. As per IS 456:2000[10] prescriptions, these specimens were specifically 
made not to fail under shearing but rather for study in flexural collapse. 

2.1. Calculation of Steel Reinforcement 

As per Indian Standard IS 456: 2000[10], Ultimate Moment without applying the factor of safety 
(Mu) as calculated.  

𝑀𝑢 = 𝑓𝑦𝐴𝑠𝑡(𝑑 − 0.42𝑥𝑢𝑚𝑎𝑥) (1) 

Where fy, Ast, d, and xumax are the characteristic strength of the reinforcement, area of tension 
reinforcement, effective depth, and depth of the neutral axis. A balanced section is achieved as the 
beam reinforcement is designed using three 12 mm diameter reinforcing bars made of Fe500 grade 
steel. 

Table 1. Total reinforcement quantity 

Specimen Diameter 
Number of 

bars 
Number of 
specimens 

Length of bar 
(mm) 

100% steel (ρ = 1.5) 
12 mm 3 3 660 

10 mm 2 3 660 

70% steel (ρ = 1.05) 10 mm 5 3 660 

50% steel (ρ = 0.79) 
8 mm 2 3 660 

10 mm 3 3 660 

 

Table 1 shows the total quantity of reinforcement for all nine specimens. Each tensile 
reinforcement and hangar bar is 660 mm long. For 70% of the calculated reinforcement area beam, 
3 members of 10mm diameter were used. This gives 69.44% of the original reinforcement. For 50% 
of the calculated reinforcement area beam, 1 member of 10mm diameter, and 2 members of 8mm 
diameter were used. This gives 52.7 % of original reinforcement. 8 mm diameter stirrups at 100 
mm c/c spacing were used in each beam.   

2.2. Mix Design Calculation 

Using concrete with characteristics compressive strength of 25 N/mm2 and a water-cement ratio 
of 0.42, the design mix for the quantity of concrete materials required for a 150mm x 150mm x 
700mm specimen with 100% OPC, the one with 20% and 30% replacement of cement with fly ash 
were calculated as per IS 10262:2019 [11]. The design values are summarized in Table 2. 
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Table 2. Mix design constituent quantities 

Material 

Quantity (kg) 

For 100% OPC 
For 20% Fly Ash 

Replacement 
For 30% fly ash 

replacement 

Cement 400 320 280 
Fine aggregate 728 713.6 705.17 

Coarse aggregate 1213 1188.5 1174.48 
Water 168 168 168 
Fly ash  80 120 

3. Experimental Investigations 

Tests were performed to determine the specific gravity of fine aggregate, coarse aggregate, cement, 
and fly ash. Fly ash’s specific gravity was experimentally checked to verify the value provided by 
the source factory. And sieve analysis was performed for the fine aggregate to classify the grading 
zone of sand. Validating calculated values involved the performance of compressive-strength tests 
on concrete cubes. 

This study used cement, fly ash, fine and coarse aggregates, water, and steel rods, with a focus on 
how the fly ash amount along with the variation of reinforcement affects the strength of the beam. 
OPC 53 grade cement as specified in IS 12269:2013[12] was used. The aggregates were obtained 
locally, and the FA is of type F sourced from Vijayawada Thermal Power Station (VTPS). Fig 1 shows 
the constituent materials of concrete after batching. 

  

Fig. 1. Batching of material Fig. 2. Sieve analysis 

The specific gravity of cement and the aggregates were tested according to Indian standard 
code[13, 14]. The sieve analysis was also done to determine the zone of fine aggregate as presented 
in Fig. 2[15]. The specific gravity of FA was obtained from the factory and tested using the density 
bottle method to check for any variation. 

3.1. Mix Design Calculation 

Three categories of cubes were cast each using M25 mix design calculation values. The first 
category was without fly ash (FA), the second with 20% FA, and the last category with 30% fly ash 
to partially replace cement. In each of the three categories, three cube specimens were cast making 
a total of nine cubes. The cubes were placed in a water curing tank and tested after 28 days to find 
their compressive strength. The test was performed as per IS 516 (1959) [16]. Fig 3 shows the 
concrete cubes immediately after casting them into cubes. 
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Fig. 3. Wet concrete cubes after casting 

3.2. Mix Design Calculation 

The arrangement of rebars in the cage was done per the design calculations while taking care of all 
the necessary cautions. The stirrups bent of 1350 was maintained. The beam molds were then 
tightened, and lubricated (greased), and the reinforcement cage was set in the molds using cover 
blocks of 20mm. Proper compaction was done using a needle vibration, the cast beams were 
covered using gunny bags after about an hour and allowed to harden for 24 hours. Demolding was 
then done, and the specimens were marked and then placed in the curing water tank for 56 days to 
ensure that blended specimens acquired enough strength. Fig 4 shows the reinforcement detail 
after arranging the rebar in the cage. The beam specimen ready for testing is shown in Fig 5. Table 
3 depicts the nomenclature of the specimens. 

  

Fig. 4. Rebar arrangement in the cage Fig. 5. Beam specimen in use 

Table 3. Labelling and identification of the specimens 

Identification mark Description 

A1 100% steel with 100% cement (0% fly ash) 

A2 100% steel with 80% cement (20% fly ash) 

A3 100% steel with 70% cement (30% fly ash) 

B1 70% steel with 100% cement (0% fly ash) 

B2 70% steel with 80% cement (20% fly ash) 
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3.3. Mechanical Testing 

The heart of this research involved mechanical testing of the cast beam specimens. The beams were 
subjected to flexure tests to evaluate load-carrying capacity, deflection characteristics, and crack 
propagation. For this, state-of-the-art equipment and testing methodologies were employed while 
high precision recording the data using UTM (Universal Testing Machine). A four-point load 
method was used. The beams were taken out from the curing tank, dried and the surfaces 
whitewashed to allow clear visualization of crack patterns and then marked before placing it in the 
UTM.  

The middle third of the beam will experience pure bending as the monotonic flexure loading 
increases. If the load is within the elastic limit, then any one section will develop a moment that 
does not exceed the cracking moment and this, in turn, results in tensile stress which is less than 
the flexural strength of concrete. After the cracking moment has been passed, the maximum tensile 
stress in concrete surpasses the flexural strength of concrete. Non-linear behavior can be observed 
after passing the cracking moment. As the load continues to rise, concrete has less ability to carry 
more load and so reinforcement begins to take part of it [9]. Fig 6 shows the specimen subjected to 
loading in the UTM in use. 

  

Fig. 6. Flexure test setup of specimen in use 

4. Results 

The specific gravity of cement used was found to be 3.05 which is approximate to the limit specific 
gravity of cement which is 3.15. The specific gravity of fly ash was experimentally found to be 1.95, 
which conforms to the value provided by the manufacturer. The specific gravity of fine aggregate 
and coarse aggregate was found to be 2.61 and 2.95 respectively. After the sieve analysis, the fine 
aggregate was found to belong to zone III as per the IS 383-2016[15] method as shown in Table 4 
below and its gradation curve is shown in Fig 7 below.  

Results obtained from the flexure test are tabulated in Table 6. The flexural strength was calculated 
as per IS 516 [16]. The flexural strength for balanced RC specimens was highest, followed by that 
of 70% and then 50% reinforcement area. In each set of three specimens, the flexural strength 
varied in the way that 20% blended fly ash cement specimens had the highest values followed by 

B3 70% steel with 70% cement (30% fly ash) 

C1 50% steel with 100% cement (0% fly ash) 

C2 50% steel with 80% cement (20% fly ash) 

C3 50% steel with 70% cement (30% fly ash) 
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the ones without fly ash content then lastly the ones with 30% fly ash as cement replacement. The 
design mix test result for nine concrete cube specimens in which three of the specimens were of 
100% OPC, three were of 20% fly ash and 80% cement, and the last three were of 30% fly ash and 
70% cement was also computed and tabulated in Table 5. 

Table 4. Result obtained from sieve analysis 

Size of sieve 

(mm) 

Weight retained Cumulative 

retained (%) 

% 

Finer 

% Passing as per IS 383-2016 

(g) (%) Zone I Zone II Zone III 

10 0 0 0 100 100 100 100 

4.75 0 0 0 100 90-100 90-100 90-100 

2.36 4 0.4 0.4 99.6 60-95 75-100 85-100 

1.18 44 4.4 4.8 95.2 30-70 55-90 75-100 

0.6 124 12.4 17.2 82.8 15-34 35-59 60-79 

0.3 656 65.6 82.8 17.2 5-20 8-30 12-40 

0.15 130 13 95.8 4.2 0-10 0-10 0-10 

pan 42 4.2 100 0 
Zone III 

Total 1000    

 

 

Fig. 7. Particle size distribution of fine aggregate 

Table 5. Mix designs results 

S. No Mix Load (KN) 
Compressive 

strength (MPa) 
Average strength 

(MPa) 
1 

100% OPC 
960 42.67 

41.93 2 930 41.33 
3 940 41.78 

4 
20% fly ash 
replacement 

890 39.56 

38.37 5 860 38.22 

6 840 37.33 

7 
30% fly ash 
replacement 

780 34.67 

34.52 8 800 35.56 

9 750 33.33 
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Table 6. Flexure test results 

Identification mark 
Position of fracture in 

cm 
Load in KN Strength in N/mm2 

For 100% steel specimen 

A1 20.1 200.124 4.23 

A2 19.8 190.314 4.25 

A3 20.2 190.314 4.02 

For 70% steel specimen 

B1 17.5 200.124 3.17 

B2 20 156.96 3.32 

B3 22.7 147.15 3.11 

For 50% steel specimen 

C1 27.5 141.264 2.99 

C2 27.5 149.112 3.15 

C3 17 137.34 2.08 
 

 

4.1 Cracking Pattern and Failure Mode 

For the specimens A1, A2, and A3, at failure, the cracks propagated up to between 60mm to 75mm 
depth from the bottom while for specimens B1, B2, and B3, it was up to 90mm to 105mm depth, 
and for C1, C2 and C3 specimen, the cracks propagated to the nearly full depth of the beams (above 
130mm). In the test section, only flexural cracking occurred; typical bending failure leading to 
crushing of the compression-side concrete after the yielding of the tension reinforcement was 
noted, however, when the applied load exceeded the theoretical value, shear cracks were seen for 
specimen C towards the supports. There were more than 3-4 cracks in the test section in the C3 
specimens. The shear force-generating zone between the loading points and the support points 
outside the test section did not show any significant shear cracks, and failure in shear did not occur 
until the test was finished. Fig 8 shows the crack pattern of the specimens with 100% 
reinforcement. Fig 9 and Fig 10 show the crack pattern for the 70% and 50% specimens 
respectively. 

 

Fig. 8. Specimen crack for 100% reinforcement 
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Fig. 9. Specimen crack for 70% reinforcement 

 

Fig. 10. Specimen crack for 50% reinforcement 

4.2 Applied Load vs Mid-Deflection Relations 

For specimens with 100% steel reinforcement (balanced section), the mid deflection at ultimate 
load for pure cement RC specimen was 3mm while that of 20% and 30% fly ash was 4mm and 
3.6mm respectively. For 70% reinforcement specimens, the maximum deflections were 2.4mm, 
2.9mm, and 5mm for 0%, 20%, and 30% fly ash volume respectively and for 50% reinforcement 
specimens, the maximum deflections were 3.7mm, 4.6mm, and 5.5mm for 0%, 20% and 30% fly 
ash volume respectively as shown in Fig 11, 12 and 13. 



Elizah et al. / Research on Engineering Structures & Materials 11(4) (2025) 1139-1152 
 

1148 

 

Fig. 11. Applied load vs mid-deflection for 100% reinforcement 

 

Fig. 12. Applied load vs mid-deflection for 70% reinforcement 

 

Fig. 13. Applied load vs mid-deflection for 50% reinforcement 
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4.3 Stress-Strain Relations 

As the area of reinforcement steel is reduced to 70% (ρ = 1.05) and then 50% (ρ = 0.79), the 
maximum stress corresponding to maximum strain is reduced from 9 N/mm2 to 8.8 N/mm2, to 6.6 
N/mm2. For 100%, 70%, and 50% steel reinforcement specimens, the stress-strain relation for 
each fly ash constituent is shown respectively in Fig 14, 15, 16 below. 

 
Fig. 14. Stress vs strain for 100% reinforcement 

 
Fig. 15. Stress vs strain for 70% reinforcement 

 
Fig. 16. Stress vs strain for 50% reinforcement 
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4.4 Normalization Curve 

The 
𝑝𝑢

𝑓𝐶𝑘𝑏𝐷
 for the beams decreased with a decrease in the percentage of the area of reinforcement. 

This was indicated by the downward shift in the 
𝑝𝑢

𝑓𝐶𝑘𝑏𝐷
 against strain curve as from the 100% 

reinforcement specimens to 70% and 50% respectively. 

 

Fig. 17. Normalization curve for 100% reinforcement 

 

Fig. 18. Normalization curve for 70% reinforcement 

 

Fig. 19. Normalization curve for 50% reinforcement 
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Normalization curve relation for 0%, 20%, and 30% FA as replacement of cement for each 
specimen with varying reinforcement area is as shown below in Fig 17, 18 and 19 respectively. 

5. Conclusion 

The mix design produced an average strength of 41.93 MPa, 38.37 MPa, and 34.52 MPa for the 
concrete containing 0%, 20%, and 30% fly ash respectively. This means that all the specimens 
passed the required value and so the mix designs were used to cast the beams. The cubes in which 
cement is partially replaced with fly ash showed less compressive strength compared to those with 
100% OPC after a 28-day curing period.  Fly ash was found not to significantly affect flexural 
strength of RC beam, however, there was a slight reduction in flexural capacity with an increment 
in the amount of fly ash to 30%. But for all reinforcement categories, beams with 20% fly ash 
displayed the highest strength.  As the area of reinforcement steel is reduced to 70% (ρ = 1.05) and 
then 50% (ρ = 0.79), the overall tensile strength decreased this was because the stress at a given 
strain level was lowest for 50% (ρ = 0.79), and lower for 70% (ρ = 1.05) compared to 100% (ρ = 
1.5) reinforcement specimens. 

The beams first deformed elastically, showing that the deformations were directly proportional to 
the applied load. With an increase in the load, the materials attained their yield point, entering 
plastic deformation. For some of the materials, this was followed by a strengthening phase of strain 
hardening, whereby further resistance is built up due to internal structural changes. The stress-
strain relationships developed conformed to the usual trend for material behavior: a linear elastic 
region progressing into a plastic region and finally ending at the material's ultimate strength. The 
failure modes included flexural failure, whereby beams experienced a crack under tensile stress, 
particularly in the tension zone. For beams with 50% tensile reinforcement and 8 mm diameter 
bars at 100 mm Centre to Centre, theoretically maximum load that the beam can take before it fails 
in shear is 76.6 KN. But in our test, the beams were tested beyond this loading which led 
to shear cracks. 

The normalized ultimate flexure capacity vs δ/D curve shifts downward and the peak shifts to the 
right as the percentage of the steel is reduced to 70% and 50% of the designed reinforcement area. 
Hence the ductility and the ultimate strength reduced along with the trend. However, the C 
specimens can be best used in non-critical structure design and lightly loaded members. For the 
normalization curves, A specimens with a high reinforcement ratio are ideal for seismic-resistant 
constructions or strongly loaded members because they have a high ultimate strength and 
significant ductility. B specimens fit well for normal building construction or moderately loaded 
structural elements because they have a medium reinforcement ratio and good ultimate strength 
and ductility. C specimens are a cost-effective option for lightly loaded members or non-critical 
constructions because of their low reinforcement ratio, moderate ultimate strength, and moderate 
ductility. 

List of Abbreviations 

Abbreviation Full form 

FA Fly Ash 
RC Reinforced Concrete 

SCMs Supplementary Cementitious Materials 
CO2 Carbon dioxide 

ρ Tensile reinforcement ratio 
ECO2 Embodied Carbon dioxide 

CC Conventional Concrete 
HVFAC High Volume Fly Ash Concrete 

IS Indian Standard 
OPC Ordinary Portland cement 

UTM Universal Testing Machine 
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 This study investigates the effects of glass powder (GP) content and activator-to-
precursor (Ac/Pr) ratio on the properties of slag-based geopolymer mortars 
using a central composite design approach. GP content ranging from 0% to 30% 
and Ac/Pr ratios between 0.65 and 0.75 were examined. Response surface 
methodology was utilized to construct predictive models for slump, 28-day 
compressive strength, and porosity. Scanning electron microscopy and energy 
dispersive X-ray spectroscopy were utilized to analyze the microstructure and 
chemical composition of the geopolymer matrices. Results indicate that both GP 
content and Ac/Pr ratio significantly influence mortar properties. Increasing GP 
content and Ac/Pr ratio generally improved workability, while optimal 
mechanical performance was achieved at moderate levels of both factors. The 
optimal formulation, determined through desirability analysis, consisted of 
18.2% GP content and 0.72 Ac/Pr ratio, yielding predicted outcomes of 16.53 cm 
slump, 46.64 MPa compressive strength, and 15.85% porosity. This study 
demonstrates the potential of incorporating waste glass in slag-based 
geopolymers and provides a framework for optimizing mix designs to achieve 
desired performance characteristics. 
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1. Introduction 

The global construction industry faces an unprecedented challenge in the 21st century: 
meeting the growing demand for infrastructure while simultaneously reducing its 
environmental impact. At the heart of this challenge lies the production of cement, a 
process responsible for approximately 8% of worldwide CO2 emissions [1]. This staggering 
figure underscores the urgent need for sustainable alternatives that can mitigate the 
environmental footprint of construction activities without compromising on performance 
or durability. In recent decades, geopolymers have emerged as a promising solution to this 
pressing issue, offering comparable or superior performance to conventional cement while 
significantly reducing associated carbon emissions [2, 3]. 

Geopolymers, a term coined by Joseph Davidovits in the 1970s [4], represent a class of 
inorganic polymers synthesized through the alkaline activation of aluminosilicate 
materials, including metakaolin, fly ash, and ground granulated blast furnace slag (GGBFS). 
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These materials are rich in silicon (Si) and aluminum (Al), which are essential for the 
geopolymerization process [5, 6]. The geopolymerization process begins with the 
dissolution of these precursor materials in a highly alkaline environment, typically 
provided by a combination of sodium or potassium hydroxide and silicate solutions [7]. 
Once dissolved, the aluminate and silicate species undergo condensation reactions, 
forming a gel-like network of aluminosilicate hydrates [8]. This network further 
polymerizes into a three-dimensional matrix, primarily consisting of sodium-
aluminosilicate-hydrate (N-A-S-H) gels in low calcium systems or calcium-aluminosilicate-
hydrate (C-A-S-H) gels in high calcium systems like those containing GGBFS [9, 10]. This 
process is responsible for the development of mechanical strength and durability in 
geopolymer materials [11], making them suitable for various construction applications. 

These innovative binding agents offer numerous advantages over traditional Portland 
cement, including drastically reduced CO2 emissions—up to 80% less compared to 
conventional cement production [3]. To regulate sustainability, one must control the kind 
and quantity of binder used in concrete mixtures, since they account for over 90% of the 
CO₂ in the mixture [12]. While regular Portland cement emits 306 kg CO2/m3 for the same 
mechanical qualities, geopolymer releases just 169 kg CO2/m3, a 45% reduction in 
emissions, as stated by Biernacki et al. [12]. Additionally, according to Davidovits [13], fly 
ash-based geopolymers can achieve CO₂ emissions in the range of 0.09 to 0.25 kg CO₂ per 
kilogram, which translates to a 75 to 90% reduction compared to conventional cement. 

Moreover, geopolymers enable the utilization of various industrial by-products, 
contributing to circular economy principles and waste reduction. Many geopolymer 
formulations exhibit enhanced durability, demonstrating superior resistance to chemical 
attack, fire, and extreme temperatures [14], [15], [16]. Perhaps most importantly, 
geopolymers can achieve strength and performance characteristics that match or exceed 
those of traditional cement-based materials, making them a viable alternative for a wide 
range of construction applications. 

Despite these compelling advantages, the widespread adoption of geopolymers faces 
several challenges related to raw material availability, mix design optimization, and long-
term performance under various environmental conditions. Ongoing research efforts are 
focused on addressing these challenges and expanding the application of geopolymers in 
construction. A critical aspect of this research involves the careful selection and 
optimization of precursor materials, which play a crucial role in determining the 
properties and performance of geopolymer systems. Among the various precursors used 
in geopolymer production, GGBFS has gained significant attention due to its widespread 
availability and favorable chemical composition. GGBFS, a by-product of the iron and steel 
industry, is formed when molten iron blast furnace slag is rapidly cooled by water. Its 
chemical composition typically consists of CaO, SiO2, and Al2O3 [17]. The high calcium 
content in GGBFS contributes to the formation of calcium silicate hydrate (C-S-H) gels in 
addition to the geopolymeric network [18], [19], [20], resulting in enhanced mechanical 
properties and reduced setting times compared to low-calcium precursors. 

The Ca/Si and Si/Al ratios in geopolymer systems are critical factors that influence the 
reaction mechanisms, microstructure development, and ultimately, the properties of the 
hardened material. A higher Ca/Si ratio promotes the formation of C-S-H gels, which can 
coexist with the geopolymeric network [21], leading to improved mechanical properties. 
However, excessive calcium content can hinder the geopolymerization process by 
competing for available silica, potentially reducing long-term strength development [22], 
[23]. Similarly, the Si/Al ratio affects the degree of polymerization and the structure of the 
aluminosilicate network [24]. Higher Si/Al ratios generally result in increased 
compressive strength and improved durability due to the formation of more stable Si-O-Si 
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bonds [25], [26]. However, very high Si/Al ratios can lead to unreacted silica and reduced 
strength [27]. Optimizing these ratios is crucial for achieving the desired balance between 
early strength development, long-term performance, and durability of geopolymer 
materials. 

In the quest for further enhancing the sustainability and performance of geopolymer 
systems, researchers have begun exploring the potential of glass powder (GP) as a 
supplementary precursor. Derived from recycled waste glass, GP offers a promising 
avenue for incorporating high-silica content materials into geopolymer mixtures. The 
chemical composition of GP typically includes SiO2 [28]. This high silica content, combined 
with the amorphous nature of glass, makes GP an attractive material for geopolymer 
production, offering several potential benefits. The incorporation of GP in geopolymer 
systems can enhance silicon availability due to the easier dissolution of amorphous glass 
in alkaline media, providing readily available silica for geopolymerization reactions. The 
spherical shape of glass particles can contribute to better flowability of fresh geopolymer 
mixtures, potentially improving workability [29], [30]. Furthermore, the utilization of 
waste glass in geopolymers addresses the challenge of glass disposal while reducing the 
demand for virgin raw materials, further enhancing the environmental credentials of these 
alternative binding materials. 

Several studies have explored the incorporation of GP in alkali-activated systems, 
demonstrating its potential as a supplementary precursor. Researchers have reported 
improved compressive strength and reduced porosity with GP addition up to 30% 
replacement in alkali-activated slag mortars [28], [29], [31], [32], [33]. Synergistic effects 
have been observed when combining GP with fly ash in geopolymer systems, leading to 
enhanced mechanical properties and microstructure development [34], [35]. The 
influence of GP fineness on the properties of alkali-activated slag concrete has also been 
examined, with finer GP particles leading to improved strength and durability 
characteristics [36], [37]. Moreover, the use of GP in combination with calcined clay for 
geopolymer production has shown promise, with studies reporting increased compressive 
strength and reduced water absorption upon GP incorporation. The introduction of GP as 
a silica-rich source in geopolymer systems offers several advantages for optimizing the 
critical Ca/Si and Si/Al ratios. The high silica content of GP allows for fine-tuning of the 
Si/Al ratio, potentially leading to improved mechanical properties and durability. In slag-
based systems, GP can help moderate the high calcium content, promoting a more balanced 
formation of C-S-H gels and geopolymeric networks. The amorphous nature of GP can 
contribute to increased dissolution rates and overall system reactivity, potentially 
accelerating strength development. Furthermore, the incorporation of GP may lead to a 
more compact and refined microstructure [38], [39], reducing porosity and enhancing 
long-term performance. 

Despite the promising results reported in literature, there remains a need for a 
comprehensive understanding of the effects of GP incorporation on the properties of slag-
based geopolymer systems. Moreover, the development of predictive models for 
optimizing mix designs is crucial for the practical implementation of GP in geopolymer 
production. This research aims to address these knowledge gaps by investigating the 
influence of GP as a partial replacement for GGBFS on the mechanical and physical 
properties of eco-geopolymer mortars. The primary objective of this study is to elucidate 
the effects of GP replacement levels (0-30%) and activator-to-precursor ratio (Ac/Pr) on 
the fresh and hardened properties of slag-based geopolymer mortars. To achieve this, the 
response surface methodology will be utilized to develop predictive models for slump, 
compressive strength, and porosity as a function of GP content and Ac/Pr ratio. This 
approach will enable the optimization of mix designs based on desired performance 
criteria. Furthermore, microstructural analysis using Scanning Electron Microscopy (SEM) 
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coupled with Energy Dispersive X-ray (EDX) spectroscopy will be employed to examine 
the morphological characteristics and chemical composition of the geopolymer matrices, 
providing insights into the formation of C-A-S-H gels and their distribution within the 
microstructure. This comprehensive analysis will elucidate the relationship between mix 
composition, microstructural development, and macroscopic properties of the geopolymer 
mortars 

By addressing these research goals, this study aims to contribute to the development of 
more sustainable and high-performance geopolymer materials, paving the way for their 
increased adoption in construction applications. The findings of this research will provide 
valuable insights into the optimal utilization of GP in slag-based geopolymer systems, 
offering a pathway for the valorization of waste glass while enhancing the environmental 
credentials of alternative cementitious materials. Ultimately, this work seeks to advance 
the state-of-the-art in eco-friendly construction materials, contributing to the global effort 
to reduce the environmental impact of the built environment while meeting the growing 
demands for infrastructure development. 

2. Materials and Methods  

2.1. Materials 

This study utilized several key materials to produce the slag-based geopolymer mortars, 
such as GBFS, GP, sand, and alkaline activators. GGBFS and GP served as the primary 
precursors for the geopolymer binder. The GGBFS was sourced from a regional steel 
manufacturer (El-Hadjar complex, Annaba, Algeria) as spherical grains with a particle size 
of 0/5 mm, which were then crushed to achieve a fineness of 237.1 m²/kg. The glass waste 
(sourced from local recycling facilities in Setif, Algeria) was subjected to grinding 
processes, resulting in a fineness of 280.8 m²/kg. The appearance of both GGBFS and GP is 
displayed in Fig. 1. 

  

Fig. 1. Visual appearance of precursors (a) GGBFS (b) GP 

The chemical compositions of GGBFS and GP are presented in Table 1, which shows their 
major oxide constituents. Table 2 provides the physical properties of GGBFS and GP, 
including their densities and Blaine surface areas, which are crucial parameters affecting 
their reactivity and water demand in the mixtures. 

Table 1. Chemical composition of precursors 

% CaO SiO2 Al2O3 Fe2O3 K2O Na2O MgO SO3 LOI 

GGBFS 43.1 41.2 6.99 2.9 0.33 0.5 4.9 0.25 0.03 

GP 8.31 70.97 1.36 0.47 0.56 14.72 2.41 0.34 0.79 
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Table 2. Physical properties of precursors 

 GGBFS GP 

Bulk density (kg/m³) 2951 2533 

Specific surface area (m2/kg) 237.1 280.8 
 

The particle size distribution of GGBFS and GP was determined using a laser diffraction 
analyzer (Cilas 1090), which provides detailed information on particle size by measuring 
the angle and intensity of light scattered by particles in suspension. This method allows for 
precise determination of particle size distribution across a wide range of sizes, ensuring 
the reliability of the data presented. Fig. 2 illustrates the particle size distributions of 
GGBFS and GP, offering insights into their fineness and potential packing behavior within 
the geopolymer matrix The particle size distribution of GGBFS ranges from 1.65 µm (d10) 
to 56.16 µm (d90), meaning that 10% of GGBFS particles are finer than 1.65 µm, and 90% 
are finer than 56.16 µm. This indicates a broader range of particle sizes, which can 
contribute to a denser microstructure due to improved packing efficiency. In contrast, the 
GP's particle size distribution is more uniform, ranging from 4.18 µm (d10) to 68.37 µm 
(d90), with a median particle size of 18.55 µm. This distribution suggests different 
mechanical performance characteristics, as the uniformity of GP may influence the 
reactivity and strength development differently from GGBFS. 

 

Fig. 2. Particle size distribution of precursors 

The broader particle size distribution observed in GGBFS offers the potential for a denser 
microstructure due to better packing efficiency. When particles of varying sizes are 
present, smaller particles can fill the voids between larger particles, leading to a more 
compact arrangement and reducing the overall porosity of the material [40], [41]. This 
reduction in porosity is directly correlated with increased compressive strength, as the 
denser structure can better resist the applied loads without fracturing [42]. Additionally, 
a well-packed microstructure may also contribute to improved durability by reducing the 
permeability of the geopolymer [43]. On the other hand, the more uniform particle size 
distribution of GP might lead to different mechanical performance characteristics. While 
the uniformity in size can promote more consistent reactivity throughout the matrix, it 
may also result in a less dense microstructure compared to GGBFS if the packing is not 
optimized. This could lead to higher porosity and potentially lower compressive strength 
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[44]. However, the use of a uniform particle size distribution can also be advantageous in 
controlling the workability of the geopolymer mixture, as it may prevent excessive 
segregation or bleeding, ensuring a more homogenous mixture that can be easily placed 
and compacted. 

The alkaline activation of the precursors was achieved using a combination of sodium 
hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. NaOH was provided by the 
SPECILAB laboratory, distributed by the company PROCHIMA SIGMA located in Tlemcen, 
Algeria, with a density 2130 kg/m3 and a purity of 99%. NaOH solution was prepared at a 
concentration of 10M, while Na2SiO3 solution contained 26% SiO2 and 8% Na2O by mass. 
The chemical properties of sodium silicates are presented in Table 3. 

Table 3. Characteristics of sodium silicates used 

Parameter Composition 

SiO2 (%) 26 

Na2O (%) 8 

pH 13.01 

Density at 20° C 1,53 

Concentration (%) 45 

SiO2/Na2O 3.25 
 

These activators were combined in a ratio of Na2SiO3 to NaOH of 3:1 to provide the optimal 
alkalinity and silica content for geopolymerization. The sand used in this study was 
sourced from the Oued Souf dunes in Algeria. This sand is characterized by its high silica 
content and rounded, smooth-surfaced grains, making it ideal for mortar applications. Its 
physical properties include an apparent density of 2623 kg/m³, a fineness modulus of 1.99, 
and a sand equivalent of 86.49%. The particle size distribution of the sand is well-graded, 
with a maximum grain size not exceeding 4.0 mm, ensuring good workability and compact 
packing in the mortar matrix. 

2.2. Methodology 

One common statistical method for designing and optimizing experiments is the central 
composite design, or CCD. This research used a two-pronged approach to examine the 
impact of GP content (0%-30%) and Ac/Pr ratio (0.65, 0.7, and 0.75) on geopolymer 
mortar characteristics. With its capacity to fit quadratic models and capture higher-order 
interactions between the components, the CCD efficiently minimizes the number of 
experimental runs, making it an attractive choice. As shown in Table 4, the CCD for this 
investigation comprised nine distinct formulations.  

Slump, compressive strength, and water-accessible porosity were the intended outcomes 
of the nine strategic formulations' data collection efforts. The purpose of analyzing these 
reactions was to shed light on how the input parameters, individually and in combination, 
affected the physical and mechanical characteristics of the manufactured mortars. 

The optimal mix design derived from the desirability analysis, prediction expressions, 
response surface profiler, and analysis of variance (ANOVA) results are the products of this 
statistical methodology. To optimize the geopolymer mortar formulation for the intended 
mechanical and physical properties, these outputs offer useful insights into the effects of 
the input parameters and how they interact with the responses. 

 



Berkouche et al. / Research on Engineering Structures & Materials 11(3) (2025) 1153-1178 

 

1159 

Table 4. Experimental runs and mix composition using CCD 

Mix ID GP (%) Ac/Pr 
GGBFS 

(kg/m3) 
GP 

(Kg/m3) 

Sodium 
silicate 

(kg/m3) 

NaOH 
(kg/m3) 

Sand 
(kg/m3) 

M1 0 0.65 587,65 0,00 286,48 95,49 

1250 

M2 15 0.65 499,50 88,15 286,48 95,49 

M3 30 0.65 411,36 176,30 286,48 95,49 

M4 0 0.7 587,65 0,00 308,52 102,84 

M5 15 0.7 499,50 88,15 308,52 102,84 

M6 30 0.7 411,36 176,30 308,52 102,84 

M7 15 0.75 499,50 88,15 330,55 110,18 

M8 30 0.75 411,36 176,30 330,55 110,18 

M9 0 0.75 587,65 0,00 330,55 110,18 
 

2.3. Sample Preparation 

GGBFS, GP, and sand have been carefully weighed according to the proportions specified 
in the previous formulations. These dry components have been thoroughly mixed to 
ensure their homogeneity. At the same time, an alkaline activator solution was prepared 
by mixing NaOH and Na2SiO3 solutions in a ratio of 1 to 3 to ensure uniformity and 
consistency in the geopolymerization reaction [45], [46]. Then the dry mixture was 
combined with the activator solution using a mechanical mixer for 90 seconds, thus giving 
rise to a homogeneous geopolymer paste. This preparation was then poured into a 
spreading cone to evaluate its maneuverability before being carefully poured into molds 
of dimensions 4x4x4 cm3 (Fig. 3). To facilitate geopolymerization reactions, the specimens 
were demolded after one day and transferred to a controlled environment, kept at a 
temperature of 20 ± 2 °C and a relative humidity of ≥ 95%, where they remained until they 
reached the desired test age. 

 

Fig. 3. Preparation of geopolymer mortars (a) preparation of raw materials (b) molding (c) 
curing 

2.4. Experimental Tests 

This study conducted three key tests to evaluate the performance of the slag-based 
geopolymer mortars: slump test, compressive strength test, and water accessible porosity 
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test. Each test was performed three times according to standard procedures to ensure 
reliability and reproducibility of results. 

The slump test was carried out to assess the workability of the fresh geopolymer mortar 
mixtures (Fig. 4). The test was performed in accordance with ASTM standard [47] using a 
mini-slump cone. The cone, with dimensions of 70 mm top diameter, 100 mm base 
diameter, and 50 mm height, was filled with the fresh mortar and lifted vertically. The 
resulting spread of the mortar was measured in two perpendicular directions, and the 
average value was recorded as the slump flow.  

 

Fig. 4. Slump test of geopolymer mortar 

The compressive strength of the hardened geopolymer mortars was determined following 
the procedures outlined in EN 196-1 standard [48] after 28 days of curing (Fig. 5). The 
specimens were subjected to uniaxial compression using a hydraulic testing machine. The 
load was applied at 5 mm/min displacement rate on a 400 kN compression capacity testing 
machine until failure occurred. The maximum load sustained by each specimen was 
recorded, and the compressive strength was calculated by dividing this load by the cross-
sectional area of the specimen.  

 

Fig. 5. Compressive strength test of geopolymer mortar 

The water accessible porosity of the hardened geopolymer mortars was determined using 
the vacuum saturation method, following the principles outlined in NBR 9778 [49]. The 
specimens were first oven-dried to constant mass, then placed in a vacuum chamber and 
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saturated with water under vacuum conditions. The saturated surface-dry mass and the 
submerged mass of the specimens were then measured. The water accessible porosity was 
calculated as the ratio of the volume of water absorbed to the total volume of the specimen, 
expressed as a percentage. This test provides insights into the porosity and the ability of 
geopolymer mortars to absorb water, which influences their durability and transport 
properties. The results from these standardized tests form the basis for optimizing the 
geopolymer mortar formulations and understanding the effects of GP content and Ac/Pr 
ratio on the material's performance. 

3. Results and Discussion 

3.1. Analysis of Variance 

The analysis of variance (ANOVA) elucidates the effects of GP content and Ac/Pr on the 
properties of geopolymer mortars (Table 5). For compressive strength, the ANOVA reveals 
that the model is statistically significant, with the intercept, Ac/Pr, GP², and Ac/Pr² all 
being significant factors (p<0.05). The linear effect of GP and the interaction term 
GP*Ac/Pr are not statistically significant. This suggests that the activator-to-precursor 
ratio has a strong influence on compressive strength, both in its linear and quadratic terms. 
The slump model shows significance for both GP and Ac/Pr linear effects, as well as the 
intercept, while the quadratic terms and interaction term are not statistically significant. 
For porosity, the model indicates significance for the intercept, GP², and Ac/Pr², while the 
linear terms and interaction are not statistically significant. 

Table 5. ANOVA metrics 

 Intercept GP Ac/Pr GP*Ac/Pr GP² Ac/Pr² 

Compressive 
Strength 

46.7022 -0.74 2.60333 1.095 
-

5.04333 
-

4.65333 

p-values 0,03 0.3376 0.0279 0.2627 0.0207 0.0257 

Slump 15.5 0.916667 1.83333 -0.125 0.25 
-1.57E-

16 

p-values 0,01 0.0154 0.0021 0.6163 0.4883 1.0000 

Porosity 15.1967 -0.56 0.178333 -0.4275 1.65 3.195 

p-values 0,028 0.1238 0.5473 0.2774 0.0364 0.0060 
 

The perturbation plots (Fig. 6) offer a visual representation of these effects. For slump, 
both GP and Ac/Pr demonstrate positive effects, with Ac/Pr showing a stronger linear 
influence as indicated by its steeper slope. GP exhibits a slight curvature, suggesting a 
minor quadratic effect, though this is not statistically significant according to the ANOVA. 
The compressive strength plot reveals quadratic effects for both GP and Ac/Pr, with 
optimal points near the center of the design space. The Ac/Pr curve shows a more 
pronounced quadratic effect, consistent with its significant linear and quadratic terms in 
the ANOVA. The GP curve also displays a quadratic trend, but with a lower optimal point, 
indicating that increasing GP beyond a certain point may decrease strength. The porosity 
plot demonstrates strong quadratic effects for both factors, forming U-shaped curves. The 
Ac/Pr curve shows a more pronounced effect, especially at the extremes of the range, while 
the GP curve has a shallower U-shape, indicating a less severe impact on porosity at the 
extremes. Both factors appear to have an optimal point (minimum porosity) near the 
center of the design space. 
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Fig. 6 Perturbation plots of (a) slump (b) compressive strength (c) porosity 
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These results collectively suggest that slump is positively influenced by both GP content 
and Ac/Pr ratio, with Ac/Pr having a stronger linear effect. Compressive strength is 
optimized at moderate levels of both GP and Ac/Pr, with significant quadratic effects. 
Porosity is minimized at moderate levels of both factors, with strong quadratic effects, 
particularly for Ac/Pr. These findings highlight the complex interplay between GP content 
and Ac/Pr ratio in determining the properties of the geopolymer mortar 

3.2. Response Surface Plots 

3.2.1 Slump 

The contour and iso-response surface plots for the slump response (Fig. 7) provide 
valuable insights into the effects of GP and Ac/Pr contents on the workability of the 
geopolymer mortar. The contour plot, represented by the 2D color-coded image, shows a 
clear gradient from blue to red, indicating an increase in slump values from approximately 
13 cm to 18.5 cm across the experimental range. This gradient demonstrates that both GP 
content and Ac/Pr ratio have significant influences on the slump of the geopolymer mortar. 
The iso-response curves, represented by the contour lines, further illustrate this 
relationship. The upward sloping nature of these curves from left to right indicates that 
increasing both GP content and Ac/Pr ratio generally leads to higher slump values, 
suggesting improved workability of the mixture. The 3D surface plot corroborates these 
observations, showing a rising plane from the lower left corner to the upper right corner 
of the plot.  

 

Fig. 7. Contour plot and iso-response curve of slump response 

This three-dimensional representation clearly visualizes the combined effects of GP and 
Ac/Pr on slump. The steeper gradient along the Ac/Pr axis compared to the GP axis 
suggests that the Ac/Pr ratio has a more pronounced effect on slump than the GP content. 
This is evident from the more rapid color change and steeper slope in the Ac/Pr direction. 
The highest slump values, represented by the red region in the contour plot and the peak 
of the 3D surface, are achieved at high levels of both GP content and Ac/Pr ratio. This 
indicates that increasing both factors simultaneously lead to the most significant 
improvement in workability. Conversely, the lowest slump values, shown in blue, occur at 
low levels of both factors. The relatively linear nature of the iso-response curves suggests 
that there is limited interaction between GP and Ac/Pr in their effects on slump. Instead, 
they appear to have additive effects, with each factor independently contributing to 
increased workability. This linear trend aligns with the earlier ANOVA results, which 
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showed significant linear effects for both factors on slump. The continuous increase in 
slump with increasing GP content can be attributed to the spherical nature of GP particles, 
which may enhance the flowability of the mixture [30]. The positive effect of increasing 
Ac/Pr ratio on slump is likely due to the higher liquid content in the mixture, which 
naturally improves workability. 

3.2.2 Compressive Strength 

The contour and iso-response surface plots for compressive strength (Fig. 8) reveal a 
complex relationship between GP and Ac/Pr, and the mechanical performance of the 
geopolymer mortar. The plots exhibit a distinct dome-shaped surface, indicating the 
presence of an optimal region for compressive strength. This optimal zone is centered 
around 14.2% GP content and 0.71 Ac/Pr ratio, where the highest compressive strength 
values are achieved. The contour plot shows concentric elliptical patterns, with the peak 
strength region colored in red at the center. As we move away from this optimal point, the 
colors transition through yellow and green to blue, representing a gradual decrease in 
compressive strength. This pattern suggests that both excess and insufficient amounts of 
GP or Ac/Pr can lead to reduced strength performance. 

 

Fig. 8. Contour plot and iso-response curve of compressive strength response 

The 3D surface plot further emphasizes this quadratic relationship, displaying a clear peak 
in the central region. The curvature of the surface is more pronounced along the Ac/Pr axis 
compared to the GP axis, indicating that the Ac/Pr ratio has a more significant impact on 
compressive strength than GP content. This observation aligns with the ANOVA results, 
which showed that both linear and quadratic terms for Ac/Pr were statistically significant. 

The existence of an optimal region can be explained by considering the effects of GP and 
Ac/Pr on the geopolymerization process and the resulting microstructure. The 
incorporation of GP introduces additional silica into the system, which can modify the 
Ca/Si and Si/Al ratios of the binder phase. At the optimal GP content (around 14%), there 
is likely an ideal balance between these ratios that promotes the formation of a strong and 
stable calcium aluminosilicate hydrate (C-A-S-H) gel structure. 

The C-A-S-H gel, which is the primary binding phase in slag-based geopolymers, is sensitive 
to the Ca/Si ratio. As GP content increases, it initially enhances the Si/Al ratio, potentially 
leading to a more polymerized and stronger gel structure [24]. However, beyond the 
optimal point, excessive silica may disrupt the balance, possibly leading to unreacted 
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particles or a weaker gel structure, thus explaining the decrease in strength at higher GP 
levels. 

The Ac/Pr ratio plays a crucial role in providing the alkaline environment necessary for 
the dissolution of slag and GP particles and subsequent geopolymerization. The optimal 
Ac/Pr ratio of 0.71 likely represents the point where there is sufficient alkaline activator 
to promote adequate dissolution and reaction of the precursors, without excess liquid that 
could lead to increased porosity and reduced strength. 

The significant quadratic effects observed in the ANOVA for both GP² and Ac/Pr² support 
the curvilinear relationship seen in the response surface plots. These quadratic effects 
indicate that both factors have an optimal range, beyond which their benefits diminish or 
become detrimental to strength development. The interaction between GP content and 
Ac/Pr ratio, while not statistically significant according to the ANOVA, may still play a 
subtle role in determining the exact shape and position of the optimal region. This 
interaction could be related to how the alkaline activator interacts with the different 
proportions of slag and GP, affecting the dissolution rates and the formation of reaction 
products. 

3.2.3 Porosity 

The contour plot and iso-response surface plot for porosity (Fig. 9) reveal a complex 
relationship between GP content, Ac/Pr ratio, and the resulting porosity of slag-based 
geopolymer mortars. The optimal region for minimizing porosity is observed 
corresponding to 17% GP and 0.7 Ac/Pr ratio, where porosity values reach their minimum 
of around 15%. As we move away from this optimal region, porosity increases, reaching a 
maximum of about 21.5% at high GP content and high Ac/Pr ratio. 

 

Fig. 9. Contour plot and iso-response curve of porosity response 

The interaction between GP content and Ac/Pr ratio is evident from the non-linear contour 
lines and curved surface in the 3D plot. This interaction suggests that the impact of GP on 
porosity is influenced by the Ac/Pr ratio, and vice versa. At lower Ac/Pr ratios, the effect 
of increasing GP content on porosity is less pronounced, possibly because there is 
insufficient activator to fully react with the glass powder, leading to a more compact 
structure with unreacted GP particles filling voids. Conversely, at higher Ac/Pr ratios, 
increasing GP content has a more significant effect on porosity, as there is more liquid 
available to react with the GP, potentially creating a more open pore structure. 
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The optimal region of low GP content and low Ac/Pr ratio likely represents a balance 
where there is sufficient activator to react with the slag precursor without excess liquid, 
resulting in a denser C-A-S-H gel network with lower porosity. In this region, the formation 
of C-A-S-H gel is maximized, and the development of voids is minimized. As we move away 
from this optimal region, either by increasing GP content or Ac/Pr ratio, the balance is 
disrupted, leading to increased porosity through different mechanisms. Higher GP content 
may result in more unreacted particles and a less interconnected C-A-S-H gel network, 
while higher Ac/Pr ratios may lead to excess liquid that creates additional voids upon 
evaporation, thus increasing the absorption capacity of mortars. This phenomenon can be 
attributed to the formation of capillary pores as the liquid phase evaporates, leaving 
behind voids that contribute to a more porous microstructure. The study by Das et al. 
[50]emphasizes that elevated water absorption values are typically correlated with 
increased surface porosity. This surface porosity not only influences the immediate 
physical and mechanical properties of the mortar but also has long-term implications on 
its durability.  

At higher Ac/Pr ratios, the increase in porosity is accompanied by a decrease in 
compressive strength. This inverse relationship can be explained by the fact that the 
presence of more voids within the mortar matrix reduces the density and integrity of the 
structure, leading to weaker mechanical performance. As the porosity increases, the 
material's ability to bear loads diminishes, which directly affects its compressive strength. 
Moreover, the interconnected pore network created by the excess liquid not only weakens 
the material but also makes it more susceptible to the ingress of harmful agents, further 
compromising its structural capacity over time.  

3.3. Model Diagnostics 

To create thorough regression models for a range of response variables, the central 
composite design was used. Strong predictive performance is shown in the fit summary for 
these models (Table 6), where high R-squared values, ranging from 0.96 to 0.98, indicate 
excellent model fit. The models are assessed using the mean response values as baseline 
standards. Furthermore, for all replies, the appropriate precision values—which evaluate 
the signal-to-noise ratio—are significantly higher than the suggested cutoff point of 4. This 
suggests that the models have a strong capacity to consistently navigate the design space, 
indicating that they are appropriate for forecasting how GP and Ac/Pr would affect the 
properties of mortar. 

Table 6. Fit summary 

Response Mean R² Adjusted R² 
Adeq. 

Precision 
Slump (cm) 15.67 0.98 0.93 15.01 

Compressive strength 
(MPa) 

40.24 0.95 0.86 10.87 

Porosity (%) 18.43 0.96 0.89 11.4 
 

The model's accurate predictions across the range of each response variable are shown in 
the actual vs predicted plots (Fig. 10). The model's predictions and the actual data are well 
aligned in these graphs, demonstrating the validity and dependability of the regression 
models created with the central composite design. This alignment is further supported by 
the strong R-squared values, which demonstrate the models' capacity to represent the 
underlying relationships between the response variables and the input factors.  
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Fig. 10. Actual by predicted plots of (a) slump (b) compressive strength (c) porosity  
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Fig. 11. Residual vs predicted plots of (a) slump (b) compressive strength (c) porosity 
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Furthermore, the residual plots (Fig. 11) show a random residual dispersion around zero, 
suggesting that the models have successfully and fairly accounted for the data's variability. 
This randomness shows that all systematic patterns have been described by the regression 
models and that the models are well-specified. This demonstrates how well the models 
capture the important correlations between the response and input variables. The central 
composite design was used to create all-encompassing regression equations for porosity, 
compressive strength, and slump.  The complex relationship between GP content and 
Ac/Pr ratio is described by the slump equation Eq. (1), a model of second-order 
polynomials. The link between Ac/Pr and GP, which includes their interaction, is revealed 
by the compressive strength model (Eq. (2)). The impact of Ac/Pr and GP on porosity is 
illustrated by the porosity equation, Eq. (3). 

𝑆𝑙𝑢𝑚𝑝 (𝑐𝑚) = 15.5 +  0.92 ∗  𝐺𝑃 +  1.83 ∗ 𝐴𝑐/𝑃𝑟 − 0.125 ∗  𝐺𝑃 ∗ 𝐴𝑐/𝑃𝑟
+  0.25 ∗  𝐺𝑃² − 1.57𝑒^(−16)  ∗  𝐴𝑐/𝑃𝑟² 

(1) 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎)
= 46.7 − 0.74 ∗  𝐺𝑃 +  2.6 ∗ 𝐴𝑐/𝑃𝑟 +  1.09 ∗  𝐺𝑃 ∗ 𝐴𝑐/𝑃𝑟
− 5.04 ∗  𝐺𝑃² − 4.65 ∗  𝐴𝑐/𝑃𝑟² 

(2) 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = 15.1967 − 0.56 ∗  𝐺𝑃 +  0.178333 ∗ 𝐴𝑐/𝑃𝑟 − 0.4275 
∗  𝐺𝑃 ∗ 𝐴𝑐/𝑃𝑟 +  1.65 ∗  𝐺𝑃² +  3.195 ∗  𝐴𝑐/𝑃𝑟² 

(3) 

3.4. SEM/EDX Analysis 

Microstructural analysis was conducted using SEM to investigate the morphological 
characteristics and compositional nature of the geopolymer matrices. Fig. 12 presents SEM 
micrographs of two key specimens: M1 (0% GP and 0.65 Ac/Pr) and M5 (15% GP and 0.7 
Ac/Pr). The SEM image of specimen M1 reveals a heterogeneous microstructure 
characterized by the presence of C-A-S-H gels, which appear as the predominant binding 
phase. These C-A-S-H formations are evident as dense, amorphous regions within the 
matrix. The microstructure also exhibits notable features such as pores and microcracks. 
The presence of pores, varying in size and distribution, indicates the complex nature of the 
geopolymerization process and its impact on the material's porosity. In contrast, the SEM 
micrograph of specimen M5 demonstrates a more refined and homogeneous 
microstructure. The incorporation of 15% GP and the slightly higher Ac/Pr ratio (0.7) 
appear to have resulted in a denser matrix with fewer visible pores and cracks. The C-A-S-
H gel formation in M5 seems more uniform and interconnected, suggesting a more 
complete geopolymerization reaction. This observation is consistent with the work of 
Zhang et al. [51] who found that the incorporation of GP in slag based-geopolymers leads 
to a more compact microstructure. 

To confirm the chemical composition of the binding phases, EDX spectroscopy was 
performed on three distinct points within the samples, as indicated in Fig. 13. The EDX 
spectra reveal the elemental composition of the C-A-S-H gels, which are primarily 
composed of O, Si, Al, Na, and Ca, with minor amounts of Mg. Spectrum (1) shows a high 
content of Si (21.05%) and O (38.98%), indicative of the silica-rich nature of the 
geopolymer gel. The presence of Al (5.81%) and Na (11.53%) confirms the formation of 
sodium aluminosilicate hydrate (N-A-S-H) gels, which are typical in geopolymer systems. 
The notable Ca content (9.99%) suggests the coexistence of C-A-S-H gels, likely due to the 
calcium-rich nature of the slag precursor. These findings are in line with recent research 
by Wang et al. [52], who observed similar elemental distributions in slag-based 
geopolymers and highlighted the importance of Ca in forming robust C-A-S-H networks. 
Spectra (2) and (3) show similar elemental compositions but with varying proportions. 
The increase in Ca content from spectrum (1) to (2) (14.23%) and (3) (21.23%) indicates 
a higher degree of C-A-S-H gel formation in these regions. This variation in Ca content 
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across different points suggests a heterogeneous distribution of reaction products within 
the geopolymer matrix. 

 

Fig. 12. Scanning electron microscopy micrographs of key mixtures M1 and M5  

The presence of Mg in all spectra (1.63%, 0.77%, and 3.06% respectively) can be attributed 
to the MgO content in the original slag, which has been incorporated into the gel structure 
during geopolymerization, a phenomenon also reported by Chitsaz et al. [53] and Jin et al. 
[54] in their study of alkali-activated slag systems. The EDX results corroborate the visual 
observations from the SEM images, confirming the formation of C-A-S-H gels as the 
primary binding phase in these slag-based geopolymers. The incorporation of GP in 
specimen M5 appears to have promoted a more uniform distribution of these gels, 
resulting in a denser and potentially more durable microstructure. This is consistent with 
findings by Varma et al. [55] , who demonstrated that the addition of GP in geopolymers 
leads to a more homogeneous gel formation due to the pore-filling effect of fine glass 
particles and enhanced dissolution of silica. 
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Fig. 13. EDX spectra of identified points in key mixtures M1 and M5  
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3.5. Optimization 

Using a desirable approach, the formulation of the geopolymer mortar was fine-tuned to 
achieve maximum slump and compressive strength with minimum porosity. Considering 
their weights and relative importance, the desirability method enables the optimization of 
numerous responses at once (Table 7). Level 5 weight 0.5 was given to compressive 
strength because of its crucial significance in determining the geopolymer system's long-
term structural performance.  Since the slump is so important for making sure the mortar 
is workable, it was given a weight of 0.3 and an importance level of 5. As a measure of 
durability that does not have an immediate effect, porosity was given the lowest weight of 
0.2 and the fifth most important level. 

Table 7. Criteria of desirability analysis 

Name Goal 
Lower 
Limit 

Upper 
Limit 

Lower 
Weight 

Upper 
Weight 

Importance 

Compressive 
Strength (MPa) 

maximize 32.4 46.7 0.5 1 5 

Slump (cm) maximize 13 18.5 0.3 1 5 
Porosity (%) minimize 15.32 21.5 1 0.2 5 

 

The optimal formulation that comes from the desirability analysis may be easily seen in 
Fig. 14's contour and iso-response plots. A GP content of 18.2% and an Act/Pr ratio of 0.72 
are recommended by the ideal solution. 

 

Fig. 14. Contour plot and iso-response curve of optimized formulation  

For this optimized mixture, the predicted outcomes are shown in Fig. 15: a slump of 16.53 
cm, a compressive strength of 46.64 MPa, and a porosity of 15.85%. A high level of 
satisfaction with the goals and importance levels assigned to each answer variable is 
shown by the total desirability value obtained of 0.95. 

The point prediction (Table 8) provides valuable statistical information about the 
predicted responses for the optimized formulation of the slag-based geopolymer mortar. 
The predicted mean compressive strength of 46.64 MPa, slump of 16.52 cm, and porosity 
of 15.85% all demonstrate favorable performance characteristics. The relatively small 
standard deviations for each property (1.59204 MPa, 0.448764 cm, and 0.645938% 
respectively) indicate good consistency in the mix. The narrow 95% confidence intervals 
for all three properties suggest high precision in the predictions. The wider 95% tolerance 
intervals for 99% of the population account for natural variability between samples, with 
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compressive strength ranging from 32.14 to 61.14 MPa, slump from 12.44 to 20.61 cm, and 
porosity from 9.96% to 21.73%. 

  

 

Fig. 15. Predicted responses of (a) slump (b) compressive strength (c) porosity 

The relatively narrow confidence intervals for all responses indicate good precision in the 
predictions, suggesting the model is well-fitted to the experimental data. The small 
standard deviations, particularly for slump and porosity, suggest that the optimized 
formulation should produce consistent results in terms of workability and microstructure. 
The predicted compressive strength is robust, with even the lower bound of the tolerance 
interval (32.14 MPa) being acceptable for many applications. This indicates that the 
optimized mix is likely to meet strength requirements consistently. 

Table 8. Point prediction 

Response 
Compressive 

Strength (MPa) 
Slump (cm) Porosity (%) 

Predicted Mean 46.6436 16.5261 15.8477 

Predicted Median 46.6436 16.5261 15.8477 

Std Dev 1.59204 0.448764 0.645938 

SE Mean 1.07329 0.302541 0.435469 

95% CI low for Mean 43.2279 15.5633 14.4619 

95% CI high for Mean 50.0593 17.4889 17.2336 

95% TI low for 99% Pop 32.1433 12.4387 9.96452 

95% TI high for 99% Pop 61.1439 20.6134 21.7309 
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The predicted slump range suggests good workability, with even the extremes of the 
tolerance interval (12.44 to 20.61 cm) being manageable for most construction 
applications. While the mean porosity prediction is good, the wider tolerance interval 
reflects the inherent variability in this property. This variability should be considered 
when designing for applications where porosity is critical. The fact that all responses have 
reasonably narrow prediction ranges suggests that the optimized formulation is robust 
and should perform consistently across batches. 

4. Conclusions 

This comprehensive investigation into the impact of GP incorporation and Ac/Pr ratio on 
slag-based geopolymer mortars has produced several key insights: 

• The use of central composite design and response surface methodology proved 
effective in modeling and optimizing the complex interactions between input 
factors (GP content and Ac/Pr ratio) and response variables (slump, compressive 
strength, and porosity). These approaches provided reliable predictive models for 
each response variable, evidenced by high R-squared values (ranging from 0.95 to 
0.98) and narrow confidence intervals, laying a strong foundation for future 
geopolymer optimization studies. 

• GP content and Ac/Pr ratio were found to significantly influence the properties of 
slag-based geopolymer mortars, with their effects varying across different 
performance metrics. This emphasizes the necessity of precisely controlling these 
variables to achieve targeted performance outcomes. 

• Workability, as measured by slump, generally improved with increased GP content 
and Ac/Pr ratio, likely due to the spherical nature of glass particles and the higher 
content of activators. This has practical implications for improving the placement 
and compaction of geopolymer mortars in construction settings. 

• Compressive strength displayed a quadratic relationship with both factors, 
reaching its peak at moderate GP content and Ac/Pr ratios, indicating an optimal 
formation of C-A-S-H gel structures. The highest compressive strength was 
achieved with 14.2% GP and a 0.71 Ac/Pr ratio, demonstrating that these optimized 
mixes can meet or exceed the strength requirements of many construction 
applications. 

• Porosity was minimized at moderate levels of both factors, with notable quadratic 
effects, especially for the Ac/Pr ratio. This underlines the need for a carefully 
balanced mix design to achieve a dense microstructure while preserving sufficient 
workability. 

• Microstructural analysis using SEM and EDX revealed that incorporating GP at 
optimal levels (e.g., specimen M5 with 15% GP) led to a more refined and 
homogenous microstructure with a denser C-A-S-H gel network. The EDX spectra 
confirmed that C-A-S-H gels were the primary binding phase, with elemental 
composition varying across different matrix regions. This microstructural 
improvement supports the observed gains in mechanical properties and reduced 
porosity at optimal GP content and Ac/Pr ratios. 

• Desirability analysis identified an optimal formulation with 18.2% GP content and 
a 0.72 Ac/Pr ratio, balancing workability, strength, and porosity. The optimized 
mixture is predicted to yield a slump of 16.53 cm, a compressive strength of 46.64 
MPa, and a porosity of 15.85%, making it well-suited for practical applications. 

• The predictive models developed in this study demonstrated high accuracy and 
robustness, as reflected in the strong R-squared values and narrow confidence 
intervals. 
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These findings highlight the potential for using GP in slag-based geopolymer systems, 
contributing to more sustainable construction materials without compromising 
performance. The optimization approach presented offers a valuable methodology for 
customizing geopolymer mix designs to meet specific performance goals. 

Future research should focus on long-term durability assessments of these optimized 
mixtures, as well as evaluating their performance under varying curing conditions and 
environmental exposures. Additionally, life cycle assessments could further quantify the 
environmental advantages of incorporating waste glass in geopolymer formulations. 
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 The experimental creep coefficient has been determined for two concrete 
strengths of about 40 MPa and 60 MPa using sintered flyash lightweight 
aggregate and granite aggregate in creep rig with capacity of 1500kN as per 
ASTM C-512. The creep results indicate that despite both density and modulus 
of elasticity being on lower side for sintered flyash lightweight based concrete, 
the creep coefficient has been lower than that of normal weight concrete with 
granite aggregate for same strength level. The comparison of existing creep 
models has been carried out with experimental results for both normal and 
lightweight concrete considering parameters in models such as relative 
humidity level, concrete mix ingredients, aggregate properties, oven dry density, 
elastic modulus of both concrete types etc. considered in study. The creep 
coefficients have been obtained experimentally at loading age of 28-day and 
testing period of 365 days and has been compared with existing creep models 
such as B-3, B-4, ACI-209, EN:1992/FIB. For the similar compressive strength 
level, creep coefficient of structural grade lightweight concrete is found to be 
lower in comparison to creep coefficient of normal weight concrete as the 
internally stored water in porous aggregates keeps capillary pores almost 
saturated and leaves minimal chance for seepage to occur.  
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1. Introduction 

Creep is a time related property of concrete and is of importance particularly in the design 
of prestressed concrete structures, tall building structures, hydraulic structures such as 
dam etc. Creep is basically defined as phenomena in which there is volume change in 
concrete due to sustained load and total creep is summation of both basic creep and drying 
creep. The basic creep is related to the stress state of materials and can be identified in 
sealed specimens in which all moisture interactions with the external environment are 
avoided. It is considered as a material constitutive property and independent from size and 
shape of specimen. Whereas the drying creep is related to the time dependent deformation 
coupled with the drying effect of cement-based material. The drying creep is 
experimentally obtained by subtracting shrinkage, elastic and basic creep components 
from total measured strain. There are various theories which explain different creep 
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mechanisms of concrete system which still has not been understood properly. The theories 
available on creep of concrete are seepage theory, viscous theory, micro crack theory and 
micro prestress solidification theory. In seepage theory, creep basically happens because 
of water getting squeezed from absorbed portion of calcium silicate hydrate particles. 
Under loading, the compressed water flows to capillary pores and unconnected pressure 
comes down leading to reduction in C-S-H particles distance by Vander Waals Force [1]. In 
the viscous shear phenomena of creep, it is the creep which occurs due slide among C-S-H 
particles because of shear process causing lubrication effect in water. In this adsorbed 
water moves under the load to create the change of volume in concrete. As per microcrack 
theory, microcracks are generated by sustained loading over time resulting in creep 
deformation. The microcrack formation occurs in the interfacial transition zone (ITZ) 
consisting of cement paste and aggregates which is generally a weakest link in concrete 
system. In solidification phenomena, it is presumed that increase in age of concrete is 
connected to increase in volume of hydration products under non-aging category [2-5]. 
Increase in volume of products formed during hydration enhances the firmness of concrete 
system resulting in improved creep resistance performance.  

The creep is important because stress generated under sustained loading can lead to large 
deformation and crack generation in some cases [1]. The most of materials in general 
nearly behave elastically (recoverable) under small stresses upon immediate loading but 
when high level stresses are put in, increase in strain occurs gradually over time leading to 
creep. Creep in concrete structures has led to columns / piers getting shortened in the past 
wherein columns are not equal leading to differential shortening thereby causing 
movement of slab from its designated position which generates significant stresses not 
covered in structural design [2-5]. Creep has also reported to induce relaxation or loss of 
prestress of tendons of concrete members [5]. Creep also leads to excessive deflection in 
case of both plain and reinforced concrete structures leading to cracks in the concrete and 
subsequently affecting its safety. The creep in beginning occurs at fairly slow rate and at in 
between creep becomes steady and at the end rate of creep intensifies leading to failure. 
The accurate prediction of creep is important to avoid issues of excessive deformation, 
crack initiation, prestress loss of tendons etc. in structures. The numerous creep studies 
have been reported on normal weight concrete [1-4] but the study on lightweight concrete 
is limited. In the area of lightweight concrete also, studies on creep behaviour of sintered 
flyash lightweight coarse aggregate based concrete are limited to one or two. Sintered 
flyash lightweight concrete now a day is being used in construction industry because of its 
reduced dead load, improved durability performance, better thermal and sound insulation 
along with improved fire resistance [6-7]. Apart from this, lower water permeability, lower 
chloride ion penetration and better corrosion resistance of lightweight concrete makes it 
more durable as compared to normal concrete. The density of structural grade lightweight 
concrete generally varies from 1100 to 1900 kg/m3 having minimum compressive 
strength of 17 MPa [8]. Sintered flyash lightweight aggregate is mainly produced from 
flyash through sintering process [6-8]. These aggregates possess cell type pore structure 
and generally contains pores in the size ranging from 5 to 300μm. The pore system of 
lightweight aggregate consists of open or interrelated pores which governs absorption and 
closed or connected pores are absent in this case. The porous nature and lower stiffness of 
lightweight aggregates influences both compressive strength and creep of concrete [9]. 
Studies has shown that irrespective of properties of lightweight aggregate such as 
expanded shell or clay, polystyrene and apricot shell, both strength and creep of 
lightweight concrete gets affected [9-12].  Studies have shown a smaller creep at one-year 
age compared to normal concrete of similar compressive strength, but later on due to 
higher rate of creep, lightweight concrete has shown high final creep for few lightweight 
aggregates [11]. The creep of concrete depends upon the mechanical and physical 
characteristics of aggregate such as pozzolanic action, porosity and roughness of surface 
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of aggregate [13-18]. The creep test on lightweight concrete from literature is given in 
Table-1. 

Table 1. Literature review of creep study on lightweight concrete 

Sl.No. Lightweight aggregate Type 
Density of 
Concrete 
(Kg/m3) 

Compressive 
Strength 

(MPa) 
Reference 

1 Expanded clay aggregate 1700 67.40 Iqbal et al. [15] 

2 Expanded slate aggregate 1860 60.90 Kahn and Lopez [28] 

3 Expanded clay aggregate 1950 60.80 Bogas et al. [30] 

4 Bentonite-flyash aggregate 1980 54.60 Kockal and Ozutran [31] 

5 Oil palm shell aggregate 1980 53.10 Shafigh et al. [32] 

6 Expanded clay aggregate 1620 60.50 Chen and Liu [33] 

7 Expanded shell aggregate 1640 46.10 Choi et al. [34] 

8 Hollow microspheres 1990 125.80 Jeong et al. [35] 

9 Hollow microspheres 1480 65.20 Inomzemtcev et al. [36] 

10 Flyash cenospheres 1720 73.80 Zhou et al. [17] 

11 Flyash cenospheres 1560 56.20 Zhang et al. [37] 

12 Flyash cenospheres 1390 59.00 Huang et al. [38] 
 

The important parameter of any concrete is its elastic modulus and it depends upon the 
moduli of both aggregate and cement matrix. In lightweight concrete, the elastic modulus 
of the aggregate is the weakest link, and it leads to overall reduction of elastic modulus of 
lightweight concrete. In the lightweight concrete, the elastic modulus of aggregate and 
paste are closer to each other compared to normal weight concrete leading to uniform 
stress distribution, simultaneously reducing concentration of stress and destruction 
occurs at the weakest link which is aggregate in case of lightweight aggregate. The 
supplementary cementitious materials like silica fume or flyash when used in lightweight 
concrete mix has been reported to reduce the creep of concrete by improving the 
microstructure of concrete [15-16]. The lightweight aggregate in air-dried form affects 
mechanical and time dependent properties of concrete by absorbing the water and 
adversely affecting creep behaviour as compared to lightweight aggregate in saturated 
form which is reported to improve the creep performance through internally stored water 
contributing in curing. The internal curing phenomena inside the lightweight aggregate 
which is porous in nature has crucial role in reducing creep deformation [16]. As reported 
earlier, the lightweight concrete with lower water to binder ratio and low stiffness porous 
lightweight aggregate can have increased creep deformation [17]. This is conflicting with 
the studies done and creep prediction becomes difficult. Therefore, applicability of existing 
creep models for lightweight concrete needs to be experimentally determined. The 
internal curing has been reported to improve strength characteristics, raises internal 
relative humidity and reduces permeability of lightweight concrete which has impact on 
creep performance. The shape of aggregate may also affect creep coefficient, an ellipse 
shaped, or polygon shaped aggregate has shown highest and lowest creep, respectively 
[19]. The supplementary cementitious materials like silica fume or flyash when used in 
lightweight concrete has been reported to lower the creep of concrete by improving the 
microstructure of concrete [20-25].  

The study has been conducted on creep of lightweight concrete using varieties of 
lightweight aggregates such as expanded shale from rotary kiln, expanded slag, shale and 
clay from sintering process at different replacement levels of sand in proportion of 0, 
33.30, 66.70, and 100%. The test results indicate that creep decreases with increase in 
sand content and at 100% replacement creep coefficient obtained, has been 30 percent 
less compared to other replacement proportions [26]. The creep coefficient of self-
compacting lightweight aggregate-based concrete using clay shale produced through 
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sintering has been reported to be marginally less compared to normal concrete at one-day 
loading age with high level creep at this particular age for lightweight concrete [27]. When 
a loading has been done at 28-day for lightweight concrete, a higher coefficient of creep 
has been seen in the case of normal weight concrete. Study on creep of lightweight concrete 
with expanded shale aggregate by Lopez et al. [28] highlights the importance of pre-
wetting of lightweight aggregate in comparison to air dried lightweight aggregate. Because 
of porous nature of these aggregates, if proper care is not taken in water absorption 
correction for compensating additional mass of water required in lightweight concrete, 
then specific creep of normal weight concrete and lightweight concrete with lightweight 
aggregate in air dried form has shown increase of about two times in specific creep of 
lightweight concrete at 120 days after loading [28-29]. Appropriate water correction 
considering the effect of cement paste penetration in lightweight aggregate-based concrete 
can create reservoir for internal curing of concrete which may result in low specific creep 
and better creep performance.  

1.1 Research Significance 

As discussed above those only limited studies [30-38] has been done on creep of structural 
grade lightweight concrete as compared to normal weight concrete. Particularly, for 
lightweight concrete made with sintered flyash lightweight coarse aggregate, there exists 
little to no studies in literature. The present research on creep study covers both normal 
and high strength lightweight concrete made from sintered flyash lightweight coarse 
aggregate and its comparison with creep coefficient of normal weight concrete of similar 
strength level. Novelty of the present research lies in the fact that present study evaluates 
creep coefficient of both normal and high strength lightweight concrete prepared with 
sintered flyash lightweight coarse aggregates for 337 days of loading and thereafter it 
examines the applicability of existing creep models such as Bazant’s B-3, B-4, ACI-209, 
EN:1992/FIB with experimental results for lightweight concrete.  

2. Materials 

In this study for production of normal weight concrete, OPC cement (43 Grade), coarse and 
fine aggregates, silica fume, superplasticizer and water are used. In the study, crushed fine 
aggregate that conforms with Zone II of IS: 383-2016 [39] has been used as fine aggregate 
and coarse aggregate having maximum nominal size of 20 mm has been used. Figure 1 (a) 
displays the fine aggregate, while Figure 1 (b) displays the coarse aggregate. Table 2 
displays the physical characteristics of both coarse and fine aggregate. The mechanical 
properties of sintered flyash lightweight aggregate used as coarse aggregate are given in 
Table-3.  

 

(a) 

 

(b) 

Fig. 1. (a) Fine aggregate  (crushed) and (b) coarse aggregate (granite) 
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The sintered flyash lightweight aggregate is brown in color as shown in Figure-2 and has 
black core. The microstructure of sintered flyash lightweight aggregate is shown in Figure-
3. The samples of sintered flyash lightweight aggregate (LWA) (two fractions 8-16 mm and 
4-8 mm) have been used as coarse aggregate. 

 
(a) 

 
(b) 

Fig. 2. (a) Sintered flyash lightweight aggregate, fraction: 4-8 mm and b) sintered 
flyash lightweight aggregate, fraction: 8-16 mm 

Table 2. Aggregates properties 

Property 
Granite 

Sintered Flyash 
Lightweight 
Aggregate 

Fine 
Aggregate 

20 mm 10 mm 8-16 
mm 

4-8 
mm 

Specific gravity 2.81 2.82 1.49 1.47 2.65 

Water absorption (%) 0.3 0.3 17.93 17.50 0.59 

Sieve Analysis 
Cumulative 
Percentage 
Passing (%) 

 

20mm 100 100 100 100 100 

10 mm 1 68 30 100 100 

4.75 
mm 

0 2 0 13 99 

2.36 
mm 

0 0 0 2 89 

1.18 
mm 

0 0 0 0 64 

600 µ 0 0 0 0 43 

300 µ 0 0 0 0 26 

150 µ 0 0 0 0 14 

Pan 0 0 00 0 0 
 

The chemical composition of sintered flyash lightweight aggregate, OPC cement 43 grade 
(as per IS: 269 [40]) and silica fume is given in Table-3. The fineness of OPC cement is 320 
m2/kg and silica fume is 22000 m2/kg. For preparation of concrete mixes for lightweight 
concrete, the fine aggregate (crushed stone) used in study conforms to IS: 383-2016. Also, 
for lightweight concrete crushed fine aggregate that conforms with Zone II of IS: 383-2016 
[39] has been used as fine aggregate The polycarboxylic type chemical admixture 
conforming to Indian Standard IS:9103[41] has been used for all concrete mixes. 
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Fig. 3. Microstructure of sintered flyash lightweight aggregate (10 µm and 1.5x) 

Table 3. Mechanical properties of sintered flyash lightweight aggregate used in study 

Fraction 
LWA 

designation 
Specific 
gravity 

Water 
absorption at 24 

hours (%) 

Loose bulk 
density (kg/m3) 

Crushing 
Strength 
(N/mm2) 

10 % 
Fines 
(Ton) 

4-8 mm LWA-I 1.47 17.50 813 8.80 - 

8-16 mm LWA-II 1.49 17.93 849 7.70 3.60 

Table 4. Chemical composition of sintered flyash lightweight aggregate and OPC cement 

Component 
CaO 
(%) 

SiO2 
(%) 

Al2O3 
(%) 

Fe2O3 
(%) 

SO3 
(%) 

MgO 
(%) 

Na2Oeq. 
(%) 

Loss of 
Ignition 

(%) 
Sintered flyash 

lightweight 
aggregate 

2.45 62.50 25.85 4.19 0.29 0.53 0.77 1.48 

Cement OPC 43 
grade 

59.60 21.22 7.19 4.25 2.50 1.90 1.05 1.94 

Silica fume - 95.02 - 0.80 - - - 1.16 

3. Mix Design Details 

3.1 Normal Concrete Mix Design:  

The w/b ratio adopted for concrete mix preparation has been 0.5 and 0.4 for developing 
normal weight concrete (NWAC) mixes using granite as coarse aggregate. The slump has 
been kept in the range of 75 -100 mm. The mix design for normal weight concrete has been 
done in accordance with procedure given in IS: 10262-2019 [42]. The details of concrete 
mix are given in Table-5. 

3.2 Lightweight Concrete Mix Design:  

The w/b ratio adopted for concrete mix preparation has been 0.4 and 0.3 for developing 
lightweight concrete (LWAC) mixes using sintered flyash lightweight coarse aggregate for 
achieving similar strength level as to normal strength concrete. The sintered flyash 
lightweight aggregate is porous in nature with very high-water absorption as compared to 
conventional natural aggregate. When lightweight aggregate is added in dry condition with 
water correction equal to water absorption of aggregate, it leads to segregation of mix in 
fresh state as well increase in net free water to cement ratio leading to reduction in 
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strength in hardened state. Secondly, the direct correction of water absorption does not 
take into account the effect of cement paste and in actual condition it is the cement paste 
and not water alone which dictates the water absorption potential of lightweight 
aggregates. This problem can be tackled by use of lightweight aggregate in dry state 
condition with appropriate correction in water absorption considering the effect of cement 
paste for given water cement ratio of concrete mix. The mix design for lightweight concrete 
with sintered flyash lightweight coarse aggregate has been done in accordance with 
procedure given in Indian Standard IS: 10262-2019 [42] and curve has been developed for 
water absorption correction of aggregate. The sintered flyash lightweight aggregate is 
highly porous and its water absorption is about 18 percent. In the present study, the 
combined aggregate grading given in IS: 9142-2018 [43] has been adopted. The absorption 
potential of sintered flyash lightweight aggregate has been determined in the study 
wherein moisture content of lightweight aggregates has been known. Initially the moisture 
content and initial weight of the aggregate has been recorded. The mortar paste of w/b 0.7 
has been prepared and placed in container. Twenty-five aggregates have been first placed 
in a cement paste present in the container for the period of 5, 15, 30, 45 and 60 minutes to 
decide optimum absorption period (soaking period). After the specified period of 
absorption, the lightweight aggregates have been removed from the cement paste and the 
excess cement paste attached to the outer surface of aggregates has been separated with 
help of nylon brush. The removal time of excess paste has been kept not more than one 
minutes to not absorb the water trapped in the aggregate particles which takes part in 
further hydration of cement paste. Thereafter, weight of aggregates has been measured.  
After this the aggregates have been placed inside an oven for period of 48 hours at a 
temperature of 105°C. Finally, dry weight of aggregate has been determined and aggregate 
absorption values has been determined. 

 

Fig. 4. Relationship between water absorption of sintered flyash lightweight aggregate 
with water to cement ratio for 45 minutes absorption period 

The total absorption by the lightweight coarse aggregate in terms of percentage is 
calculated as difference of mass of aggregate after 45 minutes of soaking and initial mass 
of aggregate before soaking divided by initial mass of aggregate before soaking multiplied 
by 100. The total water absorption by the lightweight coarse aggregate in terms of 
percentage is calculated as difference of mass of aggregate after 45 minutes of soaking and 
dry mass of aggregate after oven drying divided by dry mass of aggregate after oven drying 
multiplied by 100. The difference between the percentage of total absorption by the 
lightweight coarse aggregate and total water absorption by the lightweight coarse 
aggregate is termed as total paste absorption potential of lightweight coarse aggregate. 
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The water absorption values at water to cement ratio of 0.70 for absorption period of 5, 
15, 30, 45 and 60 minutes has been 12.84. 13.84, 14.36, 14.86, 14.90, respectively. 

Based on study, 45 minutes absorption period for sintered flyash lightweight aggregate 
has been considered in this study as the absorption capacity of the aggregates beyond this 
period has been almost negligible. Thereafter, this exercise has been repeated for mortar 
paste of w/c ratio of 0.3, 0.4, 0.5 and 0.6. Thereafter, correlation has been developed 
between sintered flyash lightweight aggregate water absorption potential and different 
w/c ratios. The correlation developed is presented in Figure-4 for absorption period of 45 
minutes. The correlation developed is to be used in water absorption correction of sintered 
flyash lightweight aggregate used as coarse aggregate in concrete mix preparation. The mix 
design details of both normal and lightweight concrete are given in Table 5.  

Table 5. Concrete mix design for normal and lightweight concrete 

Mix ID 
 

w/c 

Cementitio
us Content 
[Cement + 

Silica 
Fume] 

(kg/m3) 

Water 
Content 
(kg/m3) 

Chemical 
Admixture 

% by 
weight of 
cement 

Fine 
Aggregat

e 
(kg/m3) 

Coarse 
Aggregate 
(kg/m3) 

10 
mm 

20 
mm 

NWAC-0.5 0.50 
340 

(316+24) 
170 0.60 660 516 775 

NWAC-0.4 0.40 
425 

(382+43) 
170 1.00 580 515 775 

LWAC-0.4 0.40 
425 

(382+43) 

170 (After 
Correction 

254) 
0.70 646 250 385 

LWAC-0.3 0.30 
566 

(481+85) 

170 (After 
Correction 

234) 
0.80 573 246 371 

 

A 60 kg batch of concrete has been prepared for each concrete mix. Firstly, in the pan mixer 
both the fractions of lightweight coarse aggregate, fine aggregate and cement has been 
mixed to obtain homogenous mix and thereafter 80 percent water has been added and 
mixing has been done for period of 2-3 minutes. After that the remaining 20 percent water 
along with admixture has been added and mixing has been continued for another 2-3 
minutes. It is to be noted that the initial mixing period is critical for sintered flyash 
lightweight aggregate due to its absorption characteristics. Adjustment has been made in 
mixing water as a correction for aggregate water absorption. The moulds have been 
cleaned properly and concrete cube has been compacted on vibration table wherein each 
of three layers has been properly compacted. The concrete cubes have been demoulded 
after 24-hours. The environmental conditions of laboratory have been 27±2oC 
temperature and 65% or more relative humidity. The concrete cube specimen has been 
tested in surface dried saturated condition. The concrete has been developed to maintain 
a slump in between 75-100 mm. The 28-day compressive strength, modulus of elasticity 
and oven dry density of concrete mixes are given in Table-6 which is used as input 
parameters for determining creep coefficients through existing creep models for 
comparing it with experimentally determined creep coefficients.  

The concrete cubes (150 mm*150 mm*150 mm) and cylinders (150 mm diameter and 300 
mm height) for evaluating compressive strength and modulus of elasticity respectively 
have been tested in a strain-controlled compression testing machine of 3000 KN capacity. 
The rate of loading maintained has been 14 N/mm2/Min as per Indian Standard. For each 
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w/c, total six concrete cubes and six cylinders has been tested and average of six specimens 
has been reported in Table-6. The standard deviation in compressive strength and 
modulus of elasticity test results are shown in Table-6. The test results indicates that 
modulus of elasticity of lightweight concrete with sintered flyash coarse aggregate is 
around 60-65 percent of normal weight concrete made with granite aggregate. The oven 
dry density of lightweight concrete varies from 1838 to 1875 kg/m3 whereas for normal 
weight concrete it varies from 2291 to 2361 kg/m3 for same compressive strength level.  

Table 6. 28-day compressive strength, modulus of elasticity and oven dry density of 
concrete  

Mix ID w/c 

Average Cube 
Compressive 

strength at 28-day 
(MPa) 

Average Modulus 
of Elasticity at 
28-day (MPa) 

Oven Dry 
Density 
(kg/m3) 

NWAC-0.5 0.50 
47.72 

(σ=1.95) 
35541 

(σ=210) 
2291 

(σ=20) 

NWAC-0.4 0.40 
58.57 

(σ=1.85) 
38729 

(σ=235) 
2361 

(σ=25) 

LWAC-0.4 0.40 
49.80 

(σ=1.65) 
22575 

(σ=175) 
1838 

(σ=15) 

LWAC-0.3 0.30 
57.59 

(σ=1.75) 
24715 

(σ=155) 
1875 

(σ=18) 

4. Experimental Procedure for Creep in Compression 

The creep test has been performed on 150 mm diameter and 300 mm height cylinder in 
line with procedure given in ASTM C-512 for both lightweight and normal weight concrete 
on total four concrete mixes given in Table-5. The compressive strength of each of the four 
concrete mixes has been considered for determining load /pressure to be placed on creep 
specimens and load placed has been kept as 40 percent of the average cylindrical 
compressive strength. The creep testing has been performed in creep test rig of 1500kN 
capacity (Figure-5). The reaction frame in creep test rig has upper and lower jacks and 
loading plates including bearing at the end portion of loaded specimen. The hydraulic jack 
assembly with an air vent inside piston for removing out air and maintaining consistent 
loading. The hydraulic jack has been designed in such a manner that it holds the load for 
longer duration. The loading has been checked regularly during the test period of one year. 
The load gauge accuracy of creep testing rig has been ± 1% from 10% to 90% of full-scale 
loading. The load indicator has a least count of 10kN. The creep test setup has a provision 
of slow and fast levers fitted with knob for to and fro movement of lever for load 
adjustment. The creep specimens have been wrapped in the butyl rubber for the duration 
of 28-day during curing period. The relative humidity and temperature maintained has 
been 60% and 270C, respectively during both 28-day curing and loading period.  

The creep test has been performed in line with procedure given in ASTM C-512.  As shown 
in Figure-5 in the shrinkage specimen, the steel plates have been screwed and fixed to the 
cylindrical specimen. The Linear Variable Displacement Transducer (LVDT) with 
measuring range of 0-5 mm has been mounted both loaded and shrinkage specimen to 
measure deformation. Before the placement of LVDT, the distance between the middle of 
the bolt has been measured and denoted as L. The strain has been calculated by dividing 
the deformation value obtained from LVDT by L. The readout units have been used for 
measurement of data from LVDT. For each concrete mix, total four concrete cylinders (a) 
two loaded in creep rig and (b) two shrinkage specimens kept in same environmental 
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conditions has been tested. For all four concrete mixes, sixteen concrete cylinders has been 
evaluated for experimental determination of creep coefficients.  

(a) 
 

(b) 
 

(c) 

Fig. 5. Creep Testing Arrangement (a) creep testing rig 1500 kn capacity, (b) loaded 
specimen, and (c) shrinkage specimen 

During the creep examination, cylindrical specimens has been placed for time period of 
337 days after 28-day curing period for both shrinkage specimen and loaded specimen 
where shrinkage specimens kept in same environment as loaded samples and loaded 
condition for the time period of 365 days (Figure 5). The control specimen and specimen 
adopted for estimation of compressive strength has been placed in same curing and 
storage condition as that of the specimen placed in creep rig. Creep is defined as the 
increase in strain of concrete under constant sustained loading.  

Creep depends on various factors such as type of aggregate, mix design, environmental 
conditions like humidity and temperature, curing regime, member geometry, loading age, 
loading duration and applied stress. The creep co-efficient ɸ (t, to) can be determined per 
equation below: 

ɸ(𝑡, 𝑡0) =
𝜀𝑐𝑐(𝑡)

𝜀𝑐𝑖(𝑡0)
 (1) 

here, εcc(t) = creep strain with time t > t0, (this excludes instantaneous strain at loading 
time), εci(t0) = initial level strain at loading, and t0 = age of concrete at loading 

5. Experimental Results of Creep in Compression 

The age of the creep specimens at the time of loading has been 28-day and steps for 
calculating creep for 337 days of loading, for both normal and lightweight concretes have 
been summarized in Table 7. The test results of average total strain for loaded sample and 
shrinkage strain at different ages of loading for all the mixes has been tabulated below in 
Table 8. The shrinkage strain of lightweight concrete is lower than normal weight concrete 
for similar compressive strength. Similarly, the total stain of loaded samples in case of 
lightweight concrete is lower than normal weight concrete for similar compressive 
strength.  

The elastic strain developed in cylindrical specimen for all the mixes, at the time of loading 
(at 28-day age) of specimen in loading frame, has been shown below in Figure 6. The creep 
induced strain developed in specimen and creep coefficient for all the mixes at different 
ages has been shown below in Figure 7 and Figure 8. For similar level of compressive 
strength, light weight concrete shows 1.5 to 1.7 times higher elastic strain, immediately 
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after application of load, which validates the lower values of Modulus of Elasticity for light 
weight concrete mixes in comparison to normal weight concrete mixes. 

Table 7. Summary of Steps for calculation of creep coefficient at 337 days of loading  

Parameters 
NWAC 

w/b=0.5 
LWAC 

w/b=0.4 
NWAC 

w/b=0.4 
LWAC 

w/b=0.3 
Average Cylindrical Compressive Strength: fcy  

(N/mm2) 
35.8 37.4 46.9 45.3 

Stress Applied on specimen = 40% of fcy  

(N/mm2) 
14.3 15 18.7 18.1 

Applied Load (kN) 253 265 331 320 
Specimen age at loading time (days) 28 28 28 28 

Average strain just after load is applied at time 
t0 (µ-strain) 

407.99 677.85 496.68 752.54 

Average strain of shrinkage specimens at time 
of loading at time t0 (µ-strain) 

21.09 17.83 29.73 23.61 

Immediately after loading load induced strain 
per unit stress (µ-strain/ (N/mm2)) 

27.04 44.07 24.91 40.25 

365 days period average strain for loaded 
specimens (µ-strain) 

1681.44 1609.32 1553.88 1504.3 

365 days period average strain for shrinkage 
specimens (µ-strain) 

422.21 290.8 358.48 226.7 

365 days period net load generated strain (µ-
strain) 

1259.23 1318.52 1195.4 1277.6 

365 days period load generated strain per unit 
stress at 365 days (µ-strain/ (N/mm2)) 

87.99 88.04 63.78 70.55 

Therefore, the Creep strain per unit stress (µ-
strain/ (N/mm2)) 

60.96 43.97 38.87 30.3 

Creep coefficient at 365 days 2.25 0.99 1.56 0.75 

Table 8. Experimental data of strain for loaded sample and shrinkage strain  

Duration  
of 

loading 

Age of  
concrete 

Average Total Strain (µ-strain) 
For Loaded Samples 

Average Shrinkage Strain 
(µ-strain)  

NWAC LWAC NWAC LWAC NWAC LWAC NWAC LWAC 

w/b=0.5 w/b=0.4 w/b=0.4 w/b=0.3 w/b=0.5 w/b=0.4 w/b=0.4 w/b=0.3 

0 28 407.99 677.85 496.68 752.54 21.09 17.83 29.73 23.61 

28 56 1219.24 1149.55 1060.4 1131.78 318.83 128.17 174.12 119.74 

62 90 1401.15 1330.21 1219.37 1257.3 353.23 187.11 195.34 138.43 

92 120 1522.03 1411.17 1308.58 1340.57 349.59 207.84 232.54 168.64 

122 150 1527.02 1466.77 1388.96 1373.6 360.53 235.68 279.02 183.65 

152 180 1585.26 1522.67 1475.22 1435.34 390.48 264.38 322.78 210.85 

337 365 1681.44 1609.32 1553.88 1504.3 422.21 290.8 358.48 226.7 
 

The trend and pattern of development of creep induced strain and creep coefficient is 
similar for light and normal weight concrete mixes, wherein creep increases linearly up to 
around 50 days of loading and rate of increase in creep strain and creep coefficient gets 
reduced beyond the duration of 50 days and it tends to reach a constant value after 337 
days of loading. The test results of creep strain for both normal and lightweight concrete 
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decreases as the compressive strength of concrete increases which is anticipated keeping 
in view that increase in strength increases elastic modulus of concrete which provides 
more resistance to strain.  

 

Fig. 6. Elastic strain in specimen of experimental mixes due to application of Stress 
(40% of fcy) at time of loading at 28 days (µ-strain) 

 

 

Fig. 7. Creep induced strain (µ-strain) developed with age for experimental mixes 

 

 

Fig. 8. Plot of Creep coefficient with age for experimental mixes 
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6.  Discussion on Results of Creep in Compression 

For the similar compressive strength level, the creep coefficient of lightweight concrete is 
less compared to creep coefficient of normal weight concrete. The difference in creep 
coefficient for both normal and lightweight concrete decreases with increase in 
compressive strength and decrease in w/b ratio. The internally captured water in sintered 
flyash lightweight aggregate from concrete mix not only improves the strength, interfacial 
transition zone but also decreases porosity and permeability of concrete system thereby 
decreasing early age cracking. The stored water also leads to hydration of unhydrated 
cement particles into C-S-H which helps in strength improvement. The prolonged internal 
curing causes improvement in hydration leading to denser and stronger microstructure 
which ultimately helps in better resistance to creep deformation [43-47]. The internally 
preserved water in porous lightweight aggregate leads to high relative humidity internally 
and thereby preventing the migration of water from surface of C-S-H gel under sustained 
loading. The creep mechanism has different theories such as seepage theory, viscous 
theory, micro crack theory and micro prestress solidification theory. Research fraternity 
in general is of view that apart from micro cracking in ITZ, creep can be understood from 
viscoelastic deformation of cement matrix and seepage of water from C-S-H surface to 
capillary pores under the sustained loading. The basic creep occurs due to viscoelastic 
deformation whereas drying creep occurs because of water seepage. The internally stored 
water in porous aggregates keeps capillary pores almost saturated and leaves minimal 
chance for seepage to occur. Therefore, reason for lower creep in highly porous sintered 
flyash lightweight coarse aggregate based concrete can be attributed to improved 
hydration, expansion and water seepage blockage.  

7. Comparison of Creep Models with Experimental Results for Both Normal and 
Lightweight Concrete  

The creep coefficients obtained experimentally on cylindrical specimens at 28-day loading 
age for the loading period of 337 days has been compared with B3 [48], B4 [49], EN 1992/ 
FIB model [50-51] and ACI 209R-92 [52] and are shown in Figure 9, 10, 11 and 12 for both 
normal and lightweight concrete. The main parameters and coefficients considered for 
calculating creep using B3, B4, EN 1992/ FIB model and ACI 209R-92 are type of cement, 
age of loading, relative humidity, specimen type, specimen size, aggregate content, mineral 
admixtures, aggregate type, water cement ratio, density of concrete [53-54]. In EN 
1992/FIB model, for lightweight aggregate concrete (LWAC), creep coefficient has been 
calculated as per the equation mentioned below: 

𝜑 (𝐿𝑊𝐴𝐶) = 𝜑(𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒) × [
𝑂𝑣𝑒𝑛 𝐷𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐿𝑊𝐴𝐶

2200
]

2

 

 

(2) 

The experimentally obtained creep coefficients for normal weight concrete with w/b ratio 
of 0.5 (Figure-9) is in between and near to creep coefficient determined through B3, B4 
model and EN 1992/ FIB model. The creep coefficient predicted by ACI 209R-92 for normal 
weight concrete with w/b ratio of 0.5 is significantly low as compared to experimental 
results.  

The experimentally obtained creep coefficients for normal weight concrete with w/b ratio 
of 0.4 (Figure-10) is in between and near to creep coefficient determined through B4 
model, ACI 209 and EN 1992/ FIB model. The creep coefficient predicted by B-3 for normal 
weight concrete with w/b ratio of 0.4 is significantly high as compared to experimental 
results and one of the main reasons can be mix with low water to binder ratio can lead to 
reduction in chemical volume and self-desiccation along with decrease in humidity level of 
pore system. 
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Fig. 9. Comparison of experimentally obtained creep coefficient for Normal Weight 
Aggregate Concrete (NWAC) with w/b=0.5 and creep coefficient estimated by models 

The creep model B-4 and EN-1992/FIB for w/b ratio 0.4 predicts creep coefficients closer 
to the experimental values and like creep coefficients for normal weight concrete with w/b 
ratio of 0.5, the ACI 209 gives the lowest value of creep coefficient among all models. In EN-
1992/FIB model code, basic creep has been modelled through logarithm function, which 
is infinite continuous deformation while drying creep reaches to a finite value. The creep 
predicted by EN-1992/FIB is similar to modelling of shrinkage behaviour and this is main 
reasons for contributing to accurate estimation of delayed deformations in concrete with 
low w/b ratio. 

 

Fig. 10. Comparison of experimentally obtained creep coefficient for Normal Weight 
Aggregate Concrete (NWAC) with w/b=0.4 and creep coefficient estimated by models 

The experimentally obtained creep coefficients for lightweight concrete with w/b ratio of 
0.4 (Figure-11) is lower than creep coefficient determined through all five models i.e. B-3, 
B4, ACI 209 and EN 1992/ FIB model. The creep coefficient predicted by B-3 and ACI-209 
for lightweight weight concrete with w/b ratio of 0.4 is significantly high (1.50 times) as 
compared to experimental results. The creep model B-4 and EN-1992/FIB for w/b ratio 
0.4 predicts creep coefficients closer to the experimental values. The creep coefficient of 
normal weight concrete as compared to lightweight concrete for compressive strength 
level of about 47 MPa and 58 MPa is 2.3 times and 2 times, respectively.  
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Fig. 11 Comparison of experimentally obtained creep coefficient for Lightweight 
Aggregate Concrete (LWAC) with w/b=0.4 and creep coefficient estimated by models 

The experimentally obtained creep coefficients for lightweight concrete with w/b ratio of 
0.3 (Figure-12) is lower than creep coefficient determined through B-3, ACI 209 and EN 
1992/ FIB model. The creep coefficient predicted by B-3 and ACI-209 for lightweight 
weight concrete with w/b ratio of 0.3 is significantly high (about 2 times) as compared to 
experimental results. The creep model EN-1992/FIB for w/b ratio 0.3 predicts creep 
coefficients closer and higher to the experimental values. The creep model B-4 on other 
hand for w/b ratio 0.3 predicts creep coefficients closer and lower to the experimental 
values. 

 

Fig. 12. Comparison of experimentally obtained creep coefficient for Lightweight 
Aggregate Concrete (LWAC) with w/b=0.3 and creep coefficient estimated by models 

The difference in creep coefficient predicted by EN-1992/FIB model code even though it 
adopts factor for lightweight concrete taking into account the oven dry density can be 
attributed to fact that it causes reduction in creep coefficient for lightweight concretes for 
class above LC20/22 considering superior strength of paste matrix but does not takes into 
consideration the aggregate type and its moisture condition in concrete system resulting 
because of higher water absorption and porous nature. But for normal weight concrete, 
the values predicted by EN-1992/FIB creep model agrees with the experimentally 
determined creep coefficients.  
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8. Conclusions 

The conclusions drawn based on experimental determination of creep coefficient for both 
normal and lightweight concrete and its comparison with creep models such as B-3, B-4, 
ACI-209 and EN:1992/FIB are as given below: 

• The test results of creep strain per unit stress for both normal and lightweight 
concrete decreases as the compressive strength of concrete increases which is 
anticipated keeping in view that increase in strength increases elastic modulus of 
concrete which provides more resistance to strain. For the similar compressive 
strength level, the creep coefficient of lightweight concrete is less compared to 
normal weight concrete.  

• The comparison of creep coefficients calculated using various models shows that 
there is increase in value of creep coefficient in case of all five model upto 330-365 
days’ age and beyond this period the increase in value of creep is minimal 
irrespective of the type of model. The creep coefficients determined using B-3 and 
B-4 model for normal weight concrete for both mixes with w/b ratio 0.5 and w/b 
ratio 0.4 gives higher value compared to EN-1992 / FIB model and ACI 209 model. 
The creep coefficients determined using B-3 and B-4 model for lightweight weight 
concrete for both mixes with w/b ratio 0.4 and w/b ratio 0.3 with similar 
compressive strength range compared to normal weight concrete gives higher 
value compared to EN-1992 / FIB model and ACI 209 model. The ACI 209 model 
gives lowest value among all five models. The creep coefficient enhancement rate 
beyond 365-day age for Bazant’s B3 Model is comparatively on higher side than 
other four models. 

• The experimentally obtained creep coefficients for normal weight concrete with 
w/b ratio of 0.5 is in between and near to creep coefficient determined through B3, 
B4 model and EN 1992/ FIB model. The creep coefficient predicted by ACI 209R-92 
for normal weight concrete with w/b ratio of 0.5 is significantly low as compared to 
experimental results. The experimentally obtained creep coefficients for normal 
weight concrete with w/b ratio of 0.4 is in between and near to creep coefficient 
determined through B4 model, ACI 209 and EN 1992/ FIB model.  

• The experimentally obtained creep coefficients for lightweight concrete with w/b 
ratio of 0.4 and 0.3 is lower than creep coefficient determined through all five creep 
models i.e. B-3, B4, ACI 209 and EN 1992/ FIB model. The creep coefficient 
predicted by B-3 and ACI-209 for lightweight weight concrete with w/b ratio of 0.4 
and 0.3 is significantly high (1.50 times and 2.0 times respectively) as compared to 
experimental results. The creep model B-4 and EN-1992/FIB for w/b ratio 0.4 
predicts creep coefficients closer to the experimental values. The creep model EN-
1992/FIB for w/b ratio 0.3 predicts creep coefficients closer and higher to the 
experimental values. The creep model B-4 on other hand for w/b ratio 0.3 predicts 
creep coefficients closer and lower to the experimental values. 

• The difference in creep coefficient predicted by EN-1992/FIB model code even 
though it adopts factor for lightweight concrete taking into account the oven dry 
density can be attributed to fact that it causes reduction in the creep coefficient for 
lightweight concretes for class above LC20/22 considering superior strength of 
paste matrix but does not takes into consideration the aggregate type and its 
moisture condition in concrete system resulting because of higher water absorption 
and porous nature. But for normal weight concrete, the values predicted by EN-
1992/FIB creep model agrees with the experimentally determined creep 
coefficients.  
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 A new nanomaterial known as graphene oxide (GO) has been discovered, and it 
has the potential to improve the tensile and elongation properties of cement-
based composites. In this study, the influence of the content of GO, say 0.01% 
increment upto 0.05% on fluidity of cement composites was estimated. In 
addition, the mechanical properties of GO-based cement composites, such as 
compressive, split tensile, and flexural strengths, are presented with respect to 
the content of GO to figure out its effect and to identify the right proportion. In 
this paper, the deformability studies of GO-based cement composites, such as the 
elastic modulus (E), are also presented. To further investigate the formation of a 
denser matrix, microstructural studies are also carried out in GO-based cement 
composites. New avenues for high performance cement composites are opened 
up by this important and extensive study. The results are revealed that the 
inclusion GO has shown reduced fluidity values as compared to control mix in all 
stages of hydration process. Results revealed that the optimum content of 0.04% 
of GO enhanced the flexural strength by 67.52% which is quite phenomenal. GO 
with 31.24% of oxygen helps improving the microstructure by enhancing the 
modulus of elasticity and toughness of the composite. 
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1. Introduction 

Special structures like high rise buildings, marine structures, hydraulic structures, cross 
sea bridges and under water tunnels desperately require the need of high-performance 
concrete because of its frequent exposure to the attacks of salts and alkali and would 
become deteriorated [1]. “Constructing a high-performance structure with high-
performance concrete necessitates the use of materials that have several advantages over 
conventional concrete, such as increased strength and durability as well as improved 
chloride-ion migration resistance as well as freeze and sulphate resistance” [2]. The 
excellent compressive and poor tensile or flexural strengths clearly reveals the fractured 
nature of the concrete.  Cement and carbon-based materials are highly improvised by 
cutting edge technologies like carbon nanotubes, carbon black etc. [3]. Because of the 
peculiar advantage of smaller size and high specific surface area [4]. 

Graphene oxide (GO) belongs to the graphite family that has undergone a chemical 
oxidation process [5,6]. A more compacted core and an increased rate of hydration 
response are the end results of the high concentration of O2 functional groups in GO and 
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the high specific surface area it provides. Because of the presence of oxygen groups, the GO 
can be dispersed in water, but this is not enough to scatter carbon nanoparticles in cement 
mortar. More importantly, GO's high aspect ratio makes it an excellent light absorber. A 
large volume of water, preventing the cement paste from hydration [7]. Generally, 
graphene materials show excellent mechanical properties and good matrix adhesion, 
because of which it is emerged as a promising nano material in concrete-based composites. 
Graphene was initially isolated from graphite intercalation compounds in 2004 [8], when 
it was described as a single, planar, 2D honey comb shaped carbon layer. 

Some research claim that graphene oxide has no influence on the hydration of cement in 
any way shape or form and it implies that adding GO does not affect the hydration of the 
cement process in its composites as demonstrated by Horszczaruk et al [9]. A study using 
X Ray Diffraction (XRD) demonstrated that the crystal phases of the cement hydration 
process remained unchanged after the addition of GO. If claims are to be believed, GO's 
primary function may be to stimulate or compel the twisting and deflection of paste-
related fissures. According to certain researchers, GO also inhibited the spread of 
microcracks in cement-based products. There appears to be a lack of research in this area, 
hence it is uncertain how graphene oxide strengthens cement-based composites [10,11]. 
Research has shown that GO can help cement composites increase their strength and 
ductility, setting the stage for further development of cement composites to make it long-
lasting and high-performance. Research into the properties of GO incorporated cement 
composites is still in its early phases, limited in scope and focused on specifics Few 
research has examined the impact of key factors. When it comes to concrete Composites of 
GO and cement, for example, water to cement ratio (w/c) influences the concrete’s 
properties. [12] The high surface area, surface functionalization and significant 
dispersibility of graphene oxide (GO) in aqueous media make it a possible solution. This 
study examines the influence of GO w.r.t workability, consistency, microstructural 
properties (surface morphology) and mechanical properties (compression and flexural 
tests) of cement pastes. Additionally, the mechanism of the reinforcing and toughening 
effect is explained [13]. 

From the literatures it was revealed that, researchers tend to study the content of water in 
GO based cement mortars upon the fluidity test and also the effect of different particle sizes 
upon the mechanical properties [12]. Similarly, the hydration of the cement incorporated 
with GO was studied with the pore structure testing and thermogravimetric analysis. The 
fracture properties of cement pastes, both with low and high w/c ratios, were evaluated 
utilizing SEM observation of the GO-cement system's cement hydration products in various 
spatial situations. GO on cement-based materials was studied for its strengthening 
mechanism by comparing results from earlier investigations particularly with respect to 
the influence of its GO content upon the strength characteristics. The impact of 
polycarboxylate ether superplasticizer use and GO flakes dispersion on material strength 
are also investigated. Examining the microscopic structures of the cement mortar with and 
without GO, allows us to detect the graphene dispersion into the cement matrix [14,15]. 

GO has shown improvement in the strength and hardness of cement concrete, but its 
penetration into cement paste and concrete can have an adverse effect on their fluidity. 
The objective of this paper is to experiment the addition of graphene oxide w.r.t various 
properties of cement composites such as fluidity, mechanical, modulus of elasticity and 
durability properties. GO dispersion morphology and bonding into cement composites was 
also studied by conducting microstructural tests. This study is significant as graphene 
oxide can be incorporated into cement composites to improve toughness and reduce 
brittleness, which has a wide range of applications in water tight structures, impact 
resistant buildings, and structural components where ductility is required. GO dispersion 
in cement pore solution and the strength of GO incorporated cement mortar could be 
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improved using this study's one-pot method, which has many potential practical 
applications. 

2. Properties of Common Cement Composite and Concrete Nanofillers 

Reinforcement materials for fibre reinforced concrete (FRC) have been systematically 
investigated [30]. Table 1 shows the parameters of different fillers used in cement 
composites/concrete. When referred to Ordinary Portland Cement (OPC), they have a 
higher tensile performance. Cement composites' tensile and flexure properties will be 
enhanced by adding the reinforcing material. 

Table 1. Various properties of concrete nanofillers and cement composite  

Ref Material 

Thickne
ss/ 

Diamete
r (mm) 

Density 
(kg/m3) 

Aspect 
ratio 

Surface 
area 

(m2/g) 

Modulus 
of 

elasticit
y (GPa) 

Tensile 
strength 

(GPa) 

Elongati
@ break 

(%) 

[16,
17] 

Graphene ~0.08 2200 
6000–

600000 
2600 1000 ~130 0.8 

[18,
19] 

GO ~0.67 1800 
1500–
45000 

700–
1500 

23–42 ~0.13 0.6 

[20,
21] 

CNTs 15–40 1330 
1000–
10000 

70–400 950 11–63 12 

[22,
23] 

Carbon 
fiber 

6000–
20,000 

1770 
100–
1000 

0.134 7–400 0.4–5 1.7 

[24,
25] 

Polymeric 
fiber 

(Polypropyl
ene and 
Nylon) 

18,000–
30,000 

900 
160–
1000 

0.225 3–5 0.3–0.9 18 

[26,
27] 

Glass fiber 
5000–
10,000 

2540 
600–
1500 

0.3 72 3.45 4.8 

[28,
29] 

Steel fiber 
50,000–
900,000 

7800 45–80 0.02 200 1.5 3.2 

 

Steel, glass, polymeric, or carbon microfibers have been employed widely in the previous 
decades to reinforce cement composite/concrete. Table 1 shows the material parameters 
of these objects, which range from 10 to 1000 aspect ratios, based on existing literature. 
Steel and concrete structures are routinely retrofitted with carbon fibre [23] due to the 
material's high modulus of elasticity (above 200 MPa) and tensile strength (3.5 GPa). With 
the added benefit of limiting the expansion fractures generated by alkali silicate reaction 
and steel bar corrosion, steel fibres exhibit comparable mechanical properties [28].  

It is possible for glass fibres to improve cement's tensile and flexural strength because of 
their 72.4 GPa elastic modulus [26] and 3.45 MPa tensile strength. strong alkaline medium 
of OPC can be resisted by the surface treatments and the usage of high zirconia glass and 
achieve the aforementioned degree of improvement [26]. Mechanical properties can 
strengthen the fragile cementitious matrix even with polypropylene fibres with weak 
mechanical characteristics [27]. Cement matrix is strengthened by fibres, which carry a 
portion of the applied load and are also capable of crack and pore-bridging. Fibers must 
have a high aspect ratio and high inherent strength in order to provide reinforcement. 
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Using microfibers as a bridging mechanism has increased the tensile strength and 
toughness. Microfibers have been shown to form a dense network of microcracks instead 
of large cracks, but they do not stop the initiation of cracks. Compressive strength is not 
influenced by the incorporation of microfibers into those material [39]. Furthermore, 
microfibers in the reinforced cement are a problem because they trap air voids and reduce 
the workability of the material. Carbon and polymer fibres can be functionalized to form 
bonds with the cement matrix, but their smaller surface area limits the strength [40]. 
Compared to traditional fibres, nanomaterials offer a better solution because they can be 
reinforced or modified at the nanoscale. 

 

Fig. 1. Nanofillers versus additional cementitious materials in concrete [15] 

Nanofillers can enhance the strength and durability of cement composites by using CNTs 
and GO as well as other nanoparticles. As illustrated in Fig. 1, their dimensions are 
comparable to the typical components of cement and concrete. Traditional concrete was 
traditionally held together by cement, which was considered the best ingredient for a 
strong bond between the aggregates. Supplementary cementitious ingredients like fly ash, 
slag and metakaolin were introduced after the demand for high performance concrete. 
Nanomaterials have been incorporated into cement based concrete composites due to 
advancements in nanotechnology [28,29]. Reinforcing the cement matrix at the nanoscale 
is expected to improve performance, due to the fact that the size of those particles is similar 
to the range to that of calcium silicate hydrate (C-S-H) gel. 

When it comes to C–S–H nucleation, 2D GO has a higher surface area than even CNTs, which 
have been extensively studied [22-27]. As a result, GO nanomaterials are extremely 
reactive because of their vast surface area and numerous functional groups. The 
functionalization process would affect the mechanical characteristics of graphene as 
presented in [30]. To put it another way, graphene sheets have much higher mechanical 
strengths, such as tensile strength and modulus of elasticity, than those made of GO, in spite 
of the fact that cement has low tensile strength and elastic-modulus compared to GO-based 
cement composites. While nanoparticles have been shown to enhance hydration rates, 
nanofibers and 2D nanosheets have also been shown to strengthen the cement matrix due 
to their huge aspect ratios. As a result, even at extremely low concentrations of 
nanomaterial, the properties of nanocomposite can be developed. Nanocomposites' 
improved performance and unique functionality can be attributed to their surface effects 
rather than their bulk features. Nanomaterials' reactivity is boosted by their larger surface 
areas. Using these nanomaterials, the average diameter of C-S-H has been determined to 
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be 5 nm [30]. The strength of cement is derived from its high specific surface area and, as 
a result, its ability to adhere to surfaces. 

3. Experimental Programme 

3.1 Materials  

OPC 43 cement was used in the study according to ASTM C 150-19a [31] and is obtained 
from UltraTech Cements Limited, India. The specific gravity and blaine’s surface area are 
3.13 and 370m2/ kg respectively. The specific surface area of GO is tested to be 0.122×107 
m2/kg. Locally available river sand is used as fine aggregate. Table 2 and 3 represents the 
chemical analysis test results of cement and GO respectively.  

Table 2: Cement- chemical composition 

Compositi
on Si

O
2
 

C
aO

 

A
l 2

O
3
 

N
a 2

O
 

F
e 2

O
3
 

SO
3
 

K
2
O

 

M
gO

 

L
O

I 

T
iO

2
 

Cement 21.4 65.1 4.18 0.63 3.10 1.96 1.01 1.97 0.37 - 

  

Fig. 2. SEM image, a) cement, b) graphene oxide 

Table 3. Composition of GO 

Material C O SI AI S MG 

GO 66.41 28.95 1.78 0.68 1.67 0.51 

 

Fig. 2 illustrates the SEM images of raw cement and GO where the spherical and irregular 
shape of particles can be observed (Fig. 2(a)). While the SEM image of GO represents that 
the particles are closely packed and a denser image was noticed from Fig. 2(b). The closely 
packed particles can have high specific surface area, that what the GO is called as nanofiller 
materials to pack the pores present in cement composites. 

3.2 Mix calculations  

In this work, samples were prepared using GO with the contents of 0%, 0.01%, 0.02%, 
0.03%, 0.04% and 0.05%, w.r.t cement’s weight. Table 4 presents the mix proportioning of 

(a) (b) 
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GO-based cement composites. The parameters of GO-based cement samples are compared 
using a single control mix (C). A control mix is used to compare samples of GO-based 
cement composites with those of the cement composite sample. 

Table 4. Mix calculations (kg/m3) 

Mix id Cement  GO (%) Fine aggregate  Water 

C 410 - 820 164 

CG1 410 0.01 820 168 
CG2 410 0.02 820 171 
CG3 410 0.03 820 173 
CG4 410 0.04 820 176 

CG5 410 0.05 820 177 
 

3.3 Dispersion of GO in Cement Samples 

Cement composites can benefit greatly from the incorporation of GO into their formulation, 
but the process of dispersing graphene into water, which is particularly difficult due to the 
van der Waals force and the hydrophobic nature of GO, is also a challenge [32]. In case of 
improper dispersion of GO in cement matrix, it results in defects and the reinforcement 
terminology is affected [17]. Graphene dispersion in cement matrix has previously been 
accomplished using three different dispersion techniques viz., dry dispersion (with an 
electric concrete mixer for mixing), wet dispersion (using a surfactant with mechanical 
stirs); and another wet dispersion method which uses ultrasonic treatment along with 
surfactant and mechanical stirrer. Wet dispersion (without ultrasonic treatment) was used 
in this study due to the fact that this method produces more stronger reinforced composite 
as per the study [33]. With Graphene oxide to Dispersant ratio of 1:1.25 and 
ultrasonication time of 40 minutes and ultrasonic power and frequency of 200 W/30 kHz 
with polycarboxylic ether was used in the dispersion process of GO in cement composites. 

3.4 Methods  

3.4.1 Fluidity test 

According to Indian National Standard IS 1199-1991 [34], the slump-flow of GO-
reinforced cement was estimated. First step was to combine 300 g of cement, 100 g of H2O, 
and 2 g of GO in a 2-minute mixing period. Then the combination was placed in the cone, 
which has the dimensions of 60mm, 36mm and 60mm as base diameter, top diameter and 
height respectively. This newly formed GO-based cement composite will crumble and 
spread as it is lifted 150 mm above its surface. The horizontal and vertical diameters of the 
spread were d1 and d2. The (d1 + d2)/2 value is the fluidity of the composite [35]. 

3.4.2 Water absorption 

The cubes of size 70.6mm x 70.6mm were cast using cement composite and utilized to 
conduct the test in accordance with ASTM C1585-13 [36]. After that, specimens were 
allowed to cure in water for 28 days. Moisture content, if any, is eliminated by keeping the 
samples in hot air oven at 90°C for 24 hours. The samples were then weighed to determine 
their dry weight (W1). Specimens were immediately preserved in water for 3-4 hours. The 
specimens were then weighed again, and the wet weight was taken into account (W2). 
Average of three specimens were cast and tested for each mix for each curing day. Water 
absorption is calculated using the Eq (1); 

Water absorption (%) = [
(𝑊2−𝑊1)

𝑊1
] 𝑋 100 (1) 
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3.4.3 Sorptivity  

Sorptivity was measured by using the ASTM C1585-20 [37] standard test procedure. To 
produce GO-based cement composites for sorptivity test 70.6 mm samples were used, the 
average three samples sorptivity values were noted. When determining the sorptivity, Eq. 
2 was utilised. Average of three specimens were cast and tested for each mix for each 
curing day. 

𝑖

√𝑡
= 𝑆  (2) 

3.4.4 Mechanical Properties 

GO-reinforced geopolymer composite compressive strength is measured using ASTM 
C109/C109M-20b [38] on 70.6 mm cube moulds. Conventional water saturation curing 
method was followed for all experimentations. Similarly, C1006M-20a [39] and ASTM 
C293M-16 [40] are used to determine flexural and split tensile strengths on the moulds 50 
× 100 mm and 40 × 40 × 160 mm prism (third-point loading), respectively. Average of three 
specimens were cast and tested for each mix for each curing day.  

3.4.5 Modulus of Elasticity 

Disc specimens (size 50mmx100mm) made following ASTM C469/C469M -14 were used 
in this test [41]. Average of 3 specimens were cast and tested for each mix for each curing 
day. Fig. 3 shows the test setup of all experimentations in this research. 

3.4.6 Microstructural Studies 

Various microstructural studies including Scanning Electron Microscope (SEM), X-ray 
diffraction analysis (XRD) and Energy Dispersive X-ray analysis (EDAX) were considered. 
Broken samples were carefully prepared and subjected to SEM test and similarly the 
powdered matrix samples were adopted for the XRD analysis such that the influence of GO 
can be clearly subjected to the test. The chemical elements and the chemical compounds of 
the hardened matrix materials were analyzed using the EDAX.  

 

 
(a) 

 
(b) 
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4. Result and Discussions  

4.1 Fluidity 

Fig. 4 presents the fluidity of GO-based cement composite samples. Higher fluidity 
reduction was observed in the mix CG5 with the inclusion of 0.05 wt% of GO. It was clear 
that the addition of GO in cement samples has showed in improved hardness and 
toughness properties, this was one of the major reasons for decrease in the fluidity. Fluidity 
decreased by 11.16, 10.71, 9.04, 12.78, and 9.38 % for mix CG1 compared to control 
mixture over various hydration times of 5, 30, 60, 90, and 120 min, respectively. While in 
the mix CG2 it was decreased by 16.26, 19.39, 15.25, 16.86, and 18.75 % in different 
hydration periods such as 5, 30, 60, 90, and 120 min, respectively. A huge decrease in the 
fluidity was observed due to the increase in the GO from 0.01 to 0.05%. The decreased 
fluidity values were 38.60, 38.87, 39.55, 44.77 and 48.75% for the hydration times of 5, 30, 
60, 90 and 120 min, respectively as compared to reference mix. These values are clear that 
involvement of GO has shown negativity in the improvement of workability of the cement 
composites. The reason behind the decrement in the fluidity of GO-based cement 
composites is that the GO is one of the nanomaterials which will help to fill the pore-spaces 
between the cement particles and enhances the hardening time, so the fluidity of the fresh 

 
(c) 

 
(d) 

 
(e) 

Fig. 3. Experimental setups (a) fluidity test, (b) sorptivity test, (c) compression test, (d) 

splitting tensile test, and (e) flexural test 
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composites was decreased with the increase in hydration time as well as increase in the 
GO content.   

 

Fig. 4. Fluidity of GO-based cement composites 

4.2 Water absorption 

Fig. 5 depicts the influence of GO on the water absorption percentage of the composites. 
According to the findings, the inclusion of small amounts of GO had a vital impact on the 
water absorption of cement samples.  

 

Fig. 5. Water absorption of GO-based cement composites 

However, as the amount of GO in cement samples increased, water absorption decreased 
dramatically. This demonstrates that the inclusion of GO reduces the pore percentage in 
the composites. The water absorption percentage values for various levels of GO in cement 
composites mixes CG1, CG2, CG3, CG4 and CG5 are 3.14, 2.67, 2.31, 1.84 and 1.75%, 
respectively. 

4.3 Sorptivity 

It can be observed in Fig. 6 that the water sorptivity of GO-based samples is the lowest. 
Information of this sort indicated that capillary forces of 0.05 w/w % of GO samples shown 
lowest water permeability into cement samples. There is a reduction in the amount of 
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water carried by samples of GO-based cement compared to other GO replacement samples. 
This empirical evidence demonstrates that cement samples fortified with GO have greater 
resistance to water penetration. The inclusion of GO to cement composites, however, has 
been shown to improve microstructure parameters in terms of porosity, water absorption, 
and sorptivity. All five GO-based cement composite mixes (CG1, CG2, CG3, CG4, and CG5) 
have different sorptivity values: 0.133, 0.097, 0.068, 0.045, and 0.038. These numbers are 
extremely low in comparison to the control mixture. This is quite similar to research 
carried by Devi et al [42], as they revealed 0.08% reduces the sorptivity by 46%. 

 
Fig. 6. Sorptivity values of GO-based cement composites 

4.4 Compressive Strength  

Nanomaterials, such as graphene, nanofibers, nano-silica, or nano-clay, have the potential 
to increase mechanical qualities because of their huge surface area. Higher efficiency 
during the early stages w.r.t the mechanical properties are evidence of the usefulness of 
nanoparticles in promoting the development of tensile and compressive strengths [43]. 
Cement composites benefit from the GO's particular properties, such as its surface 
roughness and functional group. As small as 0.05% w/w GO boosts the compressive 
strength to 51 % [44]. Fig. 7 depicts the test results of GO-based cement composites under 
different water curing. It was found that adding GO up to 0.04 wt.% increased compressive 
strength in the experiments. The strength of samples was reduced as the GO level was 
increased further. The samples with 0.04 w/w % GO doses at 28 days curing had a 
27.26 % increment in compressive strength than the samples without GO. As 
demonstrated in Fig. 7, the compressive strength of cement composite with 0.05 w/w % of 
GO dose at 28 days of curing increased by 24.63 %. It was clear that the optimum inclusion 
of GO in the cement samples is limited to 0.04%. However, the microstructural studies are 
indicated that the inclusion of GO has shown greater impact in the formation of denser 
structure and leads to good compressive strength compared to reference mix.  

GO blended cement samples had an impressive impact on strength properties, as the 
results of the experiments showed. On the other hand, GO inclusion showed altered 
microstructure, with the denser structure showing improved mechanical properties being 
achieved. Similar studies were made by Devi et al [42] and Reddy et al [45], where Devi et 
al have used the dosage of 0.02% increment up to 0.08% and Reddy et al have used 0.25% 
increment. In all these literatures, the experimental parameter was to identify the right 
content of GO oxide towards various properties of concrete.  Reddy et al revealed that 
inclusion of 0.1% of GO was best and it has improved up to 38.46% towards compressive 
strength. similarly, Sharma et al [46] revealed 1% inclusion of GO improved up to 85% in 
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compressive strength. this study showed up to 28% improvement when 0.05% GO is used 
which is highly economical and efficient.  

 

Fig. 7. Compressive strength of GO-based cement composites 

4.5 Splitting Tensile Strength 

Fig. 8 enumerates the splitting tensile results of GO-based composites. The presence of GO 
in samples has shown different morphology. However, it was clear that the inclusion GO 
up to 0.04 wt.% the tensile properties were enhanced gradually while further increase in 
the GO contents the tensile properties were reduced. The microstructural modifications 
were also observed in the GO-based cement samples such as identification of better C-S-H 
gel formation, wrinkle morphology, denser structure and interlocking of particles.  

 

Fig. 8. Splitting tensile strength of GO-based cement composites 

The samples with 0.04 w/w % GO doses at the age of 28 days had 51.59 % increase in 
splitting tensile strength than the reference mix. As demonstrated in Fig. 8, split tensile 
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strength of samples with 0.05 w/w % of GO dose at 28 days of water curing increased by 
36.95%. It was clear that the optimum inclusion of GO in cement samples is limited to 0.04 
wt.% in order to improve the tensile properties. It was clear that the inclusion of GO has 
shown impact in the improvement of splitting tensile strength than the compressive 
strength. Graphene oxide (GO) of 0.04 wt. % with O2 content of 28.95 % was found to give 
cement composites their toughness, according to the results. The micro-structural 
condition of hydration crystals in those proposed composites has a major impact on 
mechanical properties. 

Similar studies like Devi et al [42] also insisted that higher content of GO does not adhere 
the tensile properties and they revealed that 0.03% improved the tensile strength by 45%. 
Similar results were observed in this study as 0.04% was identified to be the most 
optimum with 51.59% enhancement. 

4.6 Flexural Strength  

The flexural strength of GO-based cement samples was presented in Fig. 9. Better flexural 
strength has been achieved with the addition of GO to cement samples of varying 
microstructural morphology. However, it was evident that the bending properties were 
gradually improved by the inclusion of GO up to 0.04 wt.%, but were weakened by further 
increase in the GO content. Better C-S-H gel formation, wrinkle morphology, a denser 
structure, and particle interlocking were majority of the microstructural changes seen in 
the GO-based cement samples compared to control mix. This will create more CSH gel and 
enhances the absorption capacity, and nano-filler effect makes the cement matrix more 
compact and refined by filling. These are the major reasons for better enhancement in the 
flexural properties of GO-based composites. 

 

Fig. 9. Flexural strength of mixes 

Whereas, increase in the GO content also increases the flexural strength. The inclusion of 
0.01, 0.02, 0.03 and 0.04 wt.% of GO in cement composites enhances the strength 
percentage as 23.88, 28.57, 35.19 and 45.23%, respectively than the reference mix. 
However, further increment in the GO the reduces the strength. Fig. 9 shows that after 28 
days of water curing, the splitting tensile strength of a cement composite with a 0.05 wt.% 
GO dose is 27.77% higher than it was with no GO addition. This value is lower than that 
seen with the inclusion of 0.04 w/w% of GO-based samples. This is similar to studies like 
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Reddy et al [45] where it revealed that 0.1% GO improve the flexural strength by 12.07%. 
It was observed that the GO nano particle fills the minute pores of the microstructure 
making it denser thereby showing improvement in tensile and flexural properties, 
however researchers suggest to figure the optimum content which may depend on other 
material properties.  

4.7 Modulus of Elasticity  

The modulus of elasticity results are depicted in Table 5. The addition of GO to cement 
composites improved the modulus of elasticity. After 28 days, the mixes CG1,CG2,CG3,CG4, 
and CG5 mixes showed 35.83, 36.57, 38.75, 40.12, and 37.48 GPa, respectively; the control 
mix was 34.41 GPa. Cement based samples containing 0.04 wt% GO had the highest elastic 
modulus, whereas samples containing 0.01 or 0.02% GO had the lowest elastic modulus 
values. As the GO content in the samples increases by 0.04 wt%, the modulus of elasticity 
decreased. When up to 0.04 wt% GO was added to cement composites under conventional 
water curing conditions, parameters are improved. The experiments revealed that the 
inclusion of GO improved the elastic modulus than the control mix. Certain codes and 
literatures recommended to predict the young’s modulus which are as follows, 

• As per ACI 318-14 [47], the young's modulus can be calculated using Eq. (3). 

𝐸𝐶 = 0.043 × 𝜌1.5 × √𝑓’𝑐  (3) 

Where, f’c = Characteristic compressive strength (MPa);  Ec = Modulus of elasticity (MPa);  
fc = Avg 28-day compressive strength in MPa, ρ = Density of concrete (kg/m3); 

• Eq. (4) can be used to calculate the elasticity modulus in accordance with AS 3600 
[48]. 

𝐸𝐶 = 𝜌1.5(0.02430√𝑓’𝑐 + 0.12) (4) 

 

 

Fig. 10. Predicted modulus of elasticity of GO-based cement composites 

Eq. (5) shows the calculation methodology of GO based composites with respect to 
experimental value of compressive strength. Fig: 10 shows the model of predicting the 
young’s modulus of GO added cement mortar samples which can be anticipated after 28 
days of water curing. 
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𝐸𝐶 = 0.000049 × 𝜌1.5 × √𝑓𝑐 (5) 

Table 5 shows the elastic modulus of the cement samples as per the codal provisions and 
this paper. At 0.04 weight percent, the GO-based cement composite samples had a higher 
modulus of elasticity than the control mix. 

Table 5. Experimental and predicted modulus of elasticity values 

Mix id 
Compressive 

Strength 
(MPa) 

Density 
(Kg/m3) 

Modulus of Elasticity (Ec) GPa 

Experimental 
(28 days), 

GPa 

ACI 318 
[26] 

AS 
3600 
[27] 

Present 
paper 

C 45.62 2035 34.41 26.66 26.08 30.38 

CG1 50.28 2038 35.83 28.05 26.89 31.97 

CG2 54.75 2047 36.57 29.47 27.77 33.58 

CG3 57.64 2049 38.75 30.28 28.24 34.50 

CG4 62.72 2054 40.12 31.70 29.08 36.12 

CG5 60.53 2061 37.48 31.30 28.92 35.67 

4.8 X-Ray Diffraction 

The XRD peaks indicate that the hydration crystals contained hydration products like AFt, 
AFm, C-H and C-S--H, and that count on those could be enhanced by increasing the 
hydration duration, as per Fig. 11. The peaks of CH in each sample were nearly identical; 
this could be because GO mostly promoted hydration in the early stages. The development 
of hydration crystals with respect to GO doses revealed that GO may affect the hydration 
process, marked impact on the mechanical parameters of the cement mortar was framed 
by the acquired data. The addition of 0.04 wt% of GO has shown better formation of C-S-H 
gel. This proves that the inclusion of GO in cement composites produces enriched 
hydration products and steady matrix. These are the additional characters in the 
improvement of mechanical properties for GO-based cement samples.  

 

Fig. 11. XRD analysis of GO reinforced cement mixtures 
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4.9 Scanning Electron Microscope  

When it comes to cement composites, the microstructural condition of the hydration 
crystals is most important for improving mechanical and durability properties [49,50]. It 
was found through the SEM images that the oxygen functional groups on GO's nanoparticle 
surfaces react with one another to form C-S-H and CH nano-hydration crystals as well as 
AFt and AFm hydration crystals. To make dense compacted structures, the hydration 
crystals can eventually grow and fill in the gaps, which enhances the toughness of cement 
composites magnificently in the presence of GO. A GO-based cement composite is likely to 
have better mechanical and durability properties as a result of its incorporation [51].  

When GO is incorporated into cement composites, interlinked dense structure is appeared 
as hydration crystals, as shown in Fig. 12. As a result, at a GO content of 0.01 %, only a 
weaker C-S-H gel is formed. However, at 0.02 % and 0.03 % of GO content, a medium range 
of hydration crystal formations were observed, and at 0.04 %, increased gel forms and 
good dispersion were achieved, allowing the GO to be distributed in a similar pattern in 
the voids of cement composites. 

With an increase in the GO content, SEM pictures show that the cumulative volume of pores 
reduced. The cement mortar's pore volume has reduced significantly since the GO was 
added. furthermore, GO plays an important role in the increasing of hardening time.  

 

  

 

Fig. 12. SEM images of GO-based cement composites, (a) mix-C, (b) mix-CG1 and (c) mix-
CG5 
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4.10 Cost analysis 

The cost analysis of the graphene oxide has been compared with other nano materials to 
check the efficiency and the benefit of the utilization of GO in cementitious materials and 
presented in Fig. 13. It was observed from the figure that, compared to popular nano 
materials like nano silica, nano iron oxide etc., GO is considered to be very much cost 
efficient. The cost of GO is almost similar to Nano alumina and it is 50% less than that of 
Nano iron oxide. Further, GO is 5 times cost effective than nano silica. Apart from other 
nano materials, the most expensive one is the carbon nano tubes which is about 200 times 
to that of other common nano materials. However, it is also to be analyzed that the quantity 
of GO required for effective utilization is very small compared to other nano materials.  

 

Fig. 13. Cost comparison of different nano materials in concrete 

Conclusions 

This paper attempted to use GO in cement-based composites with respect to mechanical 
and microstructural properties. Based on the several experimentations, the following 
conclusions are made. 

• By separating calcium ions adhering to graphene oxide nanosheets, 0.04 wt % of GO 
was found to improve dispersion of GO, which prevented graphene oxide nanosheet 
aggregation in cement paste. 

• Increase in GO reduces the fluidity of the samples. This clearly indicates the GO 
helps in improving the hydration process.  

• The GO densifies the internal microstructure thereby water absorption and 
sorptivity is reduced. This relies the addition of GO minimizes the pore structure 
which also increases the durability.  

• At a graphene oxide concentration of 0.04%, flexural strength increased by 67.52%, 
while at a concentration of 0.05%, cement composites improved by 50.21% after 
28 days when compared to the control mix. 

• The microstructure of hydration crystals in cement composite was modified by 
adding GO with a content of 31.24% oxygen, increasing the cement composite's 
modulus of elasticity and toughness. 
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• When graphene oxide was added, the hydration crystals were altered and the 
toughness of the composites increased, resulting in an overall improvement in their 
toughness. 
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 In this research, we compared the performance and mechanical properties of 
(UHPC) produced with varying percentages of waste and recycled fibers, 
including polypropylene plastic (plastic sack fibers) (PP), polyethylene 
terephthalate (PET), date palm fibers (DP), Monterey pine tree fibers (MP), 
human hair (HH), and aluminum (from metal cans) (AF). This was done in 
relation to a control sample of UHPC (WC). The study investigated the effects of 
different percentages of these fibers (0, 0.5, 1, 1.5, and 2 percent by weight of 
cement) with a length of 3 cm in self-compacting concrete. We conducted tests 
on fresh concrete, including Slump Flow, J-Ring, V-Funnel, L-Box, and U-Box, as 
well as tests on hardened concrete, such as compressive strength, tensile 
strength, permeability, crack width control, thermal cracking, Schmidt hammer 
tests, and ultrasonic pulse velocity. The results indicated that increasing the 
percentage of fibers (PP, PET, DP, AF, MP, and HH) in UHPC enhances tensile 
strength, reduces permeability, and increases compressive strength. 
Additionally, under the influence of temperature, a decrease in both the depth 
and length of cracks was observed in the concrete slabs. Notably, the inclusion of 
2% human hair fibers (HH) in UHPC resulted in superior tensile strength, 
reduced permeability, and minimized both the length and depth of cracks 
compared to other fiber types. Conversely, the addition of 2% aluminum fibers 
(AF) led to a reduction in tensile strength, an increase in permeability, and an 
increase in both the length and depth of cracks. This research demonstrated that, 
in terms of mechanical and functional properties, human hair fibers provided 
better results in UHPC across all tests conducted, significantly enhancing the 
longevity of the structure. 

 
© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

Concrete is a composite material that is extensively utilized in the construction industry 
worldwide [1-3]. It possesses the ability to withstand applied loads without deformation 
[4-6]. One of the unique features of concrete is its efficiency and fluidity, allowing it to be 
easily molded into various shapes; thus, it is regarded as the most widely used material in 
construction [7]. In civil engineering, there has been a growing interest in self-compacting 
concrete [8]. This type of concrete is still under development and offers a wide range of 
applications and properties [9]. Self-compacting concrete is characterized by its ability to 
fill molds easily, even in the presence of reinforcement bars (rebars). Self-compacting 
concrete can be classified based on four key characteristics: flowability, viscosity, ability to 
pass through reinforcement, and resistance to segregation. Due to its high viscosity and 
ability to spread, it fills molds under its own weight and is widely employed [10-13]. The 
stability of self-compacting concrete encompasses two aspects: 1) Static stability, which 
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refers to the ability to resist the separation of paste and aggregate, and 2) Dynamic 
stability, which pertains to the ability to maintain a uniform distribution of aggregates 
during the mixing process [14-16]. When combined with rebars, self-compacting concrete 
enhances the tensile strength and overall tensile properties of the material [17-19]. 
However, self-compacting concrete (SCC) generally exhibits low flexural strength, low 
tensile strength, and poor resistance to cracking and shrinkage. Research indicates that the 
addition of fibers to self-compacting concrete can significantly improve the properties of 
hardened concrete [20-22]. The incorporation of fibers in concrete offers numerous 
benefits, including the prevention of sudden failure, enhancement of fracture energy, 
reduction of crack width, minimization of shrinkage, and increases in flexural strength, 
tensile strength, and toughness [23-25]. Factors such as fiber type, length, mass, length-to-
diameter ratio, shape, surface roughness, and the configuration of fiber ends can directly 
influence the properties of both fresh and hardened concrete. Fibers have been used to 
reinforce concrete since ancient times. The inclusion of waste or recycled fibers in concrete 
can reduce the demand for industrial fibers [26]. This practice contributes to the 
sustainability of the concrete industry by minimizing environmental pollution and the 
disposal of industrial waste. Consequently, it presents one of the most viable 
environmental solutions for the disposal and recycling of industrial waste [27]. Self-
compacting concrete reinforced with artificial or natural fibers is effective in enhancing 
tensile strength, bending behavior, impact resistance, temperature stability, heat transfer, 
fire resistance, crack control, and overall durability [28]. The addition of fibers to concrete 
is an efficient method for improving its properties [25]. Fiber-reinforced concrete exhibits 
enhanced tensile strength, ductility, and resistance to cracking. The fibers act as crack 
arresters and also reduce the porosity and permeability of concrete, thereby improving its 
mechanical properties, impact resistance, and reducing brittleness [29]. Compaction of 
concrete is a crucial factor in maintaining the uniformity and integrity of a structure. 
Improper compaction can lead to the formation of honeycombs, trapped air, cold seams, 
and subsidence cracks, all of which contribute to permeability issues, corrosion of steel, 
and a reduction in the final load-bearing capacity. Research has shown that incorporating 
fibers into concrete can mitigate these problems [30-31]. Numerous studies have been 
conducted on the use of fibers to enhance the properties of concrete, and several examples 
are reviewed below: 

Mirabi Moghadam [32] investigated the effect of the shape and quantity of date palm fibers 
on the tensile strength of concrete. Manjunat et al. [33] conducted an experimental study 
in 2021 on the use of human hair as fibers to enhance the performance of concrete. Patel 
et al. [34] reviewed the research on cement concrete reinforced with human hair in 2021. 
In 2022, Omar et al. [35] examined the impact of human hair fibers on the performance of 
concrete containing a high dosage of silica fume. Mustafa [36] also in 2022, explored the 
mechanical properties of high-performance self-compacting concrete reinforced with red 
pine needle fibers. Jaskowska et al. [39] investigated the properties of self-compacting 
concrete incorporating plastic waste as aggregate in 2022. Janata et al. [42] evaluated the 
addition of polypropylene (PP) fibers to self-compacting concrete in 2023 to mitigate 
cracking and plastic shrinkage. Derakhshan Nezhad et al. [46] in 2024 studied the use of 
date palm fibers to enhance tensile strength in self-compacting concrete with silica fume. 
Mirzaie Aliabadi et al. [47] conducted a laboratory investigation in 2024 on the effects of 
plastic packaging belt fibers and iron oxide on the mechanical properties of self-
compacting concrete. Rashidi et al. [48] compared the effects of crushed cement blocks and 
construction waste on the fresh and hardened properties of self-compacting concrete in 
2024. Asghari Pari et al. [49] investigated the influence of rust and iron shavings on the 
mechanical properties of self-compacting concrete in 2024. Shahidzade et al. [50] 
examined the effect of palm fibers on the mechanical properties of self-compacting 
concrete in 2024. Finally, Derakhshan Nezhad et al. [51] studied the impact of recycled 
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polyethylene terephthalate fibers on the mechanical properties of self-compacting 
concrete in 2024. Reason: Improved clarity, readability, and technical accuracy by 
correcting grammatical errors, enhancing vocabulary, and ensuring consistent formatting. 

This research is similar to the studies conducted by Mirabi Moghadam [32], Omar [35], 
Manjunat [33], Janata [42], and Mustafa [36]. However, it differs from these studies in that 
it incorporates ultrasonic testing, thermal cracking analysis, and the use of nano silica fume 
in the concrete slab samples. A key aspect of scientific advancement is the emphasis on 
sustainable development. Sustainable development involves utilizing existing resources 
and facilities while considering the needs of future generations, ensuring the optimal use 
of natural resources. Extensive research has been conducted on the potential of using 
natural or artificial fibers to enhance the tensile and compressive strength of concrete. 
Fibers serve as an effective solution for improving tensile strength, reducing permeability, 
enhancing compressive durability, mitigating thermal cracking, and controlling the width 
of concrete cracks. The innovative aspect of this project lies in the optimal utilization of 
recycled waste materials, which minimizes waste and environmental pollution. 
Additionally, nano silica gel was employed to enhance strength, reinforce the transition 
zone of concrete (the third phase), and utilize Viscosity Modifying Agents (VMA) to control 
the rheological properties in this mix design. These elements contribute to the innovative 
nature of this research. In this study, we investigate the mechanical and physical behavior, 
durability, compressive strength, and tensile strength of (UHPC) with various fibers, 
including plastic, wood, and metal. The specific fibers examined include polypropylene 
(PP), polyethylene terephthalate (PT), date palm (DP), Monterey pine (MP), human hair 
(HH), and aluminum (AF). The objective of this research is to compare the effects of 
different types of fibers on the properties of both fresh and hardened UHPC, focusing on 
their impact on tensile strength, concrete durability (as measured by permeability tests), 
crack width control in concrete slabs, ultrasonic pulse velocity, Schmidt hammer tests, 
thermal cracking, tensile strength, and compressive strength. 

2. consumables 

2.1. Materials utilized in the construction of UHPC 

2.1.1. Cement  

Choosing the appropriate type of cement for Ultra-High-Performance Concrete (UHPC) is 
crucial. Type II Portland cement was utilized in the mixture design, in accordance with 
the ASTM C150 standard [52] (as shown in Table 1). 

Table 1. Type II Portland Cement 

Chemical analysis SiO2 Al2O3 Fe2O3 CaO MgO SO3 

Percent 21.68 4.82 3.88 65.40 2.08 0.68 

Chemical analysis Na2O K2O LOI C3S C2S C3A 

Percent 0.25 0.88 0.20 60.63 14.46 6.21 
 

2.1.2. Specifications of Types of Fibers (Plastic, Wood, Metal)  

• Polypropylene Fibers (PP) (Plastic Sack Fibers) 

Polypropylene fibers are utilized as a reinforcing material in concrete, offering several 
advantages, including: enhanced durability of fiber-reinforced concrete, reduced surface 
cracking, increased corrosion resistance, minimized shrinkage, improved flexibility, 
chemical resistance, and strengthened mechanical properties against hardness and impact. 
Additionally, they provide resistance to freezing and thawing, decreased corrosion and 
magnetism, and enhanced performance in wet environments, as well as increased bending 
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and tensile strength while reducing both cracking and plastic shrinkage cracking. In 
general, polypropylene fibers are widely employed in various concrete applications to 
enhance performance and meet specific engineering requirements. Polypropylene is a 
semi-crystalline polymer composed of propylene monomers, and this semi-crystalline 
structure imparts flexibility and high mechanical strength to the fibers. The relatively low 
melting point of polypropylene makes it suitable for many low- to medium-temperature 
applications. Furthermore, polypropylene exhibits resistance to many acids, bases, organic 
solvents, and chemicals, a property attributed to its non-polar structure and long 
hydrocarbon chains. However, polypropylene has limited resistance to ultraviolet (UV) 
rays, which can cause it to degrade and become brittle when exposed to sunlight. This UV 
resistance can be improved by incorporating UV stabilizers. Due to its non-polar nature, 
polypropylene also has minimal water absorption, making it an ideal choice for use in 
humid environments. 

• Polyethylene Terephthalate Fibers (PTF) 

Polyethylene terephthalate (PET) is the primary and most common component in various 
types of plastic bottles that are discarded after use. One innovative application of 
polyethylene terephthalate is its use as thin fibers in construction, specifically as an 
additive in concrete. Incorporating polyethylene terephthalate fibers into concrete results 
in several benefits, including enhanced malleability, increased tensile strength, reduced 
permeability, and improved durability. Additionally, it offers heightened chemical and 
thermal resistance, impact resistance, and increased thermal stability at elevated 
temperatures. The use of PET fibers contributes to greater tensile durability and aesthetic 
appeal, while also reducing the overall weight of the concrete. It helps minimize surface 
cracks, enhances corrosion resistance, controls cracking, reduces plastic shrinkage 
cracking, improves impact resistance, and increases bending strength. PET is a 
thermoplastic polymer synthesized from terephthalic acid and ethylene glycol. Its 
crystalline structure endows PET with high mechanical strength and hardness. While PET 
is resistant to weak and strong acids, oils, and alcohols, it is susceptible to strong bases and 
concentrated acids. It exhibits very low water absorption, which helps maintain its 
mechanical properties in humid conditions. Although PET is stable against oxidation, it 
may decompose at extremely high temperatures, leading to a loss of its desirable 
properties. 

Date Palm Fibers (DP) 

The potential benefits of date palm fibers include increased tensile strength and flexibility, 
reduced weight, enhanced electrical insulation, improved heat resistance, greater 
corrosion resistance, and superior impact resistance. Additionally, they contribute to crack 
control, improved efficiency, reduced density, and sustainability, making them 
environmentally friendly. Generally, palm fiber is utilized in regions where palm trees are 
abundant, promoting the development of sustainable and eco-friendly construction 
methods. Date palm fibers possess a tubular structure with thick walls, composed of 
cellulose, hemicellulose, and lignin. This composition results in relatively high mechanical 
resistance. Cellulose provides high tensile strength, while lignin contributes to 
compression resistance and hardness. Due to their high lignin content, date palm fibers 
exhibit a degree of resistance to biodegradation; however, they may degrade in humid and 
hot environments. It is important to note that these fibers are not naturally resistant to 
insect and fungal attacks, necessitating protective treatments. Reason: Improved clarity, 
vocabulary, and technical accuracy while maintaining the original meaning. 

• Monterey Pine Tree Fibers (MP) 

The incorporation of pine tree fibers into concrete can enhance its various properties. 
Some potential benefits of using pine tree fibers in concrete include increased tensile 
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strength, reduced surface cracking, improved impact resistance, decreased shrinkage, 
enhanced flexural and tensile strength, crack resistance, reduced permeability, lightweight 
characteristics, material stability, and increased efficiency. Pine tree fibers are particularly 
suitable for regions where pine trees are abundant, promoting the use of sustainable and 
locally sourced materials in construction. Their inclusion can significantly improve the 
mechanical performance of concrete and its resistance to external factors. While these 
fibers are resistant to humidity and typical environmental conditions, they are susceptible 
to strong solvents and concentrated acids. Due to their high lignin and hemicellulose 
content, pine tree fibers exhibit greater resistance to biodegradation compared to other 
plant fibers. 

• Human Hair Fibers (HH) 

Some potential effects of using human hair in various applications include increased tensile 
strength, improved crack control, environmental sustainability, lightweight properties, 
thermal insulation, enhanced flexibility, and reduced permeability. While human hair is 
commonly associated with beauty purposes, it also offers resistance to cracking. Human 
hair is composed of three main layers: the inner core (medulla), the middle layer (cortex), 
and the outer covering (cuticle). The cortex contains keratin fibers, which provide high 
tensile strength and elasticity. Keratin is a protein with a fibrous structure that includes 
sulfur-containing amino acids, such as cysteine. These amino acids form disulfide bridges 
that enhance tensile strength and flexibility. Hair is resistant to most acids and weak bases; 
however, it can be damaged by strong oxidizers and bases. Additionally, hair has the 
capacity to absorb moisture, allowing it to swell and shrink in response to changes in 
environmental humidity. Reason: The revised text improves clarity, enhances vocabulary, 
and corrects grammatical errors while maintaining the original meaning. 

• Aluminum Fibers (AF) 

Some potential effects include increased heat resistance, reduced weight, enhanced 
flexibility, corrosion resistance, improved tensile strength, better bending strength, 
improved conductivity, decreased density, and greater resistance to impact.  

 

MP 

 

DP 

 

PP 

 

PT 

 

AF 

 

HH 

Fig. 1. Types of fibers (plastic, wood, metal) 
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Aluminum fibers are frequently utilized in specialized concrete applications where their 
unique properties are advantageous, such as in projects that demand conductivity or 
resilience against harsh environmental conditions. 

Table 2. Specifications of types of fibers (plastic, wood, metal) 
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1 (PP) 1.8 0.90 8% 341 0.08 30% 3.6% 207 67 0.7 

2 (PT) 4 0.67 27% 725 0.06 26% 1.2% 177 54 0.6 

3 (DP) 0.782 0.80 57% 70 0.07 12% 0.8% 277 86 0.5 

4 (MP) 0.682 0.71 62% 61 0.07 10% 0.7% 286 88 0.9 

5 (HH) 1 0.86 52% 526 0.08 17% 0.9% 300 80 0.4 

6 (AF) 10 2.7 5% 9570 0.003 53% 5% 670 130 0.8 
 

2.1.3. Aggregates 

Almond sand that passed through a 1/2-inch sieve and sand that passed through an 8-inch 
sieve were used, in accordance with the ASTM C33 standard [53], as indicated in Table 3. 

Table 3. detailed specifications of the aggregates 

Aggregate type SSD (gr/m3) 
Water absorption 

percentage 
Bulk Density 

(kg/m3) 
Fineness 
Modulus 

Coarse 
aggregate 

2.571 1.3 1526 6.3 

Sand 2.544 1.8 1489 2.5 

 

2.1.4. Super Lubricant And Nano Silica Gel 

Super Plast PC5000 carboxylate superlubricants are among the most widely utilized 
chemical additives in high-performance and self-compacting concretes. This research 
employed these additives, which are based on carboxylate chemistry. By reducing the 
water-to-cement ratio, the capillary pores within the cement matrix are minimized, 
enhancing the hydration process of the cement and significantly increasing the 
compressive strength of the concrete.  

Table 4. Mechanical Characteristics of Nano Silica and Super Lubricants 

Characteristics 
physical 

condition 
Specific gravity 

(kg/liter) 
PH Color 

Special Weight 
(kg/m3) 

Super lubricant 
Specifications liquid 1.1 6 yellow 1.008 

Nano silica gel 
Specifications thick liquid 1.6 8 Black 325 

 

To achieve the mechanical properties characteristic of ultra-high-performance concrete 
(UHPC), nanosilica—derived from nanopolycarboxylate—was utilized as both a water-
reducing agent and a reinforcement for exceptionally strong concrete, in accordance with 
ASTM C 494 standards [54] (refer to Table 4). 



Zadeh et al. / Research on Engineering Structures & Materials 11(3) (2025) 1219-1244 

 

1225 

2.1.5. Water 

Potable water was utilized in the formulation of the (UHPC) mix for producing and 
processing the samples, in compliance with the requirements outlined in ASTM C 94 [55] 
(refer to Table 5). 

Table 5. Characteristics of Drinking Water 

Characteristics Temperature (Celsius) PH Chloride ion concentration 

amount of 20 6 50 

2.1.6. Limestone Powder 

One essential material for achieving the proper viscosity in (UHPC) is stone powder. As a 
filler, stone powder possesses a very high specific surface area, which enhances the friction 
between the particles and consequently increases the viscosity of UHPC. 

Table 6. Qom Limestone Powder 

Chemical analysis SiO2 Al 2O3 Fe2O3 MgO Cao SO3 LOI 

Percent 2.8 0.35 0.5 0.81 51.22 1.24 43.2 
 

2.1.7. Viscosity Modifying Admixtures (VMA) 

VMA powder admixture is designed to produce (UHPC) with enhanced viscosity and 
controlled rheological properties. VMA is crucial for regulating excess water in concrete, 
in accordance with the ASTM C 494/C 494M standard [54-56] (as illustrated in Figure 2). 
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7 
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Fig. 2. Materials: UHPC (1. Cement, 2. Stone powder, 3. Viscosity-modifying agent 
(VMA), 4. Coarse aggregate, 5. Nano silica gel, 6. Pea gravel, 7. Superplasticizer, 8. Sand, 

9. Water) 

2.2. Mixed Design 

25 designs of Ultra-High-Performance Concrete (UHPC) mixes were investigated, focusing 
on the effects of various fibers on different bases (plastic, wood, metal). The fiber 
percentages were varied in different ratios: 0%, 0.5%, 1%, 1.5%, and 2% by cement weight. 
In all 25 mixed designs, the total amount of materials remained constant, while the 
percentages of the different types of fibers were adjusted (as shown in Table 7). The 
material units are expressed in kg/m³, with a concrete grade of 400 and a water-to-cement 
ratio of 0.31. 

Table 7. Mixing Plan for UHPC with and without fibers 

Cement 
pea 

gravel 

Almond 

sand 
sand Water 

super 

lubricant 

Stone 

powd

er 

VMA 

 

fibers 

(plastic, 

wood, 

metal) 

Nano 

silica 

gel 

Self-compacting concrete without fibers (control)  ( 0% 

400 550 250 990 126 12 60 0.167 - 7 

Self-compacting concrete with 0.5% fibers  

400 550 250 990 126 12 60 0.167 2 7 

Self-compacting concrete with 1% fibers  

400 550 250 990 126 12 60 0.167 4 7 

Self-compacting concrete with 1.5% fibers  

400 550 250 990 126 12 60 0.167 6 7 

Self-compacting concrete with 2% fibers  

400 550 250 990 126 12 60 0.167 8 7 

 

2.3. Conducting the Test 

After mixing the materials in the mixer, it is essential to test the properties of fresh (UHPC) 
both with and without fibers. In this research, the average percentage of each UHPC variant 
with the respective fibers is detailed in the results and tests. 
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Table 8. Symbols for Each Fiber Used in the UHPC Mix Design 

*Fiber length to diameter ratio 

2.3.1. Slump Flow Test 

Slump flow testing is a widely used method for assessing the performance of (UHPC) due 
to its simplicity. The results of the slump flow test, presented in Figure 3, are based on the 
average measurements. 

 
 

Fig. 3. Slump flow test 

The average results of the slump flow test indicated that the water-cement ratio (WC) at 
0%, hybrid fibers (HH) at 2-0.5%, polypropylene fibers (PT) at 2-0.5%, and other fibers 
such as diatomaceous earth (DP) at 2-0.5%, mineral powder (MP) at 2-0.5%, polyethylene 
fibers (PP) at 2-0.5%, and aramid fibers (AF) at 2-0.5% respectively. By increasing the 
percentage of fibers in (UHPC), the slump diameter (flowability) decreased by 2.59%, 
4.54%, 5.45%, 6.49%, 8.83%, and 11.94% compared to the control UHPC. Additionally, the 
slump flow time increased by 1.1, 2.0, 2.2, 2.4, 2.8, and 4.1 seconds respectively compared 
to the control UHPC. This change is attributed to the diameter and water absorption 
characteristics of the fibers, which influenced the viscosity and flowability of the UHPC. 
This test adheres to the ASTM C1611 standard [57]. The order of the effect of fibers on the 
slump flow test is as follows: 

• Slump diameter: (WC) > (HH) > (PT) > (DP) > (MP) > (PP) > (AF) 
• Time: (WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 

2.3.2. V-Funnel Testing 

The V-Funnel test is conducted to assess the ability of (UHPC) to change flow direction and 
flow characteristics. The results of the V-Funnel test are presented in Figure 4. The average 

No Fibers Symbol Percentage L/D* 
Symbol of 

total 
percentages 

1 Polypropylene  PP 0.5, 1, 1.5, 2 42.85 PP 0.5 – 2% 
2 polyethylene 

terephthalate  
PT 0.5, 1, 1.5, 2 50 PT 0.5 – 2% 

3 Date palm  DP 0.5, 1, 1.5, 2 60 DP 0.5 – 2% 
4 Monterey pine tree  MP 0.5, 1, 1.5, 2 33.33 MP 0.5 – 2% 
5 Human hair  HH 0.5, 1, 1.5, 2 75 HH 0.5 – 2% 
6 Aluminum  AF 0.5, 1, 1.5, 2 37.5 AF 0.5 – 2% 
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results of the momentary V-Funnel test and the 5-minute V-Funnel test indicated that as 
the percentage of various types of fibers increased specifically, (WC 0%), (HH 0.5-2%), (PT 
0.5-2%), (DP 2-0.5%), (MP 2-0.5%), (PP 2-0.5%), and (AF 2-0.5%)—the duration of the 
tests increased to 0.8, 1.7, 2.5, 3.2, 4.1, and 5.3 seconds for the momentary test, and 1.2, 2.1, 
3.2, 4.3, 4.9, and 6.6 seconds for the 5-minute test, respectively. This increase in time 
compared to the UHPC (control) can be attributed to the type, diameter, and texture of the 
fibers used, in accordance with the ISISIR 3203-9 standard [58]. The order of influence of 
the fibers on the V-Funnel test is as follows: 

• Time: (WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 
 

 

  

Fig. 4. V-Funnel test 

2.3.3. L-Box Test  

The L-Box test evaluates the flow of concrete between rebars, its stability against grain 
separation, and its fillability. The results of the L-Box test are presented in Figure 5. 

 

 

  

Fig. 5. L-Box test 

The average results of the L-Box test indicated that as the percentage of various types of 
fibers increased—specifically (WC 0%), (HH 2-0.5%), (PT 2-0.5%), (DP 0.5%-2%), (MP 2-
0.5%), (PP 2-0.5%), and (AF 2-0.5%)—the test duration also increased, with recorded 
times of 0.6, 1.5, 2.6, 2.8, 4.9, and 6.4 seconds, respectively. The heights of the concrete at 
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the end of the horizontal section (H2) and the end of the vertical section (H1) were 
measured, and the ratio H2/H1, known as the document ratio, was calculated. As the 
percentage of different types of fibers increased, the document ratio decreased by 2.27%, 
4.54%, 5.68%, 7.95%, 10.22%, and 13.63%, in accordance with the INSO 3203-10 standard 
[59]. 

• Proportion of documents: (WC) > (HH) > (PT) > (DP) > (MP) > (PP) > (AF) 
• Time:(WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 

2.3.4. J-Ring Test  

The J-Ring test simulates the flow of concrete through reinforcing bars (rebars) and is used 
to assess its passability. The results of the J-Ring test are presented in Figure 6. 

 

 

  

Fig 6. J-Ring test 

The results of the J-Ring test indicated that as the percentage of various types of fibers 
increased—specifically, (WC 0%), (HH 0.5-2%), (PT 2-0.5%), (DP 0.5%-2%), (MP 0.5-2%), 
(PP 0.5-2%), and (AF 0.5-2%)—the slump diameter (flowability) decreased to 2.73%, 
5.47%, 9.58%, 13.69%, 19.17%, and 24.65% compared to the (UHPC) control. 
Additionally, the time decreased by 0.9, 1.7, 2.5, 3.7, 4.5, and 5.7 seconds compared to the 
self-compacting concrete control. This effect can be attributed to the diameter of the fibers 
and their effective texture, as tested according to the INSO 11271 standard [60]. Order of 
influence of fibers on the J-Ring test: 

• Slump diameter:(WC) > (HH) > (PT) > (DP) > (MP) > (PP) > (AF) 
• Time:(WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 

2.3.5. U-Box Testing 

U-box is utilized to assess the filling ability and flowability of concrete. The results of the 
U-box test are presented in Figure 7. The results of the U-Box test indicated that as the 
percentage of various types of fibers increased—specifically, (WC 0%), (HH 0.5-2%), (PT 
2-0.5%), (DP 2-5.0%), (MP 0.5-2%), (PP 0.5-2%), and (AF 0.5-2%)—the time taken for the 
test increased to 1.1, 1.8, 2.5, 3.8, 5, and 6.6 seconds, respectively, compared to self-
compacting concrete (control). Additionally, the difference in the height of concrete in the 
two ducts (H2-H1) increased to 1.5, 3, 4, 5.6, 7, and 11 millimeters, respectively, when 
compared to ultra-high-performance concrete (UHPC) (control). The difference in 
concrete height between the two ducts (H2-H1) was less than 30 mm, which was deemed 
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acceptable. This test adheres to the UNI 11044 standard [61]. The order of influence of the 
fibers on the U-Box test is as follows: 

• H2-H1: (WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 
• Time: (WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 

 

 

 

Fig 7. U-Box test 

2.4. Sample Processing 

Fresh concrete was cast in cubic molds measuring 15 cm x 15 cm x 15 cm and in cylindrical 
molds measuring 15 cm in diameter and 30 cm in height. After 24 hours, the samples were 
removed from the molds and submerged in water for curing over periods of 7 and 28 days. 
A total of 1,500 ultra-high-performance concrete (UHPC) samples were produced, both 
with and without fibers. Ultimately, the test results were compared to those of high-
strength self-compacting concrete without fibers, which served as the control group. 

2.5. Schmidt Hammer Test  

The Schmidt Hammer (SH) test was employed to assess the compressive strength of both 
cubic and cylindrical samples. Schmidt's hammer is utilized to evaluate the properties of 
elastic materials, particularly for measuring the compressive strength of concrete. Today, 
the SH test is recognized as a non-destructive testing method and has recently become an 
effective tool for assessing the surface resistance of materials based on their hardness [51]. 
In this study, reliable readings and index values were recorded using the Schmidt Hammer 
on the samples, and the average results were documented in accordance with the ISO 
1920-7 standard [67] (refer to Figures 8-9). The results of tests on cubic and cylindrical 
specimens showed that by adding different types of fibers (plastic, wood and metal) to 
UHPC, the compressive strength decreases with the Schmidt hammer test. 

The reason for the decrease in the compressive strength test with the SH for cubic and 
cylindrical specimens is due to the amount of fibers, their shape and dispersion in concrete. 
Also, there is a decrease in the compressive strength of the samples with an increase in the 
percentage of non-adhesion fibers between cement and aggregates in concrete. The effect 
of different types of fibers in UHPC of cubic and cylindrical specimens with SH test  

• Pushing Resistance: (WC)>(AF)> (DP)> (MP)> (HH)> (PT)> (PP) 

 

 



Zadeh et al. / Research on Engineering Structures & Materials 11(3) (2025) 1219-1244 

 

1231 

  

Fig. 8. Hardness Testing on Cubic and Cylindrical Specimens 

 

Fig. 9. The average results of the SH test for cubic and cylindrical samples after 28 days of 
processing 

2.6. UPV Test 

The UPV (Ultrasonic Pulse Velocity) test is a non-destructive testing method used to assess 
the homogeneity, uniformity, quality, wear, and the presence of defects, cavities, and 
internal voids in hardened concrete. The pulse frequency ranges from 20 to 170 kHz. The 
direct method was employed for this test, with the distance between the two ultrasonic 
transducers set at 15 cm for cubic samples and 30 cm for cylindrical samples, in accordance 
with the ISO 1920-7 standard [67] (see Figures 10-11). 

  

Fig. 10.  UPV Testing on Cubic and Cylindrical Specimens 
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The results of the tests conducted on cubic and cylindrical specimens indicated that the 
addition of various fibers to (UHPC) led to a gradual decrease in the speed of the ultrasonic 
pulse, which varied based on the type, material, and diameter of each fiber. The reduction 
in the (UPV) test results for UHPC can be attributed to the quantity, shape, and distribution 
of the fibers within the concrete. Furthermore, the decrease in pulse speed with an 
increasing percentage of fibers in the concrete samples is due to the effective water 
absorption by the fibers, which negatively impacted the results of the pulse speed test. 

𝐾𝑀/𝑆 =
𝐶𝑀

𝑀𝑆
× 10   (1) 

• Ultrasonic Pulse Speed: (WC)>(HH)> (PT)> (DP)> (MP)> (PP)> (AF) 

 
Fig. 11. UPV Test Results for Cubic and Cylindrical Samples After 28 Days of Processing 

2.7. Penetration Testing of Cubic Specimens 

The permeability test of (UHPC) was conducted on cubic and cylindrical samples, 
measuring 15 cm × 15 cm × 15 cm and 10 cm × 30 cm, respectively, to assess the durability 
of the samples. The performance and permeability of concrete are closely linked to its 
durability, particularly its resistance to gradual deterioration when exposed to extreme 
weather conditions, as well as compaction and settlement caused by water penetration. 

 

 

Fig. 12. Concrete Permeability Device and Its Test Results 



Zadeh et al. / Research on Engineering Structures & Materials 11(3) (2025) 1219-1244 

 

1233 

Using various types of fibers with different textures and diameters in ultra-high-
performance concrete (UHPC) can effectively reduce the permeability of the material. Each 
type of fiber possesses excellent mechanical properties, contributing to the overall 
strength and bond between the concrete and the fibers. These fibers can help control 
spalling and cracking while enhancing the concrete's strength as a reinforcing agent. By 
incorporating fibers into the concrete mix, both the mechanical and physical properties of 
the concrete are improved, leading to reduced permeability. Additionally, fibers can 
enhance the internal structure of concrete, including its strength, flexibility, and water 
resistance. Notably, human hair fibers demonstrated the lowest permeability in concrete 
tests, thereby increasing the durability of the concrete. This study examines the impact of 
different fiber types on the permeability of UHPC in both cubic and cylindrical samples. 

• Permeability:(HH)<(PT)<(DP)<(MP)<(PP)<(AF)<(WC) 

2.8. Thermal Cracking 

2.8.1. Thermal Cracking Formula In UHPC 

In (UHPC), thermal cracks develop when temperature fluctuations induce compressive 
stresses that exceed the concrete's compressive strength. Thermal cracking in concrete 
occurs due to non-uniform contraction or expansion resulting from temperature changes. 
This type of cracking is particularly prevalent in large concrete structures, such as dams, 
thick walls, and extensive foundations. In bulk concrete, the high rate of cement hydration 
can cause the internal temperature to rise significantly, while the outer surface, exposed 
to air, may remain cooler. This temperature gradient can generate tensile stresses on the 
outer surface, ultimately leading to cracking. 

2.8.2. Factors affecting thermal cracking 

• Temperature gradient (T): 

 When there is a significant temperature difference between the inner and outer sections 
of the concrete, it can result in tensile stresses in the cooler areas and compressive stresses 
in the warmer areas. 

Modulus of elasticity (E): 

Concrete with a high modulus of elasticity (harder) tends to resist deformation, which can 
lead to increased internal stresses within the material. 

• Thermal expansion coefficient (Alpha): 

Concrete with a high thermal expansion coefficient undergoes greater longitudinal 
changes in response to temperature fluctuations, which can lead to the development of 
thermal stresses. 

• Mechanical properties of concrete: 

The compressive strength of concrete and the modulus of rupture play a crucial role in its 
resistance to thermal cracking. Concrete with high compressive strength and a high 
modulus of rupture can better withstand the compressive stresses that develop. 

 2.8.3. Thermal Cracking Prediction Models 

In this section, response surface methodology (RSM) analysis was employed to investigate 
the thermal cracking of self-compacting concrete, both with and without fibers. The use of 
various additives, the selection of different types of cement, the control of processing 
conditions, and the choice of fiber types can significantly reduce the risk of thermal 
cracking. For instance, utilizing low-heat cements or incorporating fibers can decrease the 
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heat of hydration, thereby minimizing the occurrence of thermal cracking. The stress 
associated with thermal cracking can be calculated using the following Equation (2) [31]: 

𝜎𝑐𝑟 =
𝐸 × 𝛼 × 𝑇

𝑓
 (2) 

In this formula, the cracking stress (MPa), the compressive strength of (UHPC) (MPa), 
Young's modulus of (UHPC) (MPa), the coefficient of linear thermal expansion of (UHPC) 
(1/°C), and temperature (°C) are all included. 

Table 9. Results of Testing the Effect of Temperature on the Resistance of Cubic Samples 
and Thermal Cracking 

 

• Thermal cracking in concrete: (HH)<(PT)<(DP)<(MP)<(PP)<(AF)<(WC) 

   

Fig. 13. Cube testing in the drying oven and failure using the compressive strength device. 

The minimum and maximum range of each value in terms of units 

No 
Type of 

concrete 

Cubic 
compressive 

strength 
(MPa) 

Young's 
modulus 

(MPa) 

Thermal 
expansion 
coefficient 

(1/℃) 

Temperature 
(℃) 

Cracking 
stress 
(MPa) 

1 (WC 0%) 
2.52 

– 
11.5 

26 
– 

25.5 

4 
– 

14 

10 –160 

0.02284 
– 

0.000097 

2 (AF 0/5-2%) 
3.31 

– 
11.94 

26.5 
– 

25.7 

3.9 
– 

13.8 

0.017392 
– 

0.000093 

3 (PP 0/5-2%) 
3.80 

– 
12.38 

27 
– 

26 

3.8 
– 

13.6 

0.015189 
– 

0.000090 

4 (MP 0/5-2%) 
4.15 

– 
12.81 

27.3 
– 

26.5 

3.6 
– 

13.3 

0.013905 
– 

0.000087 

5 (DP 0/5-2%) 
4.37 

– 
13.68 

27.7 
– 

27 

3.4 
– 

13.1 

0.013173 
– 

0.000081 

6 (PT 0/5-2%) 
4.95 

– 
14.6 

28.2 
– 

27.9 

3.2 
– 

13 

0.011629 
– 

0.000076 

7 (HH 0/5-2%) 
5.92 

– 
15.25 

28.6 
– 

28 

3 
– 

12.9 

0.009724 
– 

0.000073 
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Fig. 14. Testing the Effects of Temperature on the Compressive and Tensile Strength of Cubic and 
Cylindrical Specimens 

 

2.9. Crack Width Testing in Concrete Slabs with and without Various Types of 
Fibers 

One of the primary factors threatening the durability of concrete is cracking in the concrete 
slab. Cracks in concrete serve as entry points for water, along with harmful chemical 
compounds, clay, and corrosive substances, which can lead to the corrosion of reinforcing 
bars and the deterioration of the concrete itself. Consequently, the durability and 
serviceability of the concrete decrease. Cracks in self-compacting concrete can facilitate 
the further growth and expansion of additional cracks, resulting in localized or widespread 
damage to both the surface and the interior of the concrete. The rate of evaporation from 
the concrete surface is influenced by various factors, including ambient temperature, 
relative humidity, and wind speed. When the rate of evaporation equals the rate of water 
loss from the surface of the concrete slab, the injected water layer is removed, creating 
negative pore water pressures (capillarity) on the surface. These negative pressures 
induce contraction in the concrete, and if the concrete is bonded, tensile stresses begin to 
develop on its surface. Bonding factors in concrete may include coarse aggregates, granular 
base surfaces or stabilizers, and reinforcing bars or fibers within the concrete slab, all of 
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which can be affected by various conditions. Due to the low tensile strength of concrete in 
the early hours after construction, the tensile stress can exceed the material's tensile 
strength, leading to cracks caused by the shrinkage of the concrete paste. Fibers are one of 
the reinforcing elements that help resist the tensile stresses induced by various factors. 
They can enhance the tensile strength of self-compacting concrete and mitigate the 
expansion and growth of cracks. The high modulus of elasticity of plastic, wood, or metal 
fibers allows these reinforcing elements to effectively control cracking in concrete. The 
incorporation of fibers, due to their superior tensile properties in conjunction with 
reinforcing bars, significantly reduces cracking and strengthens the concrete, making it a 
critical consideration. In this research, a suitable template has been designed to investigate 
cracking by simulating practical constraints. Based on the geometric relationships of the 
mold and the degree of hardness and cracking, molds with dimensions of 60 cm by 90 cm 
by 5 cm were created. In this configuration, the adverbs are embedded in two 
perpendicular directions. 

  

Fig 15. Concrete slab reinforced with fibers 

During this experiment, environmental conditions such as temperature and humidity were 
maintained at constant levels. The area of the cracks was determined by multiplying the 
length by the width of each crack after a period of seven days. The length of the crack was 
measured using a measuring tape with an accuracy of 1 mm, while the width was assessed 
with a magnifying glass that had an accuracy of 0.1 mm. The samples were kept in molds 
for seven days within a controlled environment, which maintained a temperature of 18 ± 
2 degrees Celsius, wind speeds of approximately 5 km/h, humidity at 21%, a low UV index, 
minimal dust, and a moderate Air Quality Index (AQI). From 91 concrete slabs, self-
compacting concrete was produced in seven molds, incorporating various fibers in 
different percentages (0%, 0.5%, 1%, 1.5%, and 2% relative to the weight of the cement) 
for analysis. The cracking behavior in Ultra-High Performance Concrete (UHPC) mixtures, 
both with and without different fibers, was evaluated using the ASTM C1579 standard test 
method [68]. Reason: Improved clarity, vocabulary, and technical accuracy while 
correcting grammatical and punctuation errors. 

• Cracking in concrete slab :(WC)>(AF)>(PP)>(MP)>(DP)> (PT)>(HH) 
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Fig. 16. Percentage of Cracking in Concrete Slabs with Various Types of Fibers 

2.10. Testing the Compressive Strength of Cubic Specimens 

The results of the compressive strength test on cubic samples measuring 150 mm × 150 
mm × 150 mm, conducted in accordance with the ISIRI 3206 standard [65], indicated that 
the addition of various types of fibers in different percentages to (UHPC) resulted in a 
decrease in compressive strength (as shown in Figures 17 and 18). 

• Pushing Resistance: (WC)>(AF)> (DP)>(MP)> (HH)> (PT)>(PP) 

Like previous studies and research, including those by Mirabi Moghadam [32], Omar [35], 
Manjunat [33], Janata [42], and Mustafa [36], who have worked in the field of fibers, it was 
concluded that the use of fibers in concrete reduces compressive strength. This finding was 
also clearly stated in the current research. 

 

 

Fig. 17. Testing the Failure 
of a Cubic Specimen Using a 

Concrete Breaker Jack 

Fig. 18. Compressive Strength Test Results for Cube 
Specimens Cured for 7 and 28 Days 

2.11. Testing the Tensile Strength of Cylindrical Samples (Brazilian Test) 

The results of the tensile strength test on cylindrical samples measuring 150 mm by 300 
mm, conducted in accordance with the ASTM C496 standard [66], indicated that the tensile 
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strength increases with the addition of various fibers to (UHPC), as illustrated in Figures 
19 and 20. 

• Tensile strength : (HH)>(PT)>(DP)>(MP)>(PP)>(AF)>(WC) 

 
 

Fig. 19. Cylindrical 
Specimen Failure Test 

Using a Concrete Breaker 
Jack 

Fig. 20. Tensile Strength Test Results for Cylindrical 
Specimens at 7 and 28 Days of Curing 

3. Conclusion 

In this research, the use of various fibers in (UHPC) was examined. This study represents 
a significant contribution to sustainable development by potentially lowering the costs of 
structures and materials, mitigating the harmful effects of pollution on the environment, 
reducing brittleness and cracking in concrete, conserving natural resources, and 
enhancing both compressive and tensile strength. Based on the primary findings of this 
article, the following conclusions can be drawn: 

• The average data from compressive strength tests of (UHPC) with varying fiber 
contents (0.5%, 1%, 1.5%, and 2% by weight of cement) revealed the following: 

• In cubic specimens after 7 days, the addition of (AF), (DP), (MP), (HH), (PT), and 
(PP) resulted in reductions of compressive strength of 1.49%, 3.28%, 4.47%, 6.28%, 
10.7%, and 14.76%, respectively, compared to the (UHPC) without fibers. 

• In cubic specimens tested after 28 days, the addition of (AF), (DP), (MP), (HH), (PT), 
and (PP) fibers resulted in reductions in compressive strength of 1.60%, 2.51%, 
3.89%, 5.03%, 6.17%, and 7.78%, respectively, compared to the (UHPC) without 
fibers. 

•  
• The average data from tensile strength tests on (UHPC) with varying fiber contents 

indicated that 
• In cylindrical specimens, after 7 days, the inclusion of (HH), (PT), (DP), (MP), (PP), 

and (AF) fibers resulted in increases in tensile strength of 106.35%, 88.43%, 
65.90%, 47.40%, 33.52%, and 19.65%, respectively, compared to the (UHPC) 
without fibers. 

• In cylindrical specimens after 28 days, the inclusion of fibers (HH), (PT), (DP), (MP), 
(PP), and (AF) resulted in increases in tensile strength of 59.19%, 50.83%, 41.13%, 
32.77%, 22.40%, and 11.70%, respectively, compared to the (UHPC) without fibers. 
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• The average data from rebound hammer compressive strength tests on (UHPC) 
with fibers indicated that: 

• In cubic specimens after 28 days, the incorporation of (AF), (DP), (MP), (HH), (PT), 
and (PP) fibers resulted in reductions in compressive strength of 0.9%, 1.87%, 
2.81%, 3.75%, 4.46%, and 4.92%, respectively, compared to the (UHPC) without 
fibers. 

• In cylindrical specimens after 28 days, the incorporation of (AF), (DP), (MP), (HH), 
(PT), and (PP) fibers resulted in reductions in compressive strength of 1.03%, 
1.55%, 2.33%, 3.10%, 4.14%, and 4.83%, respectively, compared to the u (UHPC) 
without fibers. 

• The average data from ultrasonic pulse velocity tests on (UHPC) with fibers 
demonstrated that: 

• In cubic specimens after 28 days, the addition of (HH), (PT), (DP), (MP), (PP), and 
(AF) fibers resulted in a decrease in pulse velocity of 0.7%, 1.49%, 2.23%, 3%, 
3.73%, and 4.85%, respectively, compared to the (UHPC) without fibers. 

• In cylindrical specimens after 28 days, the addition of (HH), (PT), (DP), (MP), (PP), 
and (AF) fibers resulted in a decrease in pulse velocity of 0.9%, 1.47%, 1.91%, 
2.65%, 3.09%, and 3.83%, respectively, compared to the (UHPC) without fibers. 

• The average data from permeability tests on (UHPC) with fibers indicated that: 
• In cubic specimens observed over a 72-hour period, the incorporation of (HH), (PT), 

(DP), (MP), (PP), and (AF) fibers resulted in reductions in permeability of 54.71%, 
47.16%, 41.50%, 33.96%, 26.41%, and 16.98%, respectively, compared to the 
(UHPC) without fibers. 

• In cylindrical specimens over a period of 72 hours, the incorporation of (HH), (PT), 
(DP), (MP), (PP), and (AF) fibers resulted in reductions in permeability of 52.38%, 
49.20%, 42.85%, 36.50%, 26.98%, and 17.46%, respectively, compared to the ultra-
high-performance concrete (UHPC) without fibers. 

• The average data from cracking tests on (UHPC) slabs containing fibers indicated 
that: 

• In concrete slabs after 7 days, the addition of (HH), (PT), (DP), (MP), (PP), and (AF) 
fibers resulted in a reduction in cracking of 8.57%, 21.42%, 42.85%, 57.14%, 
71.42%, and 85.71% relative to the total surface area, compared to slabs without 
fibers. 

Table 9. Total Results of the functional properties of uhpc with and without fibers 

Type of concrete Type of test 
Type of 

functional 
properties 

level of 
quality 

compared to 
the control 

sample 

(WC) > (HH) > (PT) > (DP) > (MP) > (PP) > (AF) 
Slump flow 

test 
Fresh properties 

Slump 
diameter 
reduction 

(WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) 
V-Funnel 

test 
Fresh properties 

Increase flow 
time 

(WC) > (HH) > (PT) > (DP) > (MP) > (PP) > (AF) L-Box test Fresh properties 
Reducing the 

blockage ratio 
(H2/H1) 

(WC) > (HH) > (PT) > (DP) > (MP) > (PP) > (AF) J-Ring test Fresh properties 
Slump 

diameter 
reduction 

(WC) < (HH) < (PT) < (DP) < (MP) < (PP) < (AF) U-Box test Fresh properties 

Increasing 
height 

difference 
(H2-H1) 



Zadeh et al. / Research on Engineering Structures & Materials 11(3) (2025) 1219-1244 
  

1240 

(WC)>(AF)> (DP)> (MP)> (HH)> (PT)> (PP) 

Compressive 
strength 

with 
Schmidt 
hammer 

hardened 
properties 

Reducing 
compressive 

strength 

(WC)>(HH)> (PT)> (DP)> (MP)> (PP)> (AF) 
Ultrasonic 

pulse speed 
hardened 
properties 

Reducing the 
speed of the 
ultrasonic 

pulse 

(WC)>(AF)>(PP)>(MP)>(DP)> (PT)>(HH) Permeability 
hardened 
properties 

Reduced 
permeability 

(WC)>(AF)>(PP)>(MP)>(DP)> (PT)>(HH) 
Thermal 
cracking 

hardened 
properties 

Reduction of 
thermal 
cracking 

(WC)>(AF)>(PP)>(MP)>(DP)> (PT)>(HH) 
Cracking in 

concrete 
slab 

hardened 
properties 

Reducing 
cracking in 

concrete slabs 

(WC)>(AF)>(DP)>(MP)>(HH)>(PT)>(PP) 
Compressive 

strength 
hardened 
properties 

Reducing 
compressive 

strength 

(WC)<(AF)<(PP)<(MP)<(DP)<(PT)<(HH) 
Tensile 

strength 
hardened 
properties 

Increased 
tensile 

strength 
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 In this study, the effect of utilizing zeolite and industrial by-products, silica fume, 
and Class C fly ash, as partial replacement for cement is investigated at room and 
elevated temperatures of 200°C, 400°C, and 600°C. Four different high-strength 
concrete mixes of M50 concrete grade with varying proportions of zeolite, silica 
fume, and Class C fly ash are tested and observed for workability, compressive 
strength, and microstructural characteristics using Scanning Electron 
Microscope analysis, and the optimum mix has arrived. The results indicate that 
the addition of zeolite, silica fume, and fly ash resulted in lesser early-age 
strength development but the strength after 28 days of curing is found 
satisfactory and the desired target strength is achieved. Temperature rise 
resulted in degradation of concrete properties for both conventional and 
optimum mix but the concrete cubes with 10% of zeolite, 7.5% of silica fume, and 
10% of fly ash have higher retainment of strength at elevated temperatures 
compared with conventional mix. The results from the microstructural study are 
found to correlate with strength test results. Incorporation of 10% zeolite, 7.5% 
silica fume, and 10% fly ash improved mechanical and microstructural 
characteristics at room and elevated temperature, however, the replacement is 
effective for 28 days of curing.   
 

© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

The building industry has been investigating sustainable alternatives to Portland cement 
because of its negative environmental impact and large carbon dioxide emissions 
throughout its manufacturing process. Supplementary Cementitious Materials (SCMs) 
such as fly ash, zeolite, and silica fume have garnered attention in concrete mixes as a way 
to improve the material's physical properties and reduce its environmental effect. This 
introduction examines the use of these SCMs in the specific context of elevated 
temperatures, which is a crucial consideration for the lifetime and functionality of concrete 
structures in high-temperature industrial environments or fire scenarios. 

Zeolite, a naturally occurring mineral with a high concentration of aluminium oxide (Al2O3) 
and reactive silicon dioxide (SiO2), is a pozzolanic substance that may strengthen cement 
pastes by pozzolanic interaction with calcium hydroxide (Ca (OH))2. It reacts more readily 
with fly ash and silica fume, and it works best in mixes with a lower water to cementitious 
material ratio [1]. Zeolite mixtures have shown reduced heat of hydration [2], lower drying 
shrinkage, and increased resistance to sulphate attack and the alkali-silica reaction in 
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comparison to fly ash blends [3]. The incorporation of zeolite into concrete leads to the 
development of a material that possesses enhanced interfacial microstructure 
characteristics between the aggregate and the cohesive cement paste [4]. However, they 
may also need more water due to high surface area [5] and can be less workable [6, 7]. 
Concrete containing zeolite is observed to have a satisfactory performance at elevated 
temperatures [8]. Research conducted in the past suggests that the recommended 
percentage of cement replacement for zeolite is 20%, 15% and 10% [5]. 

When silicon and ferrosilicon alloys are made, minute amorphous silicon dioxide particles 
are released into the air, forming silica fume. Because of its potent pozzolanic reactivity 
and capacity to modify pore structure, it is frequently used to improve the mechanical 
characteristics and durability of concrete [9]. Furthermore, it has been shown that adding 
nano silica fume to concrete improves post-fire compressive strength while also greatly 
reducing temperature shrinkage deformation and mass loss at high temperatures [10]. The 
optimized percentage for replacing cement with silica fume is 7.5-10% in combination 
with 10-15% of zeolite and 10% of metakaolin [11]. Another SCM with pozzolanic 
properties is fly ash, which is produced as a byproduct of burning coal in power plants. It 
contains both silicon dioxide and calcium oxide, with the latter contributing to its 
cementitious properties. Fly ash will notably reduce the heat of hydration in concrete and 
improve its long-term strength development. The concentration of calcium in fly ash may 
influence its reactivity; fly ash with low calcium content will more obviously slow down 
the evolution of heat [12]. When exposed to high temperatures, concrete containing 
various SCMs may function differently. Research has indicated that zeolite and granulated 
blast furnace slag (GBFS) mortars outperform fly ash and silica fume mortars when it 
comes to heat resistance [13]. At higher temperatures, the formation of a greater quantity 
of secondary hydration products leads to improved mechanical properties in concrete that 
contains zeolite [14]. Moreover, SCMs may affect the mineralogy of cement pastes. Zeolites 
form during adiabatic curing when combined with a high fly ash content, can immobilize 
sodium and increase the material's overall stability [15]. 

In conclusion, adding fly ash, zeolite, and silica fume to concrete mixes in place of some of 
the cement is a practical way to improve the material's performance and sustainability, 
especially at high temperatures. The selection and proportioning of these SCMs have a 
notable impact on the mechanical properties, durability, and thermal behaviour of the 
finished concrete [16, 17, 18, 19]. Based on the literature review, it is noticed that the 
studies examining the combined effect of zeolite, silica fume, and fly ash at elevated 
temperatures are limited and scanty. Hence, the present study focused on studying the 
performance of concrete incorporating zeolite, silica fume, and fly ash at room and elevated 
temperatures.  

2. Research Significance  

The addition of class C fly ash may help the concrete to attain compressive strength in the 
28-days curing period. Silica fume and class C fly ash as the cement replacement can 
enhance the microstructure of the concrete. Examining the properties of the high-strength 
concrete incorporated with zeolite, silica fume, and class C fly ash can provide 
advancement in the construction. The endurance of the concrete during the fire accident 
may improve in the building. The major objectives of the present study are: 

• To find the optimum mix for concrete incorporating zeolite, silica fume, and class C 
fly ash as a replacement for cement  

• To study the effect of elevated temperature on mechanical and microstructural 
properties of concrete incorporating zeolite, silica fume, and class C fly ash. 
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3. Materials and Mix Design 

The preliminary investigation is performed to study the properties of materials utilized in 
the casting of concrete specimens. Ingredients include coarse aggregate, fine aggregate, 
cement, zeolite, fly ash, silica fume, and superplasticizer.  

3.1. Coarse Aggregate 

Within the domain of construction and civil engineering, coarse aggregate denotes a class 
of granular materials employed in concrete and various other structural applications. 
These materials commonly encompass sizable particles, including crushed stone, gravel, 
or recycled concrete, which are combined with cement and fine aggregates to produce 
concrete mixes. The physical properties of the coarse aggregate are determined as per IS 
2386 – part 3 (1963) [20] and IS 383 (2016) [21].  

3.2. Fine Aggregate 

The process of crushing solid granite stone results in the production of manufactured sand. 

This crushed sand is characterized by a cubic shape with smoothed edges, having 

undergone comprehensive washing and sorting procedures, rendering it appropriate for 

use in construction. The particle size of M-Sand not exceeding 4.75 mm is used in the 

present study. The shape of the M sand is granular and the determined properties of M-

Sand as per IS 2386 – part 3 (1963) [20] and IS 383 (2016) [21] are given in Table 1. Table 

1 gives the properties of coarse aggregate and fine aggregate used for the present study.  

Table 1. Properties of coarse aggregate and fine aggregate 

Material Properties Values 

 
Coarse aggregate 

Specific gravity 2.74 
Fineness modulus 6.57% 
Water absorption 0.5% 

 
Fine aggregate 

Specific gravity 2.35 
Fineness modulus 3.33 
Water absorption 0.5% 

3.3. Cement 

When combined with water, cement acts as a binding agent for coarse and fine aggregate. 
The manufacturing process of cement primarily relies on calcium-rich limestone as its 
fundamental raw material. Upon the reaction between cement and water, water-resistant 
and chemically durable mineral hydrates are formed. Cement is classified into various 
grades according to its fineness, with the current study utilizing OPC 53 cement.  

3.4. Zeolite 

Zeolite is a naturally occurring or synthetic mineral that has been increasingly used in 
concrete as an alternative supplementary cementitious material. It is a group of hydrated 
aluminosilicate minerals that possess unique properties, making them suitable for various 
applications, including concrete production. The combined percentage of SiO2, Al2O3, and 
Fe2O3 is about 83% according to the chemical composition of zeolite which is helpful in the 
pozzolanic behaviour.  

3.5. Silica Fume 

The addition of silica fume improves the concrete's compressive strength and aids in void 
filling. Silica fume helps in reducing the water absorption of the zeolite used in the 
concrete. Silica fume is also rich in SiO2 which is helpful in the pozzolanic behaviour.  
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3.6. Class C Fly Ash 

The use of Class C Fly Ash lowers the heat produced during the curing process of concrete, 
hence reducing the possibility of heat-induced cracking, particularly in big concrete pours. 
Fly ash addition with zeolite helps in reducing the water absorption by zeolite. Class C fly 
ash is also high in SiO2 and Al2O3.  The chemical composition and properties of cement, 
zeolite, silica fume, and fly ash are given in Table 2 and Table 3, respectively. Fig. 1 gives 
the supplementary cementitious materials used for the present study.  

Table 2. Chemical composition of cement, zeolite, silica fume and fly ash 

Oxides 
(Percentage) 

CaO SiO2 Al2O3 Fe2O3 K2O Na2O MgO SO3 
Loss on 
ignition 

Cement 62.34 23.45 4.24 4.32 0.47 0.27 1.12 0.47 3.32 
Zeolite 1.68 66.98 14.01 1.52 1.5 2.10 1.3 0.4 10.3 

Silica fume - 94.12 1.21 0.62 - - 0.9 0.04 1.5 
Class C Fly 

ash 
1.5 62 22.5 2.3 - 1.5 3.4 4 2.1 

Table 3. Properties of cement, zeolite, fine aggregate and coarse aggregate 

Material Properties Values 

 
Cement 

Specific gravity 3.18 
Initial setting time 47 minutes 
Final setting time 480 minutes 

Zeolite 
Specific gravity 

2.2 
Silica fume 2.22 

Class C Fly ash 2.3 

 

   

a) Zeolite b) Silica fume c) Class C Fly ash 

Fig. 1. Cementitious materials used for the present study 

3.7. Mix Design 

The concrete specimens are cast with the designed concrete mix to achieve the required 
target strength of 50 MPa as per IS 10262 (2019) [22]. The mix design as given in Table 4 
is used for casting the conventional concrete without replacement for cement.  

The zeolite of 10%, silica fume of 7.5 %, and class C fly ash of 10% are replaced with the 
cement and other materials are provided as per the conventional concrete. Concrete 
specimens are cast with three different mixes with varying percentages of zeolite, silica 
fume, and fly ash. Table 5 represents the various design mixes for the concrete 
incorporating zeolite, silica fume, and class C fly ash. M50Z10 indicates M50 concrete grade 
with 10% of cement replaced by zeolite on a weight basis. Similarly, M50SF indicates M50 
concrete grade with 7.5% and 10% of silica fume and fly ash replaced for cement. 
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Table 4. Mix design for the conventional concrete 

Description Composition (kg/m3) 

Cement 450  

Fine Aggregate 803  

Coarse Aggregate 1101  

Water 160  

Admixture 2.82  
 

Mix 3 designated as M50ZSF represents the concrete mix with 10% of zeolite, 7.5% of silica 
fume, and 10% of fly ash for cement replacement. In mix 2 and mix 3, silica fume and fly 
ash are combined to compare the behaviour of concrete with the existing combination of 
supplementary cementitious materials without and with concrete containing zeolite.  

Table 5. Proportion of concrete ingredients for varying percentage of zeolite, silica fume 
and fly ash 

Composition 
(kg/m3) 

Mix 1 
M50Z10 

Mix 2 
M50SF 

Mix 3 
M50ZSF 

Cement 405 371.25 326.25 
Zeolite 45 0 45 

Silica fume 0 33.75 33.75 
Class C Fly ash 0 45 45 
Fine aggregate 803 803 803 

Coarse aggregate 1101 1101 1101 
Water 160 160 160 

Admixture 2.82 2.82 2.82 

4. Methodology  

The mechanical specifications of M50 concrete grade are determined by Indian standards. 
A 100 mm diameter and 200 mm height concrete cylinder and a 100 × 100 × 100 mm 
concrete cube are cast, cured, and tested to determine the strength properties of concrete. 
Fig. 2 gives the cast specimens, and the concrete is prepared in the same way as regular 
concrete but with additional ingredients in addition to cement. The optimal combination 
for enhanced mechanical features at room temperature is found based on the outcomes of 
the experimental tests.  

 

Fig. 2. Cast specimens   
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Optimum mix is determined by the combination of supplementary cementitious materials 
by modifying the existing combination of cementitious materials in concrete containing 
zeolite. Further specimens are cast with optimum mix to determine the effect of varying 
concrete ingredients on the fire endurance of the concrete specimens. Heating of concrete 
cubes and cylinders is performed in the furnace at the rate of 10°C/minute to reach the 
desired target temperature of 200°C, 400°C, and 600°C and the specimens are heated for 
one hour under steady state after reaching maximum temperature. The mechanical 
properties including compressive strength and split tensile strength are determined after 
cooling of specimens to room temperature. The results are compared with conventional 
concrete to determine the effectiveness of utilizing zeolite, silica fume, and class C fly ash 
in concrete for improved fire resistance.  

5. Results and Discussions 

5.1. Testing at Room Temperature 

The workability of concrete mixes is determined using slump cone test as a preliminary 
investigation. The slump values obtained for conventional concrete, mix 1, mix 2 and mix 
3 are 100 mm, 90 mm, 85 mm and 84 mm respectively.  

5.1.1 Compressive strength  

Compressive strength is one of the important mechanical characteristics and it gauges how 
much axial compression that concrete can bear before cracking. Fig. 3 gives the 7-, 14- and 
28-day compressive strength for four different mixes determined at room temperature.  

 

Fig. 3. Compressive strength for concrete mixes with varying percentage of zeolite, 
silica fume and fly ash (CC – Conventional concrete) 

The target strength of 50 MPa is chosen for this study, and the conventional concrete has 
a strength of 51.4 MPa whereas mix 1 has 48.6 MPa, mix 2 has 52.4 MPa, and mix 3 has 53.9 
MPa after 28 days of curing period.  When compared to the conventional concrete, 
compressive strength for mix 1, mix 2, and mix 3 decreased by 5.4%, and increased by 2% 
and 4.9%, respectively. The compressive strength of all three concrete mixes with zeolite, 
silica fume, and fly ash decreased initially (7 and 14 days) and upon curing, the required 
target strength is reached. The compressive strength of Mix 1 is lower compared to other 
mixes, and the results are in correlation with studies performed by other researchers [23, 
24, 25]. The reactivity of zeolite increases with the increase in the days of curing, and the 
reactivity depends upon the water-cement ratio [23]. Adding fly ash and silica fume 
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resulted in the development of target strength comparable to conventional concrete. The 
compressive strength of concrete mix with silica fume, fly ash, and zeolite increases upon 
curing age due to secondary hydration induced by the addition of zeolite. The continuous 
hydration results in the development of higher strength [24] and hence the strength value 
is higher for Mix 3 under a constant water-cement ratio.  

5.1.2 Split Tensile Strength   

Split tensile strength testing offers important information on the tensile behaviour of 
concrete, information that is necessary for the design and assessment of different 
structural components, such as pavements, slabs, and beams. It also plays a crucial role in 
the building industry's quality assurance and control procedures. The split tensile result of 
the conventional concrete is shown in Fig. 4. 

 

Fig. 4.  Split tensile strength for concrete mixes with varying percentage of zeolite, 
silica fume and fly ash (CC – Conventional concrete) 

The 28-day split tensile strength of the conventional concrete has reached 4.21 MPa, mix 
1 has reached 3.74 MPa, mix 2 has attained 3.71 MPa and mix 3 has attained 4.34 MPa. The 
percentage reduction in split tensile strength for mix 1 and mix 2 is 11% and 11.8% when 
compared to the conventional concrete and mix 3 has gained the increase in strength value 
by 3.1%. From the test results, it is noted that the optimum mix is Mix 3 with compressive 
strength and a split tensile strength greater by 4.9% and 3.1%, compared with 
conventional concrete. Concrete cubes and cylinders are further cast with the arrived 
optimum mix and the specimens are tested after exposure to temperatures of 200°C, 
400°C, and 600°C. The effect of temperature rise on concrete is examined through 
percentage of weight loss, compressive strength, split tensile strength, and microstructural 
characteristics. The effectiveness of utilizing alternative cementitious materials in 
improving the fire resistance of concrete is studied by comparing the performance of 
concrete containing zeolite, silica fume, and fly ash with conventional concrete.  

5.2. Testing at Elevated Temperature  

5.2.1 Weight Loss of Specimens 

Fig. 5 gives the percentage of weight loss observed in both conventional concrete mixes 
and mixes with zeolite, silica fume, and fly ash. The percentage of weight loss for the 
conventional concrete after exposure to 200°C, 400°C, and 600°C is 0.4%, 4.9%, and 6.3% 
respectively. The percentage of weight loss observed in the concrete with optimum mix is 
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0.23%, 4.4%, and 5.35% respectively, after exposure to 200°C, 400°C and 600°C. The 
percentage of weight reduction is observed lesser in concrete with Zeolite (Z), Silica Fume 
(S), and Fly Ash (F) compared with conventional concrete at 400°C and 600°C. The 
comparison in % of weight reduction for specimens with and without ZSF is nominal at 
200°C. The reduction in weight of concrete specimens during exposure to elevated 
temperatures is linked to the degradation that takes place in the concrete during heating.  

 

Fig. 5. Percentage of weight reduction after exposure to elevated temperatures 

5.2.2 Compressive Strength 

Concrete after 28 days of curing are exposed to temperatures of 200°C, 400°C, and 600°C 
for 1 hour after reaching the target temperature. The specimens are tested after cooling 
naturally in the furnace and the compressive strength test results are given in Fig. 6. It is 
inferred that compressive strength values of the mix 3 concrete with ZSF under elevated 
temperatures are higher at 200°C, 400°C, and 600°C when compared to the conventional 
concrete. This can be due to the fact of the denser interfacial transition zone with the filling 
of voids by finer zeolite, silica fumes, and class C fly ash. Mix 3 has 53.1 MPa, 51.3 MPa, and 
42.7 MPa after exposure to 200°C, 400°C, and 600°C respectively, whereas conventional 
has the strength of 51.3 MPa, 48.5 MPa, and 40.2 MPa.  

 

Fig. 6. Compressive strength for concrete mixes with and without ZSF 

Table 6 gives the percentage difference in observed values of compressive strength 
obtained for concrete mixes with and without ZSF. Also, the percentage reduction in 
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compressive strength upon temperature rise is obtained by comparing the values of 
strength results obtained for both concrete mixes with and without ZSF. The percentage 
reduction is observed lesser for concrete mixes with ZSF and this can be due to the 
formation of highly dense structures in the form of additional strength by CSH formation. 
The strength retention at a higher rate for concrete mix containing ZSF can be attributed 
to the fact of greater quantity of additional hydration products developed in concrete 
containing zeolite upon heating [14].   

Table 6. Percentage reduction in compressive strength of concrete mixes with and 
without ZSF 

Concrete 
mix 

Compressive strength (MPa) 
% Reduction in compressive strength 

with respect to room temperature 
Room 

temperature 
200°C 400°C 600°C 

Room 
temperature 

200°C 400°C 600°C 

With 
ZSF 

53.9 53.1 51.3 42.7 - 1.5 4.8 20.8 

Without 
ZSF 

51.4 50.3 48.5 40.2 - 2.1 5.6 21.8 

5.2.3 Split Tensile Strength 

Split tensile strength is observed to reduce at a higher rate compared to compressive 
strength upon temperature rise. Fig. 7 gives the split tensile strength obtained for concrete 
mixes with and without ZSF. Also, a percentage reduction in split tensile strength is 
observed higher for mixes without ZSF.  

 

Fig. 7. Variation of split tensile strength for concrete mixes with and without ZSF 

The values of split tensile strength for concrete with ZSF retained a higher percentage of 
tensile strength by 96%, 93.1%, and 75% after exposure to 200°C, 400°C and 600°C 
whereas conventional concrete without ZSF retained 95.3%, 91.2% and 73% at 200°C, 
400°C and 600°C.  Table 7 gives the percentage of reduction obtained for split tensile 
strength after exposure to elevated temperatures for concrete mixes with and without ZSF. 
The retainment of a higher percentage of tensile strength can be due to the dense transition 
zone between cement and aggregate particles due to the addition of supplementary 
cementitious materials.  
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Table 7. Percentage reduction in tensile strength for concrete mixes with and without ZSF 

Concrete 
mix 

Split tensile strength (MPa) 
% Reduction in tensile strength with 

respect to room temperature 

Room 
temperature 

200°C 400°C 600°C 
Room 

temperature 
200°C 400°C 600°C 

With 
ZSF 

4.34 4.16 4.04 3.24 - 4 6.9 25 

Without 
ZSF 

4.21 4.01 3.84 3.09 - 4.7 8.8 27 

 5.2.4 Microstructural Characteristics 

Fig. 8 gives the images obtained from Scanning Electron Microscope for concrete with ZSF 
at room temperature and after exposure to 200°C, 400°C and 600°C. From the images, a 
dense transition zone with the formation of CSH and CH is observed at room temperature. 
At temperatures higher than 200°C, the microstructure undergoes significant 
modifications, and at 400°C, the formation of a few voids with the decomposition of a dense 
matrix is noticed. The increase in temperature results in a decrease in the volume of CH 
and CSH compared to the room temperature, and temperature rise causes a change in the 
appearance of CSH crystals. At 200°C, partial decomposition of CH and CSH is observed 
with the fibrous CSH, and few pores are observed. At 400°C, the breakdown of the dense 
matrix is observed along with the decomposition of CSH gel. At 600°C, macropores are 
observed with the formation of cracks. As noticed from the SEM analysis, the EDX analysis 
performed on the specimens reveals a significant amount of calcium, silicon, and oxygen, 
in addition to other elements that suggest the formation of hydrated CSH gel.  

 

 

 

 

a) Room temperature b) After exposure to 200°C 

CH 

 

CSH 

Fibrous CSH 
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Different peaks of calcium, silicon, and oxygen counts are observed with the temperature 
rise, and the count decreases with the temperature rise. The results are in correlation with 
SEM analysis for the observation of the decomposition of CSH and CH crystals at higher 
temperatures. 

5. Conclusions 

The objective of the present study is to investigate the concrete behaviour when the 
cement is replaced with Zeolite, Silica fumes, and class C fly ash, and the performance of 
concrete mix with ZSF is arrived at by testing the specimens for compressive strength test 
and split tensile strength. The effect of temperature rise on concrete with and without 
supplementary cementitious materials is identified and compared. The concluding 
remarks are as follows: 

• In comparison to the standard concrete mix, mix 1 with 10% of zeolite has a 
reduction in 28 days strength by 5.4%, mix 2 with 7.5% silica fume and 10% fly ash 
has an increase in strength by 2%, and mix 3 which consists of 10% zeolite, 7.5% 
silica fume, and 10% class C fly ash has increase in strength by 4.9%. All three types 
of concrete had originally had lower compressive strengths at the end of 7 and 14 
days of curing before eventually reaching the required target strength. 

• On comparison of split tensile strength with the conventional mix, mixes 1 and 2 
have a reduction in strength by 11% of their value while concrete mix 3 gains 3.1%. 
The addition of 10% zeolite, 7.5% silica fume and 10% fly ash resulted in the 
development of concrete mix with the desired compressive and tensile strength 
comparable with the conventional concrete mix.  

• Compressive strength and split tensile strength of concrete mixes with and without 
ZSF is compared after exposure to elevated temperatures of 200°C, 400°C, and 

 

 

 

 

c) After exposure to 400°C d) After exposure to 600°C 

Fig. 8. Images of scanning electron microscope analysis and EDX analysis obtained for 
concrete with ZSF 
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600°C, and the percentage retention of strength values for concrete mix with ZSF 
are found higher compared with mixes without ZSF. The percentage retention of 
compressive strength and split tensile strength for concrete mixes with ZSF is 
79.2% and 75%, and for mixes without ZSF is 78.2% and 73% after exposure to 
600°C. Additional hydration products developed due to the addition of zeolite, silica 
fume, and fly ash resulted in the retention of strength values at a higher rate 
compared with the conventional concrete specimens at elevated temperatures.  

• The strength value decreases with the temperature rise, and the percentage 
reduction in strength values is between the range of 20.8-27% at 600°C in both 
conventional mix and mix with ZSF. It is possible to ascribe the degradation of the 
microstructural components to the fact that a considerable loss of mechanical 
properties occurs at temperatures higher than 400°C. The degradation in 
mechanical properties is confirmed using EDX-SEM analysis. Microstructural study 
on concrete specimens presents the decomposition of CSH and CH matrix when the 
temperature exceeds 400°C.  

The present study examined to develop sustainable concrete with the desired 
characteristics and performance at room and elevated temperatures by incorporating 
supplementary cementitious materials such as zeolite, silica fume, and class C fly ash.  
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 This research work is related to the manufacturing of a composite fiberboard 
using dry lemon peel powder and epoxy resin, which can be used as an alternate 
to the plywood or wood. The objective of this study is to assess the mechanical 
and microstructural properties of this novel composite fiberboard. To assess its 
strength and ability to absorb energy, different tests were performed on 
different specimens. To comprehend the morphology and filler particle 
distribution within the resin, the microstructure of the fabricated composite was 
also checked using a scanning electron microscope (SEM). As per the 
experimental findings, the composite’s mechanical properties, such as hardness 
22.45 (Vickers), tensile strength 14.7 MPa, flexural strength 27.9 MPa and impact 
strength 21.76 J/m2, appeared promising with respect to the plywood. 
Additionally, perfect bonding was shown by the SEM study between the waste 
Dry Lemon Peel particles (DLPP) and the epoxy, contributing to improved 
mechanical properties.  
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1. Introduction 

The agriculture products when used produce the waste in the form of peels or shells and 
most of the time; these wastes are either dumped in open places or burned to produce 
energy resulting in generation of dioxins [1]. Five billion tons of food is wasted worldwide 
each year during the food life cycle including fruits fresh, vegetables, dairy products, baked 
goods and so forth [2]. The volume of such waste is anticipated to rise over the next ten 
years as a result of the growing world population [3]. 

Lemon peels are also such an example of agricultural waste. The global lemon production 
typically falls within the range of 16 to 18 million metric tons annually, with India emerging 
as a prominent lemon-producing nation alongside Mexico, Argentina, and Spain. The 
quantity of waste peel generated from an individual lemon is subject to variation based on 
factors like lemon size and peel thickness. The lemon peel typically represents around 25% 
to 30% of the overall weight of the fruit. The remaining 70% to 75% constitutes the edible 
fruit pulp and juice. 

The characteristics of lemon peel powder display variability influenced by factors 
including preparation methods, drying techniques and the specific attributes of the lemon 
peels utilized. The drying process is commonly employed to reduce moisture levels and 
enhance the shelf life of lemon peel powder. The Lemon peel powder emits a distinct 
citrusy fragrance akin to fresh lemon zest, with the strength of the aroma contingent on 
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the freshness of the lemon peels and the processing approach. Also, the density of lemon 
peel powder is subject to change depending on particle size, compaction and moisture 
content, generally displaying a moderate density relative to other powders. Although not 
entirely water-soluble, lemon peel powder can disperse and impart its flavor and aroma 
when incorporated into liquids, exhibiting partial solubility in hot water or other solvents, 
subsequently releasing its components. Lemon peel powder is comparably soft to various 
synthetic materials, easily pulverized into a fine powder due to its low hardness. While not 
inherently brittle, extensive drying may render it fragile, necessitating caution to prevent 
excessive drying that could lead to brittleness and susceptibility to breakage.  

Particleboard made of polymeric composites is created by mixing a polymeric binder with 
filling materials using suitable conditions and proportions. Urea formaldehyde [4-5], 
phenol formaldehyde [6] polyethylene [7-8] and polyvinyl acetate [9-10] are the most 
widely used binders for fabrication of composite fiberboard from different types of 
agriculture waste powders. The anticipated outcome is that these binders could enhance 
the mechanical properties, fire and biodegradation resistance of composite materials. To 
reduce dependency on trees as a source of wood it is essential to assess agricultural 
residues which usually have a low calorific value for use as filler material in the 
manufacturing of commercial particleboard. Owing to the distinct cellulose structures in 
each particleboard manufactured from various agricultural residues have differing 
physical properties. Assessing agricultural residues to determine their specific 
characteristics is essential, as these traits may differ based on the geographical location 
where the plants were cultivated. Various plant fibers and agricultural residues, such as 
nutshell almond and walnut shell [11-13], peach nut shell [14] bamboo [15] cotton seed 
hulls [16] wood flour [17] rice husk and starch [18-19], Todo fir and sun flower, have been 
investigated as filling materials [20-21] and they all offer a diverse range of options. It was 
found that an increased proportion of coconut fiber adversely impacts both the mechanical 
strength and the increase in thickness [8]. Various ratios of walnut-almond shell particles 
[ranging from 0% to 100%] were examined with urea-formaldehyde as the binder. After 
thorough analysis, the study noted that adding walnut-almond particles notably enhanced 
the aqua-resistance of the panels. However, increasing the content of walnut-almond shells 
in the panels led to a decrease in flexural strength [14]. One of the researches outlines a 
method for producing fiberboard by integrating walnut shell powder particles into epoxy, 
with the objective of evaluating mechanical properties. After testing a tensile strength of 
12.4 MPa, flexural strength of 19.1 MPa, compressive strength of 46.4 MPa and Charpy 
impact strength of 1.32 KJ/m2 (notched) have been obtained which is within the acceptable 
range and comparable with the properties obtained for other fiberboards made from 
similar types of waste agriculture waste powders [22]. Despite the remarkable physical 
characteristics of nano and micro-structured materials traditional elasticity theories are 
unable to adequately explain their behavior. Use of size-dependent elasticity models which 
take into account the effects of their small scale is necessary to accurately analyze their 
mechanical responses. These models provide a more accurate understanding of the 
materials properties and behavior under different conditions by taking into account 
phenomena like surface effects and size effects that become significant at the nano and 
micro-scale [23-25]. Incorporating Citrus limetta peel Powder with Epoxy Polymer 
composites reduce dependency on petroleum-derived Epoxy Polymer products. The 
possible uses of an epoxy composite strengthened with citrus limetta peel powder include 
furniture and decorative pieces, as well as doors, tables, and shelves [26-27]. A composite 
material with remarkable mechanical qualities has been developed by combining 
pomegranate peel powder with epoxy. This composite exhibits significant potential for use 
in fields where high strength capacities are essential [28]. 
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Adding lemon peel powder with epoxy resin in a certain ratio in a particular composite 
fiberboard can enhance the properties of composite fiberboard. Different observations are 
available which shows that adding graphene oxide [29], carbon nanotubes [30] and 
surface-modified graphene oxide [31] can enhance the mechanical properties of epoxy-
based composite fiberboards.  Additionally, the use of different binders in composite 
fabrication has been found to influence tribological properties and hardness, as observed 
in studies comparing emulsion and powder binders in epoxy resin composites [32]. 
Furthermore it’s been observed that a composite made of epoxy and powdered lemon peel 
may exhibit enhanced mechanical strength and tribological performance making it a 
flexible material with a variety of applications in the automotive and aerospace industries. 
Polymer composites with natural fibers are a subject of research [33-34]. It has been noted 
that the strength of SiO2-epoxy polymer nanocomposite material decreases less than that 
of unmodified material [35]. It was discovered that incorporating SiO2 nanoparticles into 
the epoxy matrix increases the contact forces and energy absorption capabilities [36]. 
Epoxy composites show better tensile strength [up to 124 MPa], flexural strength (203 
MPa) and lower carbon footprints than conventional petroleum-based alternatives. Epoxy 
has outstanding natural fiber adherence which improves the composites overall 
mechanical qualities [37].  

The leftover lemon peel can be used to make composite fiberboard by drying and 
powdering it. This strategy fits into the larger idea of using agricultural waste or 
byproducts for the production of sustainable materials and processes. There are numerous 
advantages to using leftover lemon peel to make composite fiberboard such as: 

• Environmental Sustainability: Recycling leftover lemon peels helps to manage 
waste in an environmentally friendly way and lowers pollution.  

• Resource Efficiency: Their use leads to preservation of precious resources 
ultimately lowering the demand for virgin materials.  

• Renewable and Biodegradable: Lemon peel is an environmentally friendly option 
since it is a renewable resource that breaks down naturally. 

• High dietary fiber content especially insoluble fiber: Incorporating lemon peel 
powder into composite matrices improves the tensile strength due to its high 
dietary fiber content especially insoluble fiber makes it suitable for manufacturing 
the composite fiberboard [38]. 

So, the objectives of present research work are; 

• To manufacture a fiberboard of Dry lemon Peel powder (DLPP) mixed with epoxy. 
• To find out the mechanical strength of the fabricated fiberboard. 
• To do SEM analysis of the fiberboard to describe its morphology.  

2. Material and Methods 

2.1. Materials 

• Dry Lemon Peel Powder (DLPP): This fine powder is created by mechanically 
processing dried lemon peels.  

• Epoxy Resin: Novolac Epoxy Resin (Araldite LY 556) with Aradur HY 951 as the 
hardener has been used as matrix for the fabrication of a robust and high-
performing composite material. 

2.2 Preparation of DLPP 

The first step in creating DLPP is obtaining fresh clean lemon peels from nearby sources. 
Then in order to get rid of any contaminants they must be thoroughly cleaned and rinsed. 
After cleaning the peels are spread out evenly on trays and dried by either sun-drying for 
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two to three days while covered with protective netting or roasting them for an entire day 
at 60°C. After being allowed to dry for a while the peels are manually cut into smaller pieces 
and then ground in a machine to a fine powder. To avoid thermal damage the grinding 
process is periodically stopped to allow for cooling. The ground powder is passed through 
a 200-mesh sieve to guarantee a constant particle size. Once collected the powder is stored 
in an airtight container that is sealed against moisture in a cool dry location. Because 
quality control methods are used the DLPP is of the highest quality and suitable for use in 
the manufacturing of composite fiberboards. Figure 1 shows the image of DLPP obtained 
from lemon waste.  

 

Fig. 1. Dry Lemon Peel Powder (DLPP) 

2.3 XRD Analysis of DLPP 

Finding a materials crystallographic structure can be accomplished very successfully with 
X-ray diffraction (XRD) analysis. In many scientific domains such as geology chemistry 
physics and materials science it is extensively employed to examine the arrangement of 
atoms or molecules in a crystalline sample. A crystalline or powdered material is exposed 
to a monochromatic X-ray beam in an XRD experiment.  

 

Fig. 2.Crystalline XRD and Amorphous XRD 

The sample can be precisely rotated in the X-ray beam since it is mounted on a goniometer. 
The diffracted X-rays are collected by a detector that is positioned on the other side of the 
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material. In order to obtain diffraction data, one typically rotates the sample and modifies 
the angle at which the detector and incident X-ray beam are positioned along a range of 
scattering angles. Usually, one uses a diffraction data visualization that shows the intensity 
as a function of the scattering angle (2θ). By analyzing the positions and intensities of the 
diffraction peaks one can determine the crystalline phases present in the sample along 
with several structural elements such as crystal orientation lattice parameters grain size 
and crystallographic defects.  Figure 2 shows the graphs obtained after XRD analysis for 
Crystalline and Amorphous materials. 

 

Fig. 2.Crystalline XRD and Amorphous XRD 

Figure 3 shows the result of XRD Analysis of the DLPP. After analysis of the XRD Image, it 
has been observed that the DLPP is amorphous material. There are some impurity peaks 
in XRD which suggest the presence of unintended or foreign materials in the sample.  This 
may be due to some dust or any other particle during generation of the peel powder. But 
in all they don’t affect the overall nature of the powder particle.  

 

Fig. 3. XRD image of DLPP 

    2.4 Fabrication of Composite Fiberboard 

Weighing the required materials is the first step in the fabrication process. The following 
number of materials have been selected for fabrication of composite fiberboard;  

• 300 grams of DLPP, 



Kumar et al. / Research on Engineering Structures & Materials 11(3) (2025) 1259-1273 

 

1264 

• 700 grams of Novolac epoxy (Araldite LY 556),  
• 210 grams of Aradur HY 951 hardener. 

Mixture having ratio of 30 to 70 of the reinforcement particle and epoxy resin ensures the 
most appropriate ratio for achieving optimal curing and mechanical properties in the 
fiberboard [39-40]. Using a mechanical stirrer to ensure even dispersion 300 grams of 
DLPP are gradually added to 700 grams of epoxy resin (Araldite LY 556) at the start of the 
fabrication process. The mixture is then progressively stirred with 210 grams of Aradur 
HY 951 hardener until a homogenous blend is obtained. As shown in Figure 4, a rectangular 
mold is prepared for molding and curing and it is coated with a release agent to make it 
easier to remove the cured composite.  

 

Fig. 4. Mold used for making the composite 

After thoroughly mixing and degassing, the composite mixture is poured into the mold and 
leveled out. To guarantee full polymerization and improved mechanical properties, the 
mold is post-cured at 120°C for two hours after being left to cure at room temperature for 
24 hours. Before mechanical testing, post-fabrication processing entails carefully 
removing the cured composite fiberboard from the mold. Figure 5 shows the finally 
fabricated Composite fiberboard. 

 

Fig. 5. Fabricated composite fiberboard 

2.5 Mechanical Characterization 

For the mechanical characterization of the fiberboard, specific tests mentioned below have 
been performed on specific samples obtained from it:   

• Hardness test 
• Tensile test 

• Flexural test 
• Impact test 
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2.5.1 Hardness Test 

The resistance to surface wear indentation and scratches is referred to as hardness. It is a 
measure of the board’s durability and strength, often influenced by the type of fibers, resins 
and bonding techniques used in its production. Hardness is crucial for applications where 
the fiberboard will face mechanical stress, such as in furniture, flooring or wall panels. The 
Vickers hardness test is performed on composites to evaluate their resistance to 
deformation and wear, which are critical indicators of their mechanical performance. By 
measuring the hardness, one can assess the effectiveness of the reinforcing materials 
within the composite matrix. This test also aids in quality control, guaranteeing 
consistency in production, and allows for the comparison of different composite 
formulations to identify the most effective combinations. The hardness has been measured 
using a Leitz Micro-hardness tester. For this test, a diamond indentater has been used 
which was operating under a load varying from 0.3 N to 3 N and forced throughout the 
material. Vickers Hardness Index (Hv) is computed by applying the subsequent formulas 
[41]. 

𝐿 =
𝑋 + 𝑌

2
 (1) 

𝐻𝑣 = 0.1889
𝐹

𝐿2
 

 

(2) 

Where, X is the horizontal length (mm), Y is the vertical length (mm), F is the applied load 
(N) and L is the diagonal of square impression (mm).  

2.5.2 Tensile Test 

Tensile strength refers to the maximum stress that the material can withstand while being 
stretched before fracture. This property is crucial for assessing the performance and 
durability of composite materials, particularly those reinforced with natural or synthetic 
fibers. The standard test procedure according to ASTM D638 has been applied for 
calculating the tensile strength for this research. Usually, flat specimens are used for the 
tensile test.  

 

Fig. 6. UTM with Tensile Sample Loaded 

The specimen geometries that are most frequently used are the flat specimens. Each 
Tensile testing sample has a Length of 250 mm, width of 25 mm and height of 10 mm. A 
Universal Testing Machine (UTM, Saumya Make) is used to conduct the tensile test. Cross 
head speed during the tests was 2 mm/min. Three composite samples have been tested 
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and the average value has been obtained for analysis. The testing apparatus and the sample 
in loading condition are depicted in Figure 6.  

2.5.3 Flexural Strength 

The flexural strength is also known as the bending strength of a material. Flexural strength 
represents the higher stress-bearing capacity before fracture. This strength can be 
evaluated through a 3-point bending test. After fabrication of composite, the specimen has 
been prepared as per the ASTM D790 standard. To conduct the test, each specimen was 
placed on machine fixtures of UTM and load was applied constantly as shown in Figure 7. 
The length of specimen was 150 mm while the breadth 12.5 mm and height has been taken 
as 10 mm. 

 

Fig. 7. Flexural test setup 

The values of peak load are computed for each specimen from the load vs. deflection curve. 
The flexural strength for different specimen can be calculated using formula [42]; 

𝜎𝑓𝑙𝑒𝑥 =
3𝑃𝑙

2𝑏𝑑2
  (3) 

Where, P stands for ultimate load (N), l stands for effective length (mm), b stands for 
breadth (mm) and d stands for height of the specimen(mm).  

2.5.4 Impact Strength 

The Izod impact strength refers to its ability to absorb energy during impact and is a crucial 
for applications requiring durability and resistance to sudden forces. The Izod impact 
strength test as per ASTM 256 is used to evaluate the impact resistance of materials like 
metals, composites and polymers.  

To determine the Impact strength of the composite fiberboard fabricated for this research, 
three specimens each having length of 50 mm and cross section area of 10x10 mm2 have 
been cut from the main fiberboard sheet. Figure 8 shows the test setup for the impact test. 
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Fig. 8. Izod Impact test setup 

2.6 SEM Analysis 

Small portions of the composite are cut and coated with gold using sputtering to enhance 
conductivity. These coated samples are then analyzed using a scanning electron 
microscope to study how dry lemon peel powder (DLPP) is distributed within the epoxy 
matrix and to determine the bonding interfaces between the filler and the matrix. 

3. Results and Discussion 

3.1 Hardness Test 

To measure Vickers hardness numbers Leitz Micro-hardness testing machine has been 
employed. Vickers hardness for the composite material is 22.45. According to this 
hardness value the mechanical properties of the composite are greatly enhanced when 
lemon peel powder is added to the epoxy resin matrix as a reinforcing agent. It also shows 
that the material is reasonably resistant to deformation and indentation under load.  

3.2 Tensile Test 

The tensile test was conducted in this study on three specimens obtained from composite 
fiberboard composed of epoxy resin and powdered dry lemon peel in accordance with 
ASTM D638 standard on a UTM, (Saumya Make). The test findings show that the fiberboard 
has an average tensile strength of 14.7 MPa. 

 

Fig. 9. Load versus deformation curve for tensile test 
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The Figure 9 shows a curve for Tensile Test of one of the test specimens. The materials 
elastic behavior wherein the deformation increases at a constant rate as the load is applied 
is first indicated by the curves non-linear increase. The curve peaks as the load increases 
at about 5.0315 mm of elongation or roughly 3627.5 N which is the highest load the 
material can bear before failing. The curve ends at this peak indicating that the specimen 
has either failed or has reached its breaking point due to significant plastic deformation. 
Its mechanical characteristics and behavior under tensile stress are highlighted by this 
curve which shows the materials ability to support increasing loads up to a critical point. 
DLPP have low tensile strength as compared to synthetic fibers. It has been observed that 
the composite fiberboard fails due to failure of the filler before the binding agent. As the 
filler has low strength as compared to that of the epoxy.   

3.3 Flexural Test 

Dry lemon peel powder and epoxy resin were mixed to create the specimens which were 
then molded and allowed to cure under carefully monitored circumstances. The three 
different specimens of the composite fiberboard were subjected to the flexural strength 
test in accordance with ASTM D790. The UTM (Saumya Make) with a three-point bending 
configuration was used to conduct the flexural strength tests. Dry lemon peel powder can 
effectively reinforce epoxy resin as evidenced by the composite fiberboard’s average 
flexural strength of 27.9 MPa.  

 

Fig. 10. Load versus deformation curve for flexural test 

The graph shown in Figure 10 illustrates the results of a flexural test performed on one of 
the specimens obtained from a composite fiberboard made from dry lemon peel powder 
and epoxy resin. The curve begins with a linear region where the load increases 
proportionally with elongation, indicating the elastic behavior of the material. This means 
that as the load is applied, the material deforms at a constant rate. The linear portion 
continues up to a point labeled "Max," where the maximum load of approximately 256.9 N 
is reached and the corresponding elongation is around 1.9614 mm.  

Beyond this maximum load point, the curve sharply declines, indicating the failure of the 
material. The sharp drop suggests that the composite fiberboard has reached its flexural 
strength limit and can no longer sustain the applied load, leading to a sudden failure. This 
graph demonstrates the material's ability to withstand increasing loads up to a certain 
point, after which it fails. The linear elastic region provides insight into the material's 
stiffness, while the peak point represents its flexural strength. It has been found that the 
brittleness of the epoxy which permits little plastic deformation prior to failure is the 
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reason why the composite fails under flexural loading. Thus it abruptly breaks under 
flexural stress following a specific load. 

3.4 Impact Strength 

The method used to evaluate the impact resistance of the composites made of dry lemon 
peel powder and epoxy resin was the Izod impact strength test which is carried out in 
accordance with ASTM D256. The notched specimen was subjected to a sudden force 
during the test using a pendulum and the energy the specimen absorbed up until fracture 
was measured. After three distinct samples were tested, the average impact strength was 
found to be 21.7 J/m. The toughness and durability of the material are indicated by this 
value which shows its resistance to impact forces. It is important for applications where 
the material may be subjected to sudden or dynamic loads that the results suggest the 
composite material has a moderate level of impact resistance. From the test it has been 
observed that the failure of the material is due to the low toughness of DLPP because dry 
or powdered natural fibers possesses low strength-to-weight ratios compared to synthetic 
fibers, making the composite less resistant to impact forces.   

3.5 SEM Analysis 

The composite made up of Dry lemon peel powder and epoxy was subjected to scanning 
electron microscopy (SEM) using Leo 435 VP equipment. The micro graphs of the 
composite are shown in Figure 11. Micrographs unequivocally demonstrate that a strong 
bond between the reinforcement and matrix is achieved in the absence of debonding, fiber 
chipping out and crack formation.  

 

 

Fig. 11. Micro graphs of the composite 
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4. Conclusions 

The investigation into the mechanical properties of composite materials reinforced with 
dry lemon peel powder and epoxy resin matrix has yielded significant insights. Based on 
the various tests and analyses conducted, the following conclusions can be drawn: 

• The Vickers hardness number for the composite material was found to be 22.45. As 
a result, the composites mechanical qualities are greatly improved by the addition 
of lemon peel powder increasing its resistance to deformation and indentation 
under load as are comparable to that of plywood or wood. 

• The fiberboard has a mean tensile strength of 14.7 MPa according to the results of 
the tensile test. The tensile strength of present research composite are 
comparatively higher than that of the properties of plywood or the walnut shell- 
epoxy composite fiberboard, which has the tensile strength 12.4 MPa Also the 
tensile performance of this composite could be improved by strengthening the bond 
adding toughness to the resin or using better filler materials. 

• The fiberboard exhibited a mean flexural strength of 27.9 MPa during the flexural 
strength test. The flexural strength of present research composite are 
comparatively higher than that of the properties of the walnut shell-epoxy 
composite fiberboard, whose flexural strength has been previously noted as 19.1 
MPa. The flexural strength can be enhanced by fillers like fibers such as carbon or 
glass fibers. Additionally adding nano-materials to the epoxy matrix like carbon 
nanotubes (CNTs) or nano-clays can also improve the flexural strength.  

• From Impact testing it has been found that the composite fiberboard has mean 
impact strength of 21.7 J/m2. This value indicates moderate impact resistance, 
suggesting that the material is suitable for applications involving sudden or 
dynamic loads. It may be possible to increase the composites resilience to impact 
loading by strengthening the fiber-matrix bond optimizing the filler treatment or 
adding additional reinforcing materials. 

• An examination using scanning electron microscopy (SEM) demonstrated a robust 
connection between the epoxy resin matrix and the reinforcement made of dry 
lemon peel powder. The absence of debonding, fiber chipping out and crack 
formation in the micrographs underscores the effectiveness of the lemon peel 
powder as a reinforcing agent. 

Therefore, it has been found that the composite material with dry lemon peel powder and 
epoxy resin has improved mechanical strength such as tensile, flexural strength, hardness 
and moderate impact resistance. The strong interfacial bonding observed in the SEM 
analysis further validates the potential of lemon peel powder as a viable reinforcement in 
composite materials. These findings suggest promising applications for this 
environmentally friendly composite in various industries where mechanical robustness 
and sustainability are paramount.  
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Article Info  Abstract 

Article History:  Deposition of Ice is observed over the road in cold countries and to the greater 
thickness during winter seasons. This problem is critical at bridge locations. This 
necessitates the removal of ice frequently. Manual removal is very difficult and 
time consuming. These need a process of continuous automatic removal. 
Conductive concrete when provided at bridge portion will continuously de-ice that 
portion. This is due to the heat generation because of its relatively high 
conductivity and electrical resistivity in the conductive concrete. In this study, an 
attempt is made to prepare conductive concrete in the laboratory and tested for 
its de-icing performance. M40 grade conductive concrete mixes were prepared with 
varying percentages of carbon content and cube strengths are determined for the 
same. The rate of de-icing is tested by proper electric supply to the casted 
conductive concrete slabs of 6 inch and 8 inch thick with varying carbon contents 
(8%, 10% and 12%) by weight of aggregates in the laboratory. Steel fibers are 
maintained constant at 2% by weight of aggregate. 10mm diameter TMT bars of 
Fe-415 were used as electrodes. The strength of concrete at 12% carbon content 
is 41.1MPa and further increase in carbon content shown decrease in strength (i.e. 
<40MPa) which is not recommended for highway pavements. The temperature of 
slab increased with increase in an applied voltage. This study confirmed that, the 
de-icing process is highly effective in conductive concrete and may eliminate ice 
clearing by manually. 
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1. Introduction 

The need for innovative remedies to reduce the negative impact of ice and snowfall on pavement 
surfaces has led to the conductive concrete development. It is a material that utilizes the electrical 
properties to provide de-icing processes. Conventional methods of de-icing like application of salt 
will harm the infrastructure as well as environment and reminding the researchers to identify 
alternatives that increase the thermal or heat performance of concrete. Studies have shown that 
conductive concrete can effectively mitigate these problems with the use of materials like carbon 
fibres, which will improve the electrical conductivity and causes the heat generation by electrical 
resistance [1].  

Furthermore, studies spotlighted the importance of configuration and composition of conductive 
materials in conductive concrete for the applications of de-icing in various constructions. 
Optimization of conductive fillers proportion can increase the conductive concrete overall 
performance[2]. In addition, many researchers have stated that the thermal efficiency and 
mechanical properties of conductive concrete are closely related to their characteristics of 
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microstructure [3][1]. This article aims to investigate the production and evaluation of conductive 
concrete, highlighting its capacity for pavement solutions and chemical treatments and avoiding 
removal of snow by manually. 

The intension of this study is to achieve the following objectives. 

• To develop a conductive concrete with varying carbon content (8%, 10%, and 12%). 
• To find out the compressive strength of prepared conductive concrete mixes for make sure 

integrity of structure. 
• To evaluate the de-icing performance of conductive concrete under different voltages. 

The development of conductive concrete has gathered an attention because of its effective 
applications in pavements surface de-icing process. Many studies have explained about this 
material, developed many methodologies and got positive results. This Concrete is the composite 
material, and it is the ultimate choice for the most structural applications, because of its low cost, 
easy availability, versatility and essential intended engineering properties. This composite material 
has an excellent strength properties and durability, but it is a poor conductor of electricity, 
particularly in dry condition[4]. The mechanical and electrical properties of concrete may have 
many important applications in different fields like construction industry, military and in other 
fields[5, 6]. 

In cold countries during winter seasons ice is deposited all over the road. Clearing the ice from the 
road becomes inevitable. This problem is much critical at bridge locations, where traffic jam may 
take place. Manual removal is difficult and time consuming. In such conditions de-icing the Bridge 
portion is very much essential. This necessitates the need of Conductive concrete, which has 
relatively high conductivity. In order to produce conductive concrete, certain number of conductive 
components such as carbon fiber, graphite, steel fibers etc., are added to the conventional concrete, 
so that its electrical conductivity increases. Here an attempt is made to prepare conductive concrete 
slabs for pavements and evaluated its efficiency in de-icing [7, 8]. 

Research on the implementation of conductive concrete for de-icing applications has shown 
promising results in various studies. A notable example is the application on the Roca Spur Bridge, 
a 150-foot-long and 36-foot-wide highway bridge over Salt Creek in Lincoln, Nebraska, near U.S. 
Route 77. This bridge, the first in the world to utilize conductive concrete for de-icing, has 
demonstrated excellent performance over a five-year period from 2003 to 2008. It has been noted 
for its energy efficiency and stable electrical conductivity, effectively preventing the accumulation 
of ice on the bridge deck [9, 10]. 

Additional studies have explored the composition of conductive concrete, specifically using 
graphite powder and waste steel fibres to enhance its properties. For example, a mixture containing 
5% graphite powder by weight of cement and 15-20% steel fibres by aggregate weight has proven 
to be effective in de-icing applications[11, 12]. Experimental results indicate that this mixture 
significantly improves the concrete’s conductivity, allowing it to generate sufficient heat for de-
icing purposes [7, 13] . Concrete that possesses both electrical and mechanical properties open up 
various applications in sectors such as the military, electronics, and civil infrastructure [14, 15]. It 
is particularly effective in electrical heating applications for de-icing highway bridges and airport 
runways, where maintaining operational surfaces free from ice is critical [16, 17]. Investigations 
into the effects of different conductive materials, such as steel fibres and graphite powder, have 
revealed that increasing the graphite content enhances the concrete’s conductivity, although it may 
slightly reduce its structural strength[18, 19]. For example, a mixture with steel fibres at 8.5% by 
weight and incremental graphite powder additions ranging from 5% to 20% showed that 
conductivity improved with increased graphite, but this was accompanied by a decrease in strength 
[20, 21]. Furthermore, the electrical and thermal properties of conductive concrete have been 
examined with varying graphite percentages, specimen dimensions, and applied voltages[22]. It 
has been found that increasing the voltage reduces electrical resistivity while increasing the heat 
generated in the concrete [23]. Smaller specimen sizes tend to produce higher electrical currents 
and temperatures, indicating that the amount of graphite, the applied voltage, and the size of the 
specimen significantly impact the thermal and electrical performance of the concrete[24]. Optimal 
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electrical and thermal properties are achieved with 2% steel and 10% graphite powder in the 
concrete mixture [25]. 

The literature review has indicated that, thermal and electrical properties can be improved by 
making the conventional concrete into conductive concrete and it has many applications, de-icing 
is one among them. Electrical conductivity leads to the de-icing [26]. Roca Bridge successfully 
implemented the conductive concrete for de-icing. Here an attempt is made to prepare conductive 
concrete in the laboratory and tested for its de-icing performance [27, 28]. However, many 
investigations have shown the application of carbon-based fillers materials such as carbon fibre 
and graphite in conductive concrete materials, concentrating on improvement of electrical 
conductivity and mechanical properties, these investigations still leave many gaps. For example, 
the conductive concrete long-term durability in different environmental conditions remains un-
investigated [3]. In addition, almost all studies emphasize the short-term performance rather than 
long-term performance of conductive concrete, such as self-healing capabilities and crack 
resistance [2]. Also, there are limited investigations for optimizing the equilibrium between 
mechanical strength and electrical properties for the field applications in road pavement, airfield 
pavement, bridges, roofs and structural elements [1] 

2. Materials and Methods 

The methodology involved in the production and evaluation of Conductive concrete is represented 
in flowchart as given below. 

 

Fig. 1. Flowchart explaining methodology 

2.1 Materials 

The cement, fine aggregate (M sand) and coarse aggregates were used to prepare the conventional 
concrete. In addition to that, the carbon powder at varying percentages and constantly maintained 
2% steel fiber by weight were added to the conventional concrete mix to make it as conductive 
concrete. Also, the reinforcement TMT steel as electrodes were inserted to the slab while casting. 
The materials used in this study is discussed as follows (Fig. 2.). 

 

Fig. 2. Raw materials used 

 

Cement Fine Aggregates Coarse Aggregates Carbon powder Steel Fiber 
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2.1.1 Cement 

Cement is the binding material in cement concrete. The Ultratech OPC 43 grade cement was used 
as primary binder in this study. The physical tests such as Normal Consistency, Setting Time, 
Soundness, Compressive Strength of mortar (7, 14, 21 days) and Specific Gravity were conducted 
on the cement in laboratory as per guidelines mentioned in IS 4031: 1988 and results are 
mentioned as in the table 2. 

2.1.2 Aggregates 

The aggregates employed in this study were borrowed from a known local quarry in a single batch. 
Physical tests were conducted to know the suitability of these aggregates (Fine & Coarse 
aggregates) and the test results were showcased in table 3. 

2.1.3 Carbon Powder 

The carbon powder or carbon black is the material used as conduction filler in the cement concrete 
to enhance the electrical conductivity of concrete. Tiny carbon particles will increase the mobility 
of electrons in concrete by creating continuous electrically conductive pathways by reducing 
electrical resistivity. The conductive concrete used for applications like De-icing of roads, 
electromagnetic shielding and self-sensing concrete.  It is employed as a cement-based addition in 
concrete mix with varying percentages by weight of cement. The percentage of carbon powder 
present in concrete mix will affect the electrical conductivity and mechanical properties of 
concrete. The carbon powder used in this study was purchased from local scientific materials and 
equipment dealer. 

2.1.4 Steel Fiber 

Steel fibers are added in electrically conductive concrete to enhance the electrical conductivity and 
mechanical strength. 2% steel fibers based on the weight of aggregates were added in the mix in 
the present study. Steel fibers enhance toughness, ductility and crack resistance of concrete and 
also create a continuous conductive network. These fibers have a high aspect ratio, which makes 
them to disperse well in the concrete matrix and providing efficient transfer of electrons. So that, 
the steel fibers can be used in the concrete which have the de-icing mechanism. The steel fiber 
material used in this study were brought from online purchase platform. 

2.2 Mix Design for Conventional Concrete of M40 Grade and Conductive Concrete 

The cement used for the concrete mix is OPC 43 grade, specific gravity of cement is 3.14, the coarse 
aggregate average specific gravity is 2.65 and of fine aggregate (M-sand) is 2.68, belongs to zone-II 
as per IS:383-1970(RA 2016). Super plasticizer used is FOSROC SB430 and its specific gravity is 
1.145. The mix design for conventional concrete is done as IS: a 10262-2009.The mix proportion 
by weight in kg per m3 is as given in table 1 below[29]. 

Table 1. Mix Design for Conventional Concrete (IS:10262-2009) 

Cement M-Sand Coarse Aggregate Water Admixture 

395 kg 724 kg 1168 kg 158.1 3.95 

1 : 1.833 : 2.957 : 0.4 : 1% 
 

The conventional concrete is made conductive concrete by adding electrically conductive materials 
such as steel fibers 2% by weight of aggregate and carbon powder of 8%, 10%, and 12% by weight 
of cement into the concrete. This makes the concrete to achieve uninterrupted ‘electrical 
percolation’ through the specimen. The flow of electrons through the composite constituents in the 
concrete increases the conductivity. But due to electrical resistivity of concrete, heat is gradually 
generated and de-icing process starts. 

The mix design of electrically conductive concrete was done same as conventional concrete by 
following the specified IS codes. But the conductive materials like steel fibers, carbon powder and 
reinforcement steel as electrode were added in extra make the conventional concrete as electrically 
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conductive. The addition of these materials to the mix has affected the strength properties in very 
small amount, but achieved the target strength.   

2.3 Production of Conventional and Conductive Concrete 

The conventional concrete is produced by mixing the dry materials as per the proportions provided 
in the mix design. Then water and admixture are added, mixed thoroughly, till a homogeneous mix 
is obtained. Then, cubes are casted and cured for 7days, 14days and 28 days and tested for 
compressive strength, as per IS: 516-1959 (RA 2008). The Production of Conventional and 
Conductive Concrete process is shown in fig. 3. 

Conductive concrete is produced by adding steel fibers and carbon powder into the conventional 
M40 grade concrete. The concreting materials are mixed in dry condition thoroughly, then water 
and super plasticizer is added and mixing is continued in the drum mixer, until a uniform, 
homogeneous mix is obtained. Carbon powder and steel fibers are added at the end and mixing is 
continued for another two minutes. Cube specimens for 8%, 10%, and 12% of carbon powder by 
weight of cement are prepared. Steel fibers are maintained constant at 2% by weight of aggregate. 
For each percentage of carbon 9 cubes were casted and tested for 7,14 and 28 days.  

 

Fig. 3. Production of conventional and conductive concrete 

2.4 Casting of Conductive Concrete Slabs 

Conductive concrete slabs for 8%, 10% and 12% carbon powder are casted for 6inch and 8inch 
thickness. The size of the slab is 1feet width and 2feet length. The percentage of steel in the 
conductive concrete is maintained constant, as 2% by weight of total aggregate mix. The conductive 
concrete produced is placed in the moulds, assembled for this purpose, in three layers; each layer 
is vibrated for 2 minutes on the vibration table. From the top 1/3rd height 2 rods of 10mm diameter 
Fe-415 TMT rods are inserted from the outside of the mould as electrodes at 6inch spacing between 
them and 3rd layer concrete is poured and vibrated. For each percentage, 2 slabs of 6inch and 8inch 
thick were prepared. The total numbers of slabs are 6 numbers. These slabs are cured for 28 days 
by immersing the slabs in water. The process of Casting Conductive Concrete Slabs is sown in Fig. 4. 

    

Fig. 4. Casting of conductive concrete slabs 

Mixing  Casting  Setting  Curing  
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2.5 Testing of Conductive Concrete Slabs for De-Icing Performance 

After curing the slabs for 28days, are taken out and kept for surface drying in air. Then the 
electrodes are connected to 220v AC (Alternative Current), through auto-transformers and 
isolation transformers. The line diagram of electric setup of various devices is as shown in the Fig. 
5. 

 

Fig. 5. Line diagram of electrical setup for conductive concrete 

2.5.1 Terminology of Electric Setup 

• Auto-transformer: It has a single winding on laminated core, here a winding part acts as 
common to both sides (primary and secondary). In loading condition, a part of current is 
obtained directly from supply and remaining by transformer action. This works as a voltage 
regulator.   

• Isolation Transformer: A transformer, which will transfer the current from source to some 
device, by isolating that device from the source of power, for safety purpose to protect against 
electric shock.  

• Ammeter: It is the current measuring instrument in the circuit, in amperes. 
• Thermocouple: It is a sensor used to measure temperature. 
• For measuring current, voltage and temperature in this study Multimeters are used. 

2.6 Experimentation 

2.6.1. Slump Test 

The slump test was conducted on conventional and electrically conductive concrete to check the 
workability as per the guidelines of IS 1199 (Part 2): 2021 by slump cone method (Fig. 6).  
Workability of concrete in terms of Slump value is measured for both the concrete and is shown in 
the Table 4.  

  

Fig. 6. Slump test Fig. 7. Compressive strength test 
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2.6.2. Compressive Strength 

The compression test was conducted on conventional and electrically conductive concrete to check 
the strength as per the guidelines of IS 516 (Part-1) 2021. The cube specimens were subjected to 
compression loading under compressive testing machine of frame capacity 2000kN (Fig. 7). The 
compressive strength of cube specimens was calculated by considering the peak load sustained by 
specimens and surface area of cube specimens. The results of compressive strength test are 
tabulated in the Table 5. 

2.7 Testing for De-icing Performance: 

The electrodes of the slab specimen are connected to the power source via auto-transformer & 
isolation transformer. To measure the current. Voltage and temperature multimeters are 
connected as shown in the circuit diagram. Current and voltage is measured at every 2℃ increases 
in temperature for all the 6 conductive concrete slabs and the same is tabulated in the Table 6, 7 
and 8. The Electrical test setup of conductive concrete and De-Icing process on conductive concrete is shown 
in Fig. 8. 

  

Fig. 8. Electrical test setup of conductive concrete and De-Icing process on conductive concrete 

3. Results and Discussions 

3.1 Materials Testing  

3.1.1 Tests on Cement  

The laboratory test results of cement sample are satisfying the requirements of specifications 
mentioned in the IS Codes. 

Table 2. Physical Test Results of UltraTech OPC 43 Grade Cement 

 

List of Tests Results Permissible Limits IS Code & Part 

Normal Consistency (%) 30 - IS 4031 (Part 4) 
Initial Setting Time (minutes) 115 ≥ 30 IS 4031 (Part 5) 
Final Setting Time (minutes) 295 ≤ 600 IS 4031 (Part 5) 

Soundness (Le-Chatelier Expansion) (mm) 1.0 ≤ 10 IS 4031 (Part 3) 
Compressive Strength (MPa) – 3 Days 24.6 ≥ 23 IS 4031 (Part 6) 
Compressive Strength (MPa) – 7 Days 35.9 ≥ 33 IS 4031 (Part 6) 

Compressive Strength (MPa) – 28 Days 44.5 ≥ 43 IS 4031 (Part 6) 
Specific Gravity 3.14 3.10 - 3.15 IS 4031 (Part 11) 
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3.1.2 Tests on Aggregate  

The physical test results of aggregate samples are satisfying the requirements of specifications 
mentioned in the IS Codes. 

Table 3. Physical Test Results of Aggregates 

List of Tests Result Permissible Limit IS Code & Part 
Fine Aggregates 

Fineness Modulus 2.60 2.2 - 2.9 IS 383:2016 
Specific Gravity 2.68 2.5 - 2.9 IS 2386 (Part 3) 

Water Absorption (%) 1.50 < 2.0% IS 2386 (Part 3) 
Coarse Aggregates 

Specific Gravity 2.65 2.5 - 2.9 IS 2386 (Part 3) 
Aggregate Impact Value (%) 22% < 30% IS 2386 (Part 4) 

Crushing Value (%) 26% < 30% IS 2386 (Part 4) 
Water Absorption (%) 1.00 < 2.0% IS 2386 (Part 3) 

 

3.2 Slump Test on Fresh Concrete  

Values of slump test in Table 4 indicate that, the workability decreased progressively with increase 
in the percentage of carbon powder in M40 grade concrete. The plain mix of concrete possessed the 
maximum value of 72mm slump which indicates good workability. However, on increasing the 
percentage of carbon powder, the slump values dropped to 68 mm, 62 mm, and 54 mm for 8% 
carbon powder, 10% carbon powder and 12% carbon powder respectively. This is because, the 
high surface area and fine particle size of carbon powder will increase the water requirement which 
was resulted in a reduction in amount of water in the mix.  

Table 4. Slump Values of Different Concrete Mixes of M40 Grade 

Sl. No. Type of mix Slump (mm) 
1. Conventional Concrete 72 
2. Concrete with 8% carbon powder 68 
3. Concrete with 10% carbon powder 62 
4. Concrete with 12% carbon powder 54 

 

 3.3 Compression Strength on Hardened Concrete 

The strength values in Table 5 indicate a decreasing strength gradually with an increase of the 
carbon powder content in the concrete mix. The normal concrete mix achieved highest strength of 
46.8 MPa at 28-day. Whereas 8%, 10% and 12% carbon powder mixes had slightly lower strengths 
of 44.1 MPa, 42.8 MPa, and 41.1 MPa respectively.  

Table 5. Compressive Strength of Different Concrete Mixes of M40 Grade At Different Curing 
Periods 

The trends are same at 7 and 14 days showing that higher carbon powder content decreases the 
strength development. This is due to higher voids and lower cement hydration, as carbon powder 
may interfere with the efficiency of binding. The strength values, however, are within acceptable 
limits, and carbon powder is a good additive for conductive concrete application. 

Sl. 
No. 

Type of mix 
7 Days Strength 

(MPa) 
14 Days Strength 

(MPa) 
28 Days Strength 

(MPa) 
1 Conventional Concrete 29.5 38.6 46.8 
2 Concrete with 8% carbon powder 28.2 36.8 44.1 
3 Concrete with 10% carbon powder 27.3 34.2 42.8 
4 Concrete with 12% carbon powder 25.9 32.7 41.1 
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3.4 De-icing Performance Test 

The relationship between the temperature and applied voltage, for different thickness of slabs with 
varying carbon powder is studied. Voltage is varied by using the regulator in the Autotransformer. 
As voltage is increased temperature go on increases. Voltage increase is limited to 230V only. For 
the observed value of temperature, current and voltage is noted. The power consumed can be 
obtained by taking the product of current and voltage. Current and voltage is measured at every 
2℃ increases in temperature for all the 6 conductive concrete slabs and the same is tabulated in 
the Table 6, 7 & 8 and the variation of temperature with respect to carbon powder percentage and 
voltage were graphically represented in the fig. 9 & 10. 

Table 6. Temperature Variation in Conductive Concrete Slabs of 8% Carbon Powder for 6” and 8” 
Thickness 

6 Inch Thickness Slab 

 

8 Inch Thickness Slab 
Sl. 

No. 
Voltage (V) 

Current 
(Amperes) 

Temp. (℃) 
Sl. 

No. 
Voltage (V) 

Current 
(Amperes) 

Temp. (℃) 

1. 200 1.70 34 1. 204 1.72 34 
2. 208 1.76 36 2. 212 1.79 36 
3. 212 2.10 38 3. 216 2.20 39 
4. 220 2.20 44 4. 220 2.34 45 
5. 228 2.40 52 5. 230 2.46 53 

 

Table 7. Temperature Variation in Conductive Concrete Slabs of 10% Carbon Powder for 6” and 8” 
Thickness 

6 Inch Thickness Slab 

 

8 Inch Thickness Slab 
Sl. 

No. 
Voltage 

(V) 
Current 

(Amperes) 
Temp. (℃) 

Sl. 
No. 

Voltage (V) 
Current 

(Amperes) 
Temp. (℃) 

1. 180 1.58 34 1. 182 1.59 34 
2. 190 1.65 36 2. 193 1.63 36 
3. 205 2.72 38 3. 208 2.70 38 
4. 220 2.21 44 4. 222 2.24 45 
5. 225 2.42 52 5. 225 2.44 54 
6. 230 2.48 58 6. 230 2.50 58 

 

Table 8. Temperature Variation In Conductive Concrete Slabs of 12% Carbon Powder For 6” and 
8” Thickness 

6 Inch Thickness Slab 

 

8 Inch Thickness Slab 
Sl. 

No. 
Voltage (V) 

Current 
(Amperes) 

Temp. (℃) 
Sl. 

No. 
Voltage (V) 

Current 
(Amperes) 

Temp. (℃) 

1. 162 1.42 36 1. 163 1.41 36 
2. 170 1.48 38 2. 172 1.46 38 
3. 178 1.60 42 3. 180 1.60 42 
4. 200 1.70 52 4. 202 1.72 52 
5. 210 2.10 58 5. 210 2.12 58 
6. 218 2.24 62 6. 218 2.25 62 
7. 225 2.41 68 7. 225 2.42 68 
8. 230 2.51 73 8. 230 2.54 76 

 

The result of the de-icing performance test shows a direct correlation between applied voltage and 
temperature rise in conductive concrete slabs. As more carbon powder is added, the slabs conduct 
electricity more efficiently, giving a greater rise in temperature at lower voltages. The 6-inch and 
8-inch slabs with 12% carbon powder gave the best results, with high temperatures of 73°C and 
76°C, respectively, at 230V. To compare, the maximum temperatures of slabs with 10% and 8% 
carbon powder were lower, meaning more carbon makes them heat better. The thicker slabs use a 
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greater current, which holds heat better. The results show that carbon powder greatly increases 
the self-heating ability of concrete, which can be very beneficial for de-icing in cold climates.  

 

 

Fig. 9. Voltage v/s Temperature at 6-inch slab 

 

Fig.10. Voltage v/s Temperature at 8-inch slab 

 

4. Conclusions  

This study mainly concentrated on the development of electrically conductive concrete by adding 
carbon powder and steel fibre as conductive materials to the mix and evaluation of the same. 
Different trial concrete mixes were prepared and subjected to testing for evaluating workability, 
mechanical performance and thermal response under applied voltage. The aim was to investigate 
the feasibility of conductive concrete as a pavement concrete for de-icing applications when 
exposed to extreme cold conditions. The laboratory experimental results illustrated the effect of 
carbon content on workability, strength and heat generation.  Thus, helping in optimizing the 
proper mix design for functional and structural performance.  

Based on the studies, the following conclusions were made. 

• A conventional concrete can be utilized as conductive concrete with the addition of 
commonly easily available conductive materials.  

• The average strength of conventional concrete achieved at the end of 28days of curing, is 
nearest to the mean target strength (mean target strength is 48.5 MPa). 

• The workability of concrete mix (slump value) decreases with increase in carbon powder. 
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• From Table-3, it is evident that compressive strength decreases with increase in carbon 
powder. The studies limited to 12% carbon content because any further addition reduces the 
strength below 40 MPa, which is normally does not recommend for highway pavements. 

• An ordinary TMT bars can be used as effective electrodes. 
• Table-4 to 6 shows that as applied voltage increases, temperature increases. It has been 

evident from the present study, that thickness of the conductive concrete slabs has little or 
almost nil effect on thermal property of concrete. 

• This study confirms that de-icing processes is very much effective in conductive concrete, 
which may avoid manual clearing of ice or usage of chemicals. 

4.1 Recommendations  

Conductive concrete with 12% carbon powder is recommended due to its heat generation 
efficiency and superior electrical conductivity at lower voltages for effective de-icing applications. 
Increase in carbon content increases heating performance which will makes it ideal for cold regions 
where rapid snow and ice removal is required. The optimum slab thickness should be selected 
based on heating requirements and energy efficiency. 

4.2 Scope for Further Work 

Conductive concrete may be produced using different conductive materials for other grades of 
concrete. Effectiveness of electrode may be ascertained with different materials.  
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Article History:  The construction industry in arid regions faces challenges in utilizing locally 
available dune sand due to its poor gradation and low interparticle friction. This 
study addresses these limitations by developing a novel leveling mortar composed 
of thixotropic polyester resin, methyl ethyl ketone peroxide (MEKP) hardener, and 
crushed dune sand from Taghit, Algeria. The research investigates the synergistic 
effects of mechanical sand crushing and thermal post-curing (170°C) on the 
composite’s mechanical, thermal, and microstructural properties. Scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
revealed that crushing transformed rounded dune sand grains into angular 
particles, enhances surface roughness and interfacial bonding with the resin 
matrix. Thermal treatment further densified the microstructure, promoting resin 
cross-linking and reducing organic content, as evidenced by elemental analysis. 
Mechanical testing demonstrated significant improvements: thermally treated 
mortars achieved compressive strengths of 116.45–119.9 MPa and flexural 
strengths of 38.75–45.25 MPa, representing a 10–12% and 89–98% increase over 
untreated counterparts, respectively. Differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) confirmed the composite’s thermal stability up 
to 410°C, with decomposition pathways dominated by resin pyrolysis. The 
findings highlight the valorization of dune sand as a sustainable alternative to 
conventional aggregates, reducing environmental impact and transportation 
costs. This work advances the understanding of resin-filler interactions in polymer 
composites, offering a scalable solution for high-performance, eco-friendly 
construction materials in resource-constrained arid regions. 
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1. Introduction 

The construction industry continually seeks innovative materials that combine durability, cost-
effectiveness, and environmental sustainability [1]. Among these materials, polymer-based 
composites—including leveling mortars—have garnered significant attention due to their 
adaptability, mechanical resilience, and potential to incorporate locally sourced aggregates [2,3]. 
Leveling mortar is a specialized construction material used to create smooth, flat surfaces on floors, 
walls, or substrates before applying final finishes such as tiles, epoxy coatings, or pavers. Unlike 
traditional cement-based mortars, polymer-modified leveling mortars offer superior workability, 
faster curing times, and enhanced bonding strength, making them ideal for both structural and non-
structural applications in modern construction. 

In arid regions, dune sand represents an abundant yet underutilized resource, often dismissed in 
traditional construction due to its fine granulometry and rounded particle morphology [4,5]. 
However, recent advancements in composite technology have demonstrated that such sands can 
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be transformed into viable building materials when combined with polymeric binders, offering a 
sustainable alternative to conventional aggregates [6-8]. This study explores the development and 
characterization of a novel thixotropic polyester resin-based leveling mortar composed of methyl 
ethyl ketone peroxide (MEKP) hardener and crushed dune sand sourced from Taghit, Algeria. By 
integrating mechanical, thermal, and microstructural analyses, this research elucidates how 
material processing—particularly crushing and thermal treatment—enhances the performance of 
dune sand-based composites, paving the way for their broader application in construction. 

The utilization of dune sand in construction has historically been limited by its poor gradation and 
low interparticle friction, which hinder compaction and mechanical stability [9-11]. Unlike river or 
crushed sands, dune sand grains are shaped by prolonged aeolian transport [12,13], resulting in 
smooth, spherical particles that reduce interlocking and adhesion in cementitious matrices. 
However, mechanical crushing has emerged as a promising method to modify sand morphology, 
creating angular particles with enhanced surface roughness and specific surface area [14,15]. 
These attributes improve particle-matrix bonding in composites, a critical factor for load-bearing 
applications. Recent studies have shown that crushed dune sand, when combined with organic 
binders like polyester resins, can yield mortars with superior mechanical properties compared to 
untreated counterparts [16]. This approach not only valorizes a readily available natural resource 
but also reduces reliance on energy-intensive conventional aggregates [17,18]. 

Thixotropic polyester resins, a class of unsaturated polymers, are particularly suited for composite 
formulations due to their unique rheological behavior [19]. Under shear stress, their viscosity 
decreases, enabling easy mixing and application, while stability at rest prevents sagging or 
segregation [20]. When catalyzed by MEKP hardeners, these resins undergo rapid polymerization, 
forming a rigid matrix that encapsulates filler materials. The chemical structure of polyester 
resins—comprising polyhydric alcohols and dibasic acids—facilitates cross-linking, which 
enhances mechanical strength and thermal resistance [21]. However, the interfacial compatibility 
between resin and filler remains a critical challenge, as weak bonding can lead to premature failure 
under stress. To address this, researchers have investigated post-curing treatments, such as 
thermal exposure, to further densify the matrix and strengthen the resin-filler interface. Such 
treatments promote additional cross-linking and microstructural refinement, which are pivotal for 
optimizing composite performance [22-24]. 

In this study, the synergistic effects of crushed dune sand and thermal post-curing on the properties 
of polyester-based leveling mortar are systematically investigated. The crushed sand, 
characterized by its angular morphology and high silica content (>95%), serves as both a filler and 
reinforcement agent [25]. Its interaction with the resin matrix is analyzed through scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), which reveal 
morphological and chemical changes induced by mechanical processing and heat treatment [26]. 
Differential scanning calorimetry (DSC), differential thermal analysis (DTA), and 
thermogravimetric analysis (TGA) provide insights into the thermal stability and decomposition 
pathways of the composite [27,28], while mechanical testing quantifies improvements in 
compressive and flexural strength [29]. 

The motivation for this work stems from two key gaps in existing literature. First, while several 
studies have explored the use of dune sand in concrete, limited attention has been paid to its 
application in polymer-based mortars, particularly those subjected to thermal modification. 
Second, the interfacial mechanisms between crushed sand and polyester resins remain poorly 
understood, especially in the context of post-curing treatments. By addressing these gaps, this 
research contributes to the development of high-performance, sustainable construction materials 
tailored for arid environments. 

The findings of this study hold significant practical implications. For instance, the enhanced 
mechanical properties of heat-treated leveling mortars could expand their use in load-bearing 
structures, flooring systems, or repair applications where traditional materials falter. Additionally, 
the use of locally sourced dune sand reduces transportation costs and environmental impact, 
aligning with global trends toward circular economy practices. From a scientific perspective, this 
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work advances the understanding of resin-filler interactions in composites, offering a framework 
for optimizing material formulations through controlled processing techniques. 

2. Materials and Methods 

2.1. Materials 

The materials used in this study include thixotropic polyester resin, Butanox M50 resin hardener 
and dune sand sourced from Taghit (Algeria), which is well classified with indice of classification 
lower than 2.5 [10]. Thixotropic polyester resin is a type of unsaturated polyester resin with a 
viscosity that decreases under shear stress, making it easy to mix and apply while maintaining 
stability at rest [19]. It is commonly formulated from polyhydric alcohols and dibasic organic acids, 
with the general chemical formula (C₂H₄O)n(C₈H₆O₄)m. The Butanox M50 hardener is a methyl 
ethyl ketone peroxide (MEKP), which serves as a catalyst in the polymerization process of polyester 
resins [30,31]. Its chemical formula is C₈H₁₈O₆, and it ensures proper curing and hardening of the 
resin matrix. The crushed dune sand primarily consists of silicon dioxide (SiO₂) and is used as a 
filler material to improve the mechanical properties of the leveling mortar, offering strength and 
durability. 

Particle Size Distribution (PSD) curve of crushed dune sand in The Fig. 1 shows a well-graded 
material with a mix of fine, medium, and coarse particles, ensuring good compaction and stability. 
The curve follows a smooth progression from 0% to 100% cumulative passing, indicating a broad 
range of particle sizes suitable for polymer- leveling mortar s. From a chemical perspective Table 
1, it is important to note that this sand has a remarkably high silica content, consisting of fine quartz 
grains. Its silica concentration exceeds 95%, classifying it as siliceous sand [10,11]. 

 

Fig. 1. Particle size distribution curve of Crushed dune sand 

Table 1. Crushed dune sand chemical compositions 

Composition 
(%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Other LOI 

Crushed dune 
sand 

97.15 0.79 0.21 0.11 0.05 0.14 0.18 0.02 < 0.02 0.58 

 

The preparation of the leveling mortar mixture follows a well-defined and systematic procedure. 
Initially, polyester resin is added to the crushed dune sand and mixed thoroughly to ensure a 
homogeneous distribution of the resin throughout the granular matrix. Following this, the 
hardening agent Butanox M50 is carefully introduced into the blend, initiating the polymerization 
reaction. The curing time of the mixture typically ranges between 40 to 80 seconds, depending on 
the quantity and proportions of the individual components used in the formulation. Once the 
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mixture reaches the appropriate consistency, it is poured into predefined molds for shaping. To 
ensure uniform compaction and to eliminate entrapped air that could compromise the structural 
integrity, the molds are subjected to a controlled vibration process. 

After molding, the samples are left to cure under ambient controlled conditions, allowing for 
complete polymerization of the resin matrix. In our research, a series of samples also underwent 
thermal post-treatment to investigate their behavior under elevated temperatures. Specifically, the 
leveling mortar was gradually heated to 90°C over a period of 20 minutes, then further elevated to 
170°C within 50 minutes. This peak temperature was maintained for a specified duration to allow 
for thermal interaction within the material. Following this, the specimens were cooled in a 
controlled manner, returning to room temperature over the course of 170 minutes. This thermal 
treatment protocol enabled us to closely examine the physical and chemical transformations 
occurring within the mortar, especially with regard to dehydration processes, improvements in 
thermal stability, and enhancements in mechanical performance following exposure to heat. As 
shown in Fig. 2, the heat-treated samples demonstrated noticeable changes that provide valuable 
insights into the mortar’s structural behavior under thermal stress. 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. Preparation of samples (a) Leveling mortar preparation, (b) leveling mortar, (c) Heat the 
leveling mortar 

Through the Table 2, The mortar mix comprises 55-65% crushed dune sand (primary filler), 30-
40% polyester resin (binding agent), and a small 0.15-0.25% hardener (curing agent) by weight. 
Sand dominates the mix, followed by resin, with hardener used minimally. 

Table 2. Composition ranges of mortar constituents by weight 

 

2.2. Methods 

In our study, we conducted a series of experimental analyses to evaluate the thermal behavior, 
microstructure, and stability of different composite materials composed of polyester resin and 
sand derivatives. Our experiments focused on four sample types: dune sand (DS), crushed dune 
sand (CDS), leveling mortar (M), and heat-treated leveling mortar (TM), as depicted in Fig. 3. 

To assess thermal properties, we employed Differential Scanning Calorimetry (DSC), Differential 
Thermal Analysis (DTA), and Thermogravimetric Analysis (TGA) using a TA Instruments Q600. We 
carried out the tests under an inert nitrogen (N₂) atmosphere with a controlled heating rate of 
20°C/min, spanning a broad temperature range from 40.91°C to 1190.41°C. Prior to testing, all 
samples were oven-dried at 105°C for 24 hours to remove moisture, and their granulometry was 
analyzed to ensure a particle size below 100 μm. 

Mortar constituents Range (% by weight) 

Thixotropic polyester resin 30-40 
Crushed dune sand 55-65 

Hardener 0.15-0.25 
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Additionally, we used a Scanning Electron Microscope (SEM) to observe the morphological and 
microstructural changes in the samples before and after crushing and thermal treatment. We also 
used Energy Dispersive X-ray Spectroscopy (EDS) coupled with SEM to determine the elemental 
compositions of the samples, tracking how heat exposure influenced the chemical makeup, 
particularly the degradation of organic resin and the increased visibility of mineral phases. We 
studied both untreated and thermally treated leveling mortar s to compare mechanical strength 
and thermal stability, emphasizing the role of heat in polymer cross-linking and microstructural 
reinforcement. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3. Samples (a) dune sand, (b) crushed dune sand, (c) leveling mortar and (d) treated 
leveling mortar 

 

(a) 

 

(b) 

Fig. 3. Mechanical test (a) compression and (b) flexural of leveling mortars 

The compression tests were performed in accordance with the NF EN 772-1 standard. Test 
specimens had prismatic dimensions of 40 × 40 × 160 mm³, which is a typical size for mortar 
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testing. The tests were carried out on a hydraulic press with a maximum load capacity of 300 kN, 
ensuring a controlled and uniform application of axial load until specimen failure. The loading rate 
was set to a constant and slow displacement speed of 0.5 N/s applied via the upper platen. 
Regarding flexural strength, we used the three-point bending test method, according to NF EN 
12390-5 standard. The same 40 × 40 × 160 mm³ specimens were used, with the support span fixed 
at 100 mm. The loading rate was precisely set to 0.05 kN/s, a relatively slow rate that minimizes 
vibrations or impact loads that could distort the mechanical response. These tests were conducted 
using a PILOT COMPACT-Line testing machine.  

In this study, we selected the number of samples for each type of analysis to ensure both reliability 
and reproducibility of the results. For the mechanical testing, I prepared a total of twelve prismatic 
specimens (40 × 40 × 160 mm³), divided equally between untreated and heat-treated mortars—
three specimens for flexural testing and three for compressive strength per mortar type, 
respectively. Regarding the thermal analyses, including Differential Scanning Calorimetry (DSC), 
Differential Thermal Analysis (DTA), and Thermogravimetric Analysis (TGA), I used four distinct 
sample types: natural dune sand (DS), crushed dune sand (CDS), untreated mortar (M), and heat-
treated mortar (TM). For each thermal technique, I tested one sample per material type, amounting 
to twelve thermal samples in total (4 materials × 3 techniques). Finally, for the microstructural 
analysis, I performed Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) on four representative samples—DS, CDS, M, and TM—using one specimen per 
type to capture the morphological and compositional differences introduced by crushing and 
thermal treatment. Although the sample size (n = 3 per condition) is limited, it aligns with standard 
preliminary mechanical testing practices for mortar formulations. This study aims to establish 
foundational insights; future work will include larger sample sets to strengthen statistical power. 

3. Results and Discussion 

3.1. SEM-EDS Analysis 

The dune sand (DS) exhibits a well-rounded and smooth morphology, characteristic of prolonged 
aeolian transport and weathering processes. These rounded grains provide high fluidity and lower 
interparticle friction, which influences their behavior in construction applications. However, after 
the mechanical crushing process, the resulting Crushed Dune Sand (CDS) undergoes significant 
morphological transformations. The SEM images in Fig. 4 reveal that the grains become angular, 
fractured, and highly irregular in shape. The smooth surfaces of the natural dune sand are replaced 
by sharp edges and increased surface roughness, which significantly enhances the specific surface 
area of the particles. 

This change in microstructure directly impacts the physical properties of the sand. The increased 
angularity leads to better interlocking between particles, which improves the mechanical 
performance of leveling mortar and concrete formulations. Additionally, the fractured nature of the 
grains enhances their adhesion capacity when mixed with binding agents such as cement or resin. 
However, the rough and jagged texture also means that crushed dune sand may require a higher 
water or binder content in composite materials to maintain workability. This increase in specific 
surface area can be advantageous in applications requiring enhanced cohesion and compactness in 
leveling mortar s and concretes. As seen in Fig. 4, the treated leveling mortar surface shows 
evidence of a reconfigured matrix, where the initially discrete sand-resin interfaces in the uncured 
leveling mortar (M) evolve into a more complex, interlocking morphology. While some microcracks 
and fractures are indeed visible, their distribution appears controlled and may reflect a 
densification process rather than simple structural failure. 

The observed microstructural changes can be interpreted as thermal post-curing effects, where 
elevated temperatures induce further cross-linking within the polymeric resin matrix. This post-
curing process leads to increased stiffness and a more rigid bond at the resin–sand interface. 
Instead of acting purely as a point of mechanical weakness, the interface transitions into a zone of 
constrained deformation, which may enhance stress transfer between components and improve 
the composite’s load-bearing capabilities. Additionally, the roughened and more textured surfaces 
of the sand grains in TM, compared to the smoother matrix in M, suggest enhanced mechanical 
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interlocking. Such morphological features can strengthen particle–matrix adhesion, especially 
under compressive and shear loads, contributing positively to the overall performance of the 
leveling mortar. Moreover, the apparent presence of thermally fused resin domains in TM implies 
a partial redistribution of the binder material, which could fill previously undetected micro voids 
or reinforce interparticle bridges.  

  

  

Fig. 4. SEM micrographs of dune sand (DS), Crushed Dune Sand (CDS), leveling mortar (M), 
treated leveling mortar (TM) 

The Energy Dispersive X-ray Spectroscopy (EDS) analysis presented in Fig. 5 offers a detailed 
comparison between dune sand (DS) and mechanically processed crushed dune sand (CDS), 
providing insight into how morphological and chemical changes impact material behavior 
especially when cross-referenced with Scanning Electron Microscopy (SEM) observations from Fig. 
4 and the associated analysis in section 3.1.For dune sand (DS) (Fig. 5a), the EDS spectrum and the 
corresponding quantitative results indicate that the dominant elements are oxygen (50.85 wt%), 
silicon (30.51 wt%), and aluminum (13.02 wt%), with smaller contributions from calcium (1.28 
wt%), magnesium (1.04 wt%), and iron (2.96 wt%). This composition is typical of silicate-rich 
sands, particularly those dominated by quartz (SiO₂) and aluminosilicates, such as feldspar and clay 
minerals. The relatively low carbon content (0.34 wt%) suggests a minimal presence of organic or 
carbonate material in the natural dune sand. 

In contrast, crushed dune sand (CDS) (Fig. 5b) displays a dramatically different elemental profile. 
The most striking feature is the sharp increase in carbon content (45.18 wt%), accompanied by a 
notable decrease in oxygen (37.68 wt%), silicon (15.16 wt%), and aluminum (0.97 wt%). These 
changes imply a significant transformation in surface chemistry following mechanical crushing. 
The elevated carbon may originate from surface contamination, adsorption of airborne organic 
materials, or testing environments. The decreased silicon and aluminum contents suggest partial 
masking of silicate phases or loss due to dust or fragmentation during crushing. Iron and calcium 
are present in trace amounts in both sand types but appear reduced in CDS. 

In the leveling mortar (Fig. 6a), the EDS spectrum indicates a dominant presence of carbon (60.36 
wt %) and oxygen (31.56 wt %), which together constitute over 90% of the sample by weight. This 
is consistent with the presence of organic polymeric resins or binders used in the leveling mortar 
matrix. The relatively low silicon content (7.39 wt %) reflects the limited exposure of sand particles 
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on the surface, suggesting that they are mostly embedded within the binder. Minor traces of 
calcium (0.56 wt %) and iron (0.13 wt %) are also observed. 

 

(a) 

 

(b) 

Fig. 5. SEM-EDS test results of (a) Dune sand and (b)Crushed Dune Sand 

Following thermal treatment, the composition of the treated leveling mortar (TM) (Fig. 6b) shifts 
markedly. Carbon is no longer the dominant element; instead, oxygen content rises significantly to 
48.76 wt %, followed by iron (28.68 wt %), silicon (20.19 wt %), and aluminum (2.04 wt %), while 
carbon is no longer listed, due to degradation, volatilization, or coverage loss of organic 
components during heating. This shift in elemental profile reflects the decomposition or 
redistribution of the polymeric resin and increased surface exposure of the mineral aggregates 
(primarily silicates and oxides). These EDS findings are in strong agreement with the SEM 
observations discussed in Fig. 4 and section 3.1. Initially, the leveling mortar (M) features a smooth 
and continuous matrix, with discrete sand-resin interfaces. This structure, rich in organic carbon, 
appears homogeneous but contains potential weak points due to poor interfacial bonding. 

Upon thermal treatment, SEM images reveal that the resin undergoes post-curing and densification, 
transforming the matrix into a more complex, interlocking morphology. The sand grains become 
more exposed, and the interface becomes mechanically and chemically more integrated. This is 
visually supported by the emergence of rough, textured surfaces in the SEM micrographs of TM, 
indicating better particle–matrix adhesion. Additionally, the higher presence of Fe, Al, and Si 
detected by EDS in TM suggests that inorganic fillers and natural sand components are more 
prominently involved in the structural skeleton of the treated leveling mortar. The dramatic drop 
in carbon percentage and rise in metallic and silicate components in TM highlights the thermally 
induced transformation of the leveling mortar from an organic-dominant to a mineral-dominant 
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composite. This transition implies enhanced mechanical performance, thermal resistance, and 
structural integrity. 

 

(a) 

 

(b) 

Fig. 6. SEM-EDS test results of (a) Leveling mortar (M) and (b) Treated Leveling mortar (TM)             

Table 3. Elemental composition found in EDX analysis of dune sand (DS), Crushed Dune Sand 
(CDS), mortar (M), treated mortar (TM). 

 DS CDS M TM 

Element 

C C C O 

O O O Mg 

Mg Mg Si Al 
Al Al Ca Si 

Si Si Fe Fe 

Ca Ca - - 
Fe Fe - - 

Weight % 
 

0.34 45.18 60.36 48.76 

50.85 37.68 31.56 0.33 

1.04 0.19 7.39 2.04 
13.02 0.97 0.56 20.19 

30.51 15.16 0.13 28.68 

1.28 0.04 - - 
2.96 0.78 - - 

Total 100 100 100 100 
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3.2. Strength of Leveling Mortars 

In Figure 7, the leveling mortar mixtures without heat treatment show moderate flexural and high 
compressive strength values. Leveling mortar made with dune sand (DS) exhibits a compressive 
strength of 104.2 MPa and a flexural strength of 20.5 MPa. In contrast, leveling mortar made with 
crushed dune sand (CDS) demonstrates slightly better performance, with a compressive strength 
of 109.85 MPa and a flexural strength of 22.8 MPa. This marginal improvement in strength for the 
CDS-based leveling mortar is attributable to the angular and rough texture of crushed sand 
particles, as highlighted in the SEM analysis (Figure 4). 

The improved particle interlocking in CDS enhances the mechanical engagement between the sand 
and binder matrix, especially under compressive loads. However, due to the presence of significant 
organic matrix (as shown in the EDS of Leveling mortar M, Figure 6a), the bonding remains limited, 
and flexural resistance is relatively low in both types. Following thermal treatment, Figure 8 reveals 
a substantial increase in both flexural and compressive strength for both leveling mortar types. 
Leveling mortar (DS) after heat treatment reaches a compressive strength of 116.45 MPa and a 
flexural strength of 38.75 MPa—almost doubling its flexural strength compared to the untreated 
version. The CDS-based leveling mortar shows even more significant gains, with compressive 
strength climbing to 119.9 MPa and flexural strength to 45.25 MPa. These improvements are well-
supported by the EDS results in Figure 6b, where a clear increase in elemental components 
associated with sand (Si, Fe, Al) is evident, and carbon content diminishes. This indicates partial 
decomposition of the organic binder and better exposure of mineral particles, leading to a denser, 
more cohesive structure. SEM observations (Figure 4) also confirm matrix densification, interfacial 
interlocking, and resin reconfiguration after thermal treatment, which directly contribute to the 
improved mechanical behavior.  When comparing both figures, the impact of thermal treatment is 
profound, particularly on flexural strength, which nearly doubles for both DS and CDS leveling 
mortar s. While compressive strength improves by approximately 10–12%, the increase in flexural 
resistance is much more significant—from 20.5 MPa to 38.75 MPa in DS leveling mortar s and 22.8 
MPa to 45.25 MPa in CDS leveling mortar s. This highlights the role of thermal curing in enhancing 
the toughness and ductility of the leveling mortar, not just its strength under static load. 

The increase in flexural strength following heat treatment was statistically significant for both DS 
(p = 0.01) and CDS mortars (p = 0.008). Similarly, compressive strength improvements were 
statistically significant (p < 0.05). The strength differences between mortars made with crushed 
and uncrushed dune sand were also statistically significant for both flexural and compressive tests 
(p < 0.05) This leveling mortar characterized by several noteworthy chemical properties, primarily 
derived from its constituents—crushed dune sand and thixotropic polyester resin. The crushed 
dune sand, mainly composed of quartz (SiO₂), also includes traces of feldspar and mica, and exhibits 
a fine granulometry that enhances surface reactivity. Upon incorporation with the polyester resin, 
a polymer derived from unsaturated acids like maleic acid and glycols such as propylene glycol, a 
strong chemical bond forms through cross-linking when a hardener is added. This polymerization 
process results in a thermoset matrix with improved chemical resistance, reduced water 
permeability, and increased structural integrity. 

Atom % 

0.58 56.01 69.05 69.75 

64.82 35.07 27.11 0.32 

0.87 0.11 3.62 1.73 

9.84 0.55 0.19 16.45 
22.16 8.04 0.03 11.75 
0.65 0.01 - - 
1.08 0.21 - - 

Total 100 100 100 100 
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Table 4. Strength of the leveling mortar without heat treatment 

Tests DS (mean ± SD) CDS (mean ± SD) 
Flexion (MPa) 20.5 ± 1.1 

 

20.5 ± 1.1 
 

Compression (MPa) 104.2 ± 2.2 
 

104.2 ± 2.2 
 

Modulus of Elasticity (E) (MPa) 10.2 ± 0.3 
 

10.2 ± 0.3 
 

Poisson’s Ratio (ν) 0.21 ± 0.02 
 

0.21 ± 0.02 
 

Table 5. Strength of the leveling mortar after heat treatment 

Tests DS (mean ± SD) CDS (mean ± SD) 

Flexion (MPa) 38.75± 1.1 45.25± 1.1 
Compression (MPa) 116.45± 2.2 119.9± 2.2 

Modulus of Elasticity (E) (MPa) 10.8± 0.3 10.94± 0.3 
Poisson’s Ratio (ν) 0.19± 0.02 0.18± 0.02 

 

 

Fig. 7. Strength of leveling mortar without heat treatment 

 

Fig. 8. Strength of treated leveling mortar 

3.3. Thermal Analysis 

3.3.1 Differential Scanning Calorimetry (DSC) 

In the Fig. 9, The Differential Scanning Calorimetry (DSC) curve analysis for the leveling mortar and 
treated leveling mortar under varying temperatures. Which consists of crushed dune sand and 
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thixotropic polyester resin, along with the dune sand and crushed dune sand, provides valuable 
insights into the thermal properties and behavior of these materials. 

 

Fig. 9. Differential scanning calorimetry (DSC) curve of dune sand, crushed dune sand, leveling 
mortar and treated leveling mortar 

The first transition, at 40°C, represents the glass transition temperature (Tg) of the polyester resin. 
This transition is indicative of the shift from a rigid, glassy state to a rubberier state, suggesting that 
the material experiences increased segmental mobility beyond this temperature. The relatively low 
Tg is characteristic of polyester resins used in leveling mortar s, confirming their flexibility and 
adhesion properties at lower temperatures. 

A crystallization peak (Tc ≈ 180°C) suggests an exothermic process, it is associated with the 
rearrangement of the polyester resin polymer chains. Given that the heat-treated leveling mortar 
was subjected to temperatures up to 170°C, this indicates that partial crystallization may have 
already occurred before testing. This prior heat exposure could have influenced the polymer 
structure, making it more stable compared to untreated leveling mortar. The thermal event 
observed at ~410°C corresponds to the onset of thermal decomposition temperature of the 
polyester resin matrix. While this is often exothermic in oxidative environments, under the inert 
nitrogen atmosphere used in DSC, the process may appear as a weakly endothermic transition due 
to bond cleavage within the polymer chains. 

(C2H4O)n(C8H6O4)m → CO2 + CO + H2O + C6H4(CO)2O + CxHy + residual carbon (1) 

In the DSC curves, the endothermic peak observed around 573°C corresponds to the well-
documented α-quartz to β-quartz phase transition of silica (SiO₂), which is a reversible solid-state 
transformation and not a melting event. This transition involves a structural rearrangement in the 
quartz lattice without material liquefaction. It is important to note that quartz melts at a 
significantly higher temperature, approximately 1650°C. Therefore, the thermal effect observed at 
~573°C reflects the polymorphic transformation of the quartz phase present in the sand 
aggregates, which can influence the composite's thermal response but does not indicate the melting 
of mineral components. 

3.3.2 Differential Thermal Analysis (DTA) 

The Differential Thermal Analysis (DTA) curve of dune sand and crushed dune sand in the Fig. 10 
reveals key thermal events related to the decomposition and transformation of its mineral 
components. The first noticeable feature is an endothermic reaction occurring between 400°C and 
600°C, which is attributed to the dehydration of clay minerals and the α-quartz to β-quartz phase 
transition. This reaction involves the loss of bound water from minerals such as kaolinite, which 
decomposes into metakaolin and releases water vapor. Additionally, the quartz polymorphic 
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transition at around 573°C further contributes to this endothermic behavior, as quartz undergoes 
structural rearrangement, which absorbs heat. These transformations indicate the progressive 
thermal decomposition of the sand’s mineral phases. 

Al2Si2O5(OH)4 → Al2Si2O7 + 2H2O (3) 

The second major feature in the DTA curve is an exothermic reaction occurring between 800°C and 
1000°C, corresponding to the crystallization and phase transformation of silica-based compounds. 
This reaction is associated with the reorganization of amorphous silica (SiO₂) into stable crystalline 
phases such as cristobalite or tridymite, releasing energy in the process. If organic impurities are 
present, their oxidation may also contribute to this exothermic peak. The similarity in thermal 
events between dune sand and crushed dune sand suggests that crushing does not significantly 
alter the thermal stability of the material, though it may slightly affect reaction intensities due to 
increased surface area and reactivity.            

 

Fig. 10. Differential Thermal Analysis (DTA) curve of dune sand and crushed dune sand 

 

Fig. 11. Differential Thermal Analysis (DTA) curve of leveling mortar and treated leveling 
mortar 

Analyzing the DTA curve of both leveling mortar and treated leveling mortar sheds light on their 
thermal properties, emphasizing phase changes and decomposition processes (Fig. 11). The 
pronounced thermal event around 410°C is associated with the degradation of the polyester resin. 



Mebarki et al. / Research on Engineering Structures & Materials 11(3) (2025) 1287-1304 
 

1300 

While recorded as exothermic in DTA—possibly due to minor oxidative effects or further cross-
linking reactions—the same process may appear differently in DSC, which operates under strictly 
inert conditions. Beyond this exothermic peak, the curve stabilizes, suggesting that no significant 
thermal events occur at higher temperatures. This indicates that once the polyester resin 
decomposes, the remaining inorganic components of the leveling mortar, primarily silica (SiO₂) 
and calcium-based compounds, exhibit thermal stability up to 1200°C. The fact that both leveling 
mortar and heat-treated leveling mortar exhibit similar exothermic behavior at the same 
temperature suggests that the heat treatment (up to 170°C) did not significantly alter the 
decomposition temperature of the resin, but it may have influenced the structural properties of the 
material. 

3.3.3 Gravimetric Thermal Analysis (GTA) 

From Fig. 12, The Gravimetric Thermal Analysis (GTA) curve of dune sand and crushed dune sand 
reveals a gradual weight loss of approximately 0.70% as the temperature increases from 0°C to 
1200°C. The initial mass loss below 200°C is primarily due to the evaporation of adsorbed water 
molecules on the sand particles, following the reaction H₂O (adsorbed) → H₂O (vapor). As the 
temperature reaches 400-600°C, a slight but continuous weight reduction is observed, 
corresponding to the dehydroxylation of clay minerals with the release of structural water. 
Additionally, the phase transition of quartz (SiO₂) from α-quartz to β-quartz occurs around 573°C, 
though this transformation does not contribute significantly to mass loss. In the 800-1000°C range, 
a more noticeable decrease in weight is attributed to the thermal decomposition of carbonate 
impurities, such as calcium carbonate (CaCO₃), leading to the release of carbon dioxide gas (CO₂): 

CaCO3 → CaO + CO2 4) 

 

Fig. 12. Gravimetric Thermal Analysis (GTA) curve of dune sand and crushed dune sand 

A significant weight loss of approximately 35% is observed in Fig. 13, primarily occurring between 
200°C and 500°C, which indicates the decomposition of organic components and polymer 
degradation. This process is influenced by the polymerization under nitrogen gas (N₂), which 
creates an inert atmosphere, suppressing oxidation reactions. As a result, thermal decomposition 
is driven mainly by pyrolysis and volatilization rather than combustion. Beyond 600°C, the GTA 
curve shows mass stabilization, suggesting that the remaining material is composed mainly of silica 
(SiO₂) aggregates and calcium oxide (CaO), both of which demonstrate high thermal stability in this 
temperature range. The first stage of mass loss (below 200°C) corresponds to the evaporation of 
free and physically adsorbed water within the leveling mortar. As the temperature increases to 
250-500°C, a sharp weight loss is observed, corresponding to the pyrolysis of the thixotropic 
polyester resin used in the leveling mortar. In the nitrogen environment, the polymer undergoes 
thermal cleavage of ester bonds (-COO-), resulting in the release of hydrocarbon volatiles, 



Mebarki et al. / Research on Engineering Structures & Materials 11(3) (2025) 1287-1304 
 

1301 

carbonaceous char, and gaseous byproducts such as CO and CO₂. The chemical degradation 
pathway can be approximated as: 

(C2H4O)n(C8H6O4)m → CO2 + CO + H2 + CxHy + char residue (5) 

Beyond 600°C, the remaining mass stabilizes around 65%, indicating that the silica-based 
aggregates and calcium oxide remain thermally intact under nitrogen conditions. Unlike in an 
oxygen-rich atmosphere, where complete combustion of organic residues would occur, the inert 
nitrogen atmosphere promotes the formation of carbonaceous char, which remains in the sample 
instead of being oxidized into CO₂. If calcium carbonate (CaCO₃) is present, it may decompose at 
higher temperatures (~800-900°C), releasing CO₂ gas. 

 

Fig. 13. Gravimetric Thermal Analysis (GTA) curve of leveling mortar and treated leveling 
mortar 

4. Cost and Scalability 

Based on the Table 5, the presented system (crushed dune sand + polyester resin + heat treatment) 
involves higher binder and processing costs due to the use of polyester resin (3–5 USD/kg) and 
thermal curing (10–15 USD/m³), compared to the lower cost of OPC (0.1–0.15 USD/kg) and 
ambient curing in traditional mortars. However, the use of locally sourced dune sand—available at 
negligible cost—versus commercial silica sand (30–50 USD/ton), along with faster curing and 
significantly higher mechanical strength, may compensate for the initial investment, particularly in 
projects requiring high performance, reduced construction time, or limited maintenance. 

Table 5. Strength of the leveling mortar after heat treatment 

Component / 
Process 

Proposed System (CDS + Polyester + 
Heat) 

Conventional System (OPC + 
Silica Sand) 

Binder cost 
High (polyester resin ~10–20× OPC 

price) 
Low (OPC is widely available 

& cheaper) 

Aggregate cost 
Very low (local dune sand, negligible 

transport cost) 
Moderate (industrial-grade 
silica sand, often imported) 

Curing time 
Fast (minutes to hours post-curing) Slow (up to 28 days for full 

strength) 
Environmental 

footprint 
Debatable: low transport impact, but 
polymer & thermal energy involved 

High due to clinker 
production CO₂ emissions 
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5. Conclusions 

This study demonstrated the significant potential of crushed dune sand, when combined with 
thixotropic polyester resin and subjected to thermal treatment, to serve as a high-performance 
filler in polymer-based leveling mortars. Through an integrated approach encompassing 
mechanical, thermal, and microstructural analyses, the research provided compelling evidence that 
mechanical processing and heat curing substantially enhance the composite's structural integrity 
and environmental viability. 

The transformation of natural dune sand into angular, fractured particles via mechanical crushing 
not only improved surface roughness but also significantly increased the specific surface area, 
which in turn promoted better interfacial bonding with the resin matrix. This observation, 
confirmed by SEM micrographs, aligns with the conclusions drawn in earlier studies on modified 
desert sands, which also reported similar improvements in mechanical properties through surface 
alteration techniques. Thermal post-curing at 170°C was shown to further enhance the matrix's 
densification, as evidenced by EDS analysis indicating a marked decrease in carbon content (i.e., 
resin pyrolysis) and increased mineral visibility (Si, Al, Fe). This process facilitated additional 
cross-linking within the polyester resin, thereby reinforcing the sand–resin interface. These 
findings corroborate earlier thermal studies of unsaturated polyester composites, who emphasized 
the critical role of post-curing in improving mechanical behavior. 

Mechanically, heat-treated mortars exhibited compressive strengths reaching up to 119.9 MPa and 
flexural strengths nearing 45.25 MPa, marking significant gains of 10–12% and up to 98%, 
respectively, over untreated samples. These values surpass those of conventional mortars and 
highlight the efficacy of combining mechanical crushing with thermal treatment for structural 
applications in arid regions. While prior works achieved moderate improvements through 
biopolymer stabilization, the current results outperform them in both compressive and flexural 
domains. The pronounced disparity between the gains in flexural strength (up to 98%) and 
compressive strength (10–12%) following thermal post-curing can be attributed to the differing 
failure mechanisms and stress distributions inherent in bending versus compression. Flexural 
strength is highly sensitive to the quality of the resin-filler interface and the ability of the matrix to 
transfer tensile stresses without crack initiation or propagation. Thermal treatment promotes 
extensive cross-linking within the polyester resin, enhances resin crystallinity, and leads to partial 
volatilization of weak organic phases. These changes improve matrix cohesion and significantly 
strengthen the interface between resins and crushed sand particles, as confirmed by SEM-EDS 
analyses. Moreover, the heat-induced densification process leads to better mechanical interlocking 
between angular filler grains and the polymer matrix, improving stress transfer pathways under 
tensile or flexural loading. In contrast, compressive strength is less sensitive to interfacial bonding 
and more dependent on the bulk resistance of the composite to axial loading. Thus, while both 
modes benefit from thermal treatment, the enhancement in flexural performance is more 
pronounced due to the microstructural reconfiguration that mitigates crack propagation and stress 
concentration zones, particularly in tension-dominated zones. This distinction underlines the 
significance of thermal curing not merely as a means of increasing bulk strength, but as a targeted 
strategy for improving toughness, ductility, and stress redistribution capabilities in polymer 
composites, especially under bending conditions. 

Thermal analyses (DSC, DTA, and TGA) confirmed the composite's thermal stability up to 410°C, 
with consistent pyrolytic degradation behavior of the organic matrix and stable mineral structure 
beyond this threshold. Notably, the treated mortars retained a residual mass of ~65%, indicating 
high fire resistance and long-term durability. These insights position this composite as a suitable 
candidate for construction in high-temperature or fire-prone zones, addressing key performance 
demands unmet by conventional polymer concretes. From a sustainability perspective, the 
valorization of locally sourced dune sand not only reduces dependency on conventional aggregates 
but also aligns with circular economy principles by minimizing material transportation and 
optimizing local resource utilization. This approach directly addresses concerns raised in reviews 
about the environmental footprint of traditional sand-based construction. 
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This work contributes a scalable, cost-effective, and environmentally responsible solution for 
developing thermally stable, mechanically robust, and microstructurally optimized leveling 
mortars. Future research should explore long-term durability under environmental loading, resin 
modification techniques to further enhance matrix-filler compatibility, and the applicability of this 
approach to prefabricated structural elements. The integration of crushed dune sand and thermal 
treatment into mortar formulation represents not merely a technical enhancement but a strategic 
pathway toward resilient infrastructure in resource-constrained regions. 

Practical durability tests demonstrated excellent resistance to environmental and mechanical 
stresses. These tests include sensitivity to mass loss, water absorption, heat treatment, and 
resistance to freeze/thaw cycles. The results indicate that heat treatment gives the mortars 
increased dimensional stability and impermeability, significantly limiting water penetration and 
shrinkage-related deformation. Robustness to freeze/thaw cycles confirm the composite's ability 
to withstand extreme climatic conditions. 

The improvements in mechanical performance, particularly in flexural strength (up to 98%), were 
not only substantial but also statistically significant (p < 0.05). These findings were validated 
through triplicate testing and rigorous statistical analysis, reinforcing the reliability and 
reproducibility of the results. Despite a higher initial cost related to the use of polyester resin and 
heat post-treatment, the proposed system is distinguished by its rapid implementation, increased 
mechanical performance and the exploitation of an abundant and almost free local resource 
(crushed dune sand). This combination makes it an economically viable and industrializable 
solution, particularly for projects requiring durability, reduced construction times and 
minimization of transport costs. 
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Article Info  Abstract 

Article History:  This study examines the impact of different grading methods for manufactured 
sand (M-sand) on the mechanical and durability characteristics of self-compacting 
concrete (SCC). A detailed experimental program was designed to assess the 
mechanical and durability properties of SCC containing M-sand processed through 
two different grading techniques, air-graded M-sand (AGMS) and wet-graded M-
sand (WGMS) in comparison with river sand (RS). AGMS & WGMS are used to 
replace RS in the proportion of 0%, 25%, 50%, 75% & 100%, and the mechanical 
and durability properties of the concrete have been evaluated. The findings reveal 
that the grading method has a notable influence on SCC performance. This study 
also examined the relationship between various durability properties like RCPT, 
water absorption and porosity using MATLAB. It was observed that AGMS and 
WGMS increased the compressive strength of M20 SCC by 29% and 14%, 
respectively. In M40 and M70 mixes, AGMS led to 14% and 13% increase, while 
WGMS resulted in 9% and 4%. Tensile strength improved by 26%, 25%, and 28% 
with AGMS, and 22%, 13%, and 26% with WGMS in M20, M40, and M70 mixes, 
respectively. The M70 grade SCC with AGMS shows the highest resistance to acid 
attack with 2.54% and 5.50 % weight loss and 3.41% and 6.59 % strength loss for 
2% and 5% dilution respectively. The M20 grade SCC with RS shows the least 
resistance to sulphate attack with 4.43% weight loss and 10.85 % strength loss, 
while M70 grade SCC with AGMS shows the highest resistance to sulphate attack 
with 1.06% weight loss and 1.66 % strength loss. Across all SCC grades, AGMS 
reduced water absorption, porosity, permeability, and charge passed by 40%, 
37%, 36%, and 33%, respectively, while WGMS achieved reductions of 20%, 18%, 
31%, and 21%, relative to RS. This research concludes that the appropriate 
selection and grading of M-sand are critical to achieving high-strength, durable 
SCC. 

© 2025 MIM Research Group. All rights reserved. 

Received 07 May 2025 

Accepted 21 May 2025 

Keywords:  
 

Manufactured sand; 
Self-compacting 
concrete;  
Grading method; 
Compressive strength; 
Tensile strength; 
Durability 

1. Introduction 

Self-compacting concrete (SCC) and manufactured sand (M-sand) have revolutionized modern 
construction practices, offering sustainable, efficient, and high-performance alternatives to 
conventional methods and materials [1-2]. As the construction industry grapples with increasing 
demands for quality, speed, and environmental responsibility, the integration of these advanced 
technologies has become essential [3]. This paper explores the applications of M-sand in self-
compacting concrete, aiming to highlight its contributions to civil engineering. 

Manufactured sand is obtained from crushing granite or basalt hard stones to create an artificial 
variant of river sand [4]. The process of river sand extraction causes ecological problems as well as 
destroys river beds [5]. Proper selection of river sand becomes crucial for using it in self-
compacting concrete because this material contains silt and clay along with organic impurities. M-

mailto:anitha_civil@sirmvit.edu
http://dx.doi.org/10.17515/resm2025-878me0507rs


Anitha and Ravi / Research on Engineering Structures & Materials 11(3) (2025) 1305-1330 
 

1306 

sand is produced in controlled facilities to achieve regular grain distribution without organic 
contaminants. The incorporation of M-sand helps resolve both environmental issues linked to river 
sand mining and equipment shortages for natural sand resources [6]. M-sand production requires 
multiple crushing phases followed by screening procedures to guarantee continuous high-quality 
and correct particle dimension control [7]. 

Managing the fractions falling below 150 microns represents a major challenge during M-sand 
production [8]. Extensive amount of fine particle leads to several production issues such as 
inadequately increased water usage and decreased workability of products which subsequently 
weakens concrete mixes. Industrial plants use grading methods to handle and separate their fines 
components for resolving this issue. Wet grading and air grading represent the basic methods 
which producers currently use for material separation [8]. The production of precise particle size 
distribution in air-graded M-sand (AGMS) depends on using air separators. The air grading system 
introduces crushed sand to a chamber where high-speed air streams split the finer components 
based on density and size and form from the larger particles. The process of grading separates fines 
as light material at the chamber top from heavier materials at the bottom to gather M-sand into a 
single group [9]. This technique provides environmental benefits through its closed operating 
system that reduces water pollutants while also conserving water resources since water is not 
essential for separation. Continuous check and adjustment of fines content becomes possible 
through air grading which ensures constant purity levels [9]. The wet-graded M-sand (WGMS) 
performs particle and contaminant elimination through water-based separation techniques. M-
sand manufactured through wet grading produces high-quality material of low silt-clay content, 
nevertheless, this approach necessitates a dependable water source as well as appropriate 
wastewater and silt disposal management. The choice between air-graded M-sand and wet-graded 
M-sand depends on different factors such as water supply conditions and environmental standards 
along with outcome quality expectations. The technique of wet grading remains widespread in 
regions with ample water supply. Air grading offers superior options in water-scarce areas and 
strict environmental restrictions.  

The utilization of M-sand in self-compacting concrete provides several performance-based as well 
as sustainability-oriented advantages. Studies shows that M-sand used along with 0 -15% of silica 
fume improves the rheological and mechanical properties of SCC [10]. The SCC mixes with recycled 
coarse aggregate (RCA) showed improved strength when M-sand was used as partial replacement 
for fine aggregate, also the SEM indicated that cracks and voids in RCA were better filled with M-
sand thereby improving the interfacial transition zone (ITZ) [11]. The optimal replacement level 
for achieving higher strength and durability in SCC was found to be 50% [12]. It was observed that 
addition of M-sand and fly ash, improved the fresh properties, compressive strength and split 
tensile strength of SCC while the flexural strength remained constant [13]. The passing ratio of L-
box test increased by 21%, the blocking ration in J-ring test increased by 25% and the compressive 
strength increased by 19% for 100% M-sand in SCC [14]. M-sand was found to result in lower 
flowability but higher mechanical properties in SCC compared to dune sand [15]. To achieve the 
desired flowability, a higher paste volume was required compared to SCC with river sand [16]. SCC 
with quarry dust showed improved performance in fresh state and the mechanical strength of 
concrete was also observed to increase up to 30% replacement of river sand with quarry dust [17]. 
SCC with 100% M-sand as replacement for river sand and 30% fly ash showed satisfactory 
flowability, passing ability and segregation resistance [18]. Shrinkage parameters were the least 
for conventional concrete made by 20% silica fume as replacement for cement and 60 % 
replacement of river sand by M-sand [19]. The load-carrying capacity of self-compacting concrete 
with coconut shell increased by 22% when M-sand was used as replacement for river sand [20]. 
SCC with manufactured sand possesses higher pumpability and better air content than with river 
sand, due to better angularity of M-sand particles and presence of stone powder [21]. 

This research examines how M-sand in SCC contributes to building innovations through 
comprehensive examination of manufacturing strategies and categorization methods and practical 
industry applications. This study evaluates the influence of river sand (RS), air graded M-sand 
(AGMS) and (WGMS) on the mechanical, durability properties and bond behavior of SCC. The 
building industry currently requires detailed research on M-sand as a replacement of natural river 
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sand because of escalating environmental problems, increasing construction expenses and 
declining material availability and supply. This evaluation examines mechanical strength and 
durability features of river sand in comparison to AGMS and WGMS across concrete grades M20, 
M40 and M70.  

2. Materials and Methods  

Self-compacting concrete with grades M20, M40 and M70 has been designed based on Indian 
standards to perform this experimental investigation. The experimental analysis uses materials 
listed below with their appropriate properties. 

2.1. Cement 

The experimental research utilizes 53-grade ordinary portal cement having 3.07 specific gravity 
that meets IS specifications for binder applications.   

Table 1. Physical Properties of Cement 

Properties Observed Value 
Permissible Value as per IS: 

12269-2013 [22] 
Fineness (Blaine’s Air Permeability 

method) 
281 m2/kg 225 m2/kg (minimum) 

Fineness of Cement (retained on 90µ 
sieve) 

2.5% Less than 10% 

Normal Consistency 32% - 
Specific Gravity 3.07 - 

Initial Setting Time 120 min 30 min (minimum) 
Final Setting Time 475 min 600 min(maximum) 

Soundness test 
Le-chat expansion (Auto clave %) 

1 mm 
0.09% 

10 mm (maximum) 
0.8 % (maximum) 

Compressive strength of mortar cubes 
3 days 
7 days 

28 days 

 
28.50 N/mm2 

39.00 N/mm2 

56.53 N/mm2 

 
27 N/mm2 (minimum) 
37 N/mm2 (minimum) 
53 N/mm2 (minimum) 

 

2.2. Fly Ash 

The experimental work utilized class 'F' fly ash from Raichur thermal power plant which has a 
determined specific gravity of 2.4 for this project.  

Table 2. Chemical and Physical Properties of fly ash 

Chemical Properties Physical Properties 
Oxide Content (%) Property Value 
SiO2 58.76 Fineness (Blaine’s 

permeability) (m2/kg) 
330 

Al2O3 31.48 Particles retained ON 45 micron 
IS sieve (%) 

30 

Fe2O3 2.85 28 days compressive strength 
(N/mm2) 

44 

CaO 0.75 Soundness (mm) 1.2 
MgO 0.85 Specific Gravity 2.4 
SO3 0.01 Color Light grey 

Loss on Ignition (%) 0.81   
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2.3. Fine Aggregates 

2.3.1 Natural River Sand  

The natural river sand that was locally procured adhering to the specifications for fine concrete 
aggregates in IS: 383:2016 [23] having calculated specific gravity of 2.56 was used after sieving to 
ensure uniform grading and size distribution. 

2.3.2 Manufactured Sand  

This research assessed two distinct methods of grading of M-sand as alternative fine aggregate - air 
grading or wet grading. 

• Air-graded M-sand (AGMS) is separated using a dry air grading process, which selectively 
removes excess fines and ensures a well-graded particle size distribution. This process 
results in angular, rough-textured particles with improved packing density and inter-particle 
friction, traits that are particularly beneficial in enhancing the mechanical and rheological 
properties of self-compacting concrete. The specific gravity was found to be 2.65.  

• Wet-graded M-sand (WGMS) was produced by washing and hydro-cycloning to remove fines 
and impurities. While this process also yields a clean product, it tends to retain slightly higher 
moisture content and a greater proportion of ultra-fine particles compared to air-graded M-
sand. These characteristics can influence the water demand and workability of the resulting 
concrete mix. The specific gravity was found to be 2.39. 

Both types of M-sand were used at varying replacement levels (0%, 25%, 50%, 75% & 100%) to 
evaluate their impact on the fresh, mechanical, and durability performance of SCC across M20, M40, 
and M70 grades. The consistent particle gradation and controlled production of manufactured sand 
provided a reliable basis for comparative assessment against natural river sand. 

Table 3. Physical Properties of RS, AGMS & WGMS 

Property RS AGMS WGMS Permissible limit (IS383:2016) [23] 
Specific Gravity 2.56 2.65 2.39 2.1 – 3.2  

Water Absorption (%) 1.78 0 3.54 <2% - RS 
<5% - M-sand 

Fineness Modulus 2.92 2.71 2.66 2.2 – 3.2  
 

 

Fig.  1. PSD curve for fine aggregates 

Fig 1. Illustrates the particle size distribution curve for all the three types of fine aggregates used 
in this study, from the PSD curve, it can be inferred that the gradation for river sand shows a more 
gradual increase in particle passing percentage, indicating a mix of fine and coarse particles. Air-
graded M-Sand has the most uniform gradation, with a higher percentage passing in the mid-range 

0

20

40

60

80

100

120

0.1 1 10

P
e

rc
e

n
ta

ge
 P

as
si

n
g

Particle Size (mm)

Particle Size Distribution Curve

RS WGMS AGMS



Anitha and Ravi / Research on Engineering Structures & Materials 11(3) (2025) 1305-1330 
 

1309 

sieves, indicating better grading control. While the Wet-graded M-Sand has a steeper curve in the 
middle range, meaning finer particles dominate compared to River Sand. 

2.4. Coarse Aggregate 

The aggregate was sourced from a local quarry and selected based on compliance with the 
specifications outlined in IS: 383–2016 [23]. The material exhibited a specific gravity of 2.63 
thereby satisfying the expectations for high-quality coarse aggregates that can be used in structural 
concrete applications. Laboratory analysis showed that the aggregate had proper grading where 
each fraction measured between 10 mm and 20 mm in dimension. 

Table 4. Physical properties of Coarse Aggregate 

Properties Results Permissible limit (IS383:2016) [23] 

Specific gravity 2.63 2.5-2.8 
Bulk density (kg/m3) 1590 1650 

Aggregate impact value 12.52% 30 
Aggregate crushing value 26.67% 30 

Fineness modulus 6.37 6 – 7  
Water absorption (%) 0.3 < 0.5% 

Flakiness index 24.2 25% 
 

2.5. Superplasticizer 

Glenium Master Sky 8233 serves as the superplasticizer because its developers conceptualized it 
using advanced polycarboxylate ether (PCE) technology. The water reduction capability and 
sustained slump behavior of this material exists within 1.08 ± 0.02 specific gravity and pH range of 
6-8. 

2.6. Viscosity Modifying Agent 

The rheological characteristics of self-compacting concrete experience a boost when using Glenium 
Stream 2 as a viscosity modifying agent (VMA) because it enhances mix cohesion while minimizing 
mix segregation and bleeding occurrences. The VMA maintains specific gravity at 1.01 ±0.01 
together with pH value at 8 ± 1. 

2.7. Methodology 

The SCC mixes were developed following the compressive strength-based mix proportioning 
approach as per IS 10262:2019 [24] and IS 456:2000 [25], with adjustments made to meet the fresh 
property requirements outlined in the EFNARC guidelines [26] for SCC. The mix design targeted an 
M40 grade with a characteristic compressive strength (fck) of 40 MPa. A target mean strength of 48 
MPa was adopted considering a suitable margin for variability. A total binder content of 450 kg/m³ 
was selected within the recommended SCC range (430–520 kg/m³), with 20% fly ash used as a 
mineral admixture (i.e., 360 kg cement + 90 kg fly ash). A water-to-binder ratio of 0.35 was 
maintained to achieve the desired strength and workability. 

Superplasticizer and Viscosity Modifying Agent (VMA) were incorporated at 1% and 0.2% of the 
total binder weight, respectively, based on product specifications and preliminary trials. Their 
specific gravities were considered to be 1.08 and 1.01 for volumetric calculations. The coarse 
aggregate volume fraction was limited to 0.45 of the total aggregate volume to enhance flowability, 
as recommended by EFNARC [26]. Based on volumetric calculations, the remaining volume was 
distributed between coarse and fine aggregates (45% and 55%, respectively). This yielded 807.94 
kg/m³ of coarse aggregate and 960.98 kg/m³ of river sand (for the 0% M-sand control mix). The 
design process included validation through trial mixes, assessing key SCC properties such as slump 
flow, V-funnel time, L-box ratio, and segregation resistance, to ensure compliance with EFNARC's 
performance criteria. 
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Table 5. Mix proportion for M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

Conc. 
Grade 

Mix 
Cement 
(kg/m3) 

Fly Ash 
(kg/m3) 

Water 
(kg/m3) 

CA 
(kg/m3) 

River 
Sand 

(kg/m3) 

Admixture 
(kg/m3) 

M-Sand 
(kg/m3) 
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RS100/20 320 80 180 802 955 4.0 0 

AGMS25/20 320 80 180 802 716 4.0 248 

AGMS50/20 320 80 180 802 477 4.0 496 

AGMS75/20 320 80 180 802 239 4.0 744 

AGMS100/20 320 80 180 802 0 4.0 993 

WGMS25/20 320 80 180 802 716 4.0 223 

WGMS50/20 320 80 180 802 477 4.0 446 

WGMS75/20 320 80 180 802 239 4.0 669 

WGMS100/20 320 80 180 802 0 4.0 892 

M
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RS100/40 360 90 158 808 961 4.5 0 

AGMS25/40 360 90 158 808 720 4.5 248 

AGMS50/40 360 90 158 808 480 4.5 497 

AGMS75/40 360 90 158 808 240 4.5 746 

AGMS100/40 360 90 158 808 0 4.5 995 

WGMS25/40 360 90 158 808 720 4.5 224 

WGMS50/40 360 90 158 808 480 4.5 449 

WGMS75/40 360 90 158 808 240 4.5 673 

WGMS100/40 360 90 158 808 0 4.5 897 

M
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RS100/70 400 100 145 710 1036 7.5 0 

AGMS25/70 400 100 145 710 777 7.5 268 

AGMS50/70 400 100 145 710 518 7.5 536 

AGMS75/70 400 100 145 710 259 7.5 805 

AGMS100/70 400 100 145 710 0 7.5 1073 

WGMS25/70 400 100 145 710 777 7.5 242 

WGMS50/70 400 100 145 710 518 7.5 484 

WGMS75/70 400 100 145 710 259 7.5 726 

WGMS100/70 400 100 145 710 0 7.5 967 
 

 

(a) 

 

(b) 

Fig.  2. (a) Casting of specimen (b) mixing of concrete 

A total of 9 mixes were prepared for each grade as shown in Table 5, the mix RS100/20 can be read 
as M20 grade mix with 100% river sand (control mix), the mix AGMS25/20 refers to M20 grade 
concrete with 25% AGMS, the mix WGMS25/20 refers to M20 grade concrete with 25% WGMS and 
so on. The mixing was done using a PAN mixer, for the first 30 seconds, fine aggregate and coarse 
aggregates were mixed after which half the quantity of water was added. The mixing continued for 



Anitha and Ravi / Research on Engineering Structures & Materials 11(3) (2025) 1305-1330 
 

1311 

another 60 seconds till the aggregates absorbed the water, after this the powder content including 
cement and fly ash were added to the mixer and mixed for 60 seconds, at this stage the 
superplasticizer and VMA mixed with remaining water were added to the mixer and the entire mix 
was mixed for 180 seconds. 

2.7.1 Fresh Properties 

• Slump Flow Test 

The slump flow test is one of the most widely used methods for evaluating the fluidity and filling 
capacity of concrete. Its simplicity and ease of application make it suitable for both laboratory and 
field conditions. In this test, an Abrams cone is placed on a non-absorptive surface and filled with 
fresh concrete without compaction. Upon lifting the cone, the concrete spreads under its own 
weight. The maximum diameter of the spread is measured in two perpendicular directions, and the 
average value is recorded. Additionally, the T50 flow time, which represents the time taken for the 
concrete to spread to a 50 cm diameter, is documented. IS 10262:2019 [24] provides guidelines on 
the typical range of slump flow values and their applications in concrete mix design. 

• V-Funnel Test 
The viscosity of self-compacting concrete (SCC) is evaluated using the V-funnel test, as specified in 
IS 1199 (Part 6) [27]. This test measures the time required for fresh concrete to flow through a V-
shaped funnel, known as the V-funnel flow time. Concrete with lower viscosity exhibits a rapid initial 
flow before stopping, while higher-viscosity concrete may continue flowing gradually over time. 
Based on flow time, viscosity is categorized into two classes: V1 and V2. V1-class concrete has 
superior filling ability, making it suitable for applications with congested reinforcement. It also 
exhibits self-levelling properties and provides an excellent surface finish. V2-class concrete, while 
beneficial in reducing formwork pressure and improving segregation resistance, may be prone to 
thixotropic effects, affecting surface finish and workability during placement. 
The flow time for V1-class concrete should not exceed 8 seconds, whereas for V2-class concrete, it 
ranges between 8 and 25 seconds. A longer flow time indicates higher internal friction and lower 
flowability, while a very short flow time may suggest poor mix stability due to excessively low 
viscosity. 

• L-box Test 

The L-box test is conducted to evaluate the passing ability of self-compacting concrete (SCC). This 
test measures the concrete’s ability to flow through confined spaces, such as reinforcement, 
without segregation or blocking. The minimum acceptable ratio of concrete depth in the horizontal 
section to that in the vertical section is 0.8, while a ratio of 1.0 indicates unrestricted flow, similar 
to that of water. 

 

(a) 

 

(b) 

Fig.  3. (a) L-Box test (b) V-Funnel test 
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In this test, fresh concrete is placed in the vertical section of the L-box and allowed to rest for 60 
seconds to account for potential segregation. Upon opening the gate, the concrete flows into the 
horizontal section, where rebar obstructions may be included to simulate reinforcement 
congestion. The parameters recorded include the descent of the sample head (Ha), which reflects 
the blocking tendency, the final depth at the far end (Hi), representing filling ability, and the time 
taken for the concrete to reach a specified flow distance, indicating its deformability. 

According to EFNARC guidelines [26], the blocking ratio (Ha/Hi) is used to assess the mix's passing 
ability, with an acceptable range between 0.80 and 1.0. 

2.7.2 Mechanical Properties 

• Compressive Strength 

The compressive strength test is a key indicator of concrete quality, providing insight into its 
overall performance. The test included casting of around 270 cubical specimen of 150 mm size in 
accordance with IS 516:1959 [28], for each mix proportion at a total of 10 specimen were cast and 
tested and their average values were recorded. The cubes were removed from the mold after 48 
hours and cured for a period of 28 days, before testing them under compression testing machine. 

• Tensile Strength 

The split tensile strength test is a reliable means of assessing concrete tensile failure resistance in 
structural members being subjected to tensile failure. It is an indirect method for determining 
concrete tensile capacity by the split tensile strength test conducted in adherence to IS 516:1959 
[28]. In this test, a cylindrical specimen with 300 mm x 150 mm dimensions is loaded axially in 
compression where tensile stresses are generated perpendicular to the impact force. For this test 
a total of 270 cylindrical specimen, were cast and tested. For each mix proportion 10 specimen 
were tested and their average values were recorded. It is one of the important tests which are used 
to assess concrete durability, predict cracking behavior and enhance structural resilience.  

 

(a) 

 

(b) 

Fig.  4. (a) Compressive strength test (b) Split Tensile Strength 

2.7.3 Durability Properties 

• Water Absorption 

A total of 270 cubical specimen (10 for each mix proportion) of 150 mm size were cast to determine 
saturated water absorption test at 56 days in accordance to ASTM C642 standards [29]. First of all, 
specimens were weighed in their initial state and then dried at 105°C for 24 hours in a hot air oven 
followed by drying until mass difference between two successive measurement made 24 hours 
apart was constant. After maintaining a constant dry weight, specimens were then cooled to room 
temperature and placed in potable water. At regular intervals, specimens were removed, surface 
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dried over a clean cloth, and weighed. The specimen remained in this manner till it was saturated 
fully. All the specimen were then oven dried and the saturated weight was measured, calculation 
of the percentage water absorption from Eq. 1 was then conducted. 

% Water absorption = 
(𝑊𝑠−𝑊𝑑)

𝑊𝑑
  x 100 (1) 

Where, Ws = weight of specimen at fully saturated condition, and Wd = weight of oven dried 
specimen. 

• Porosity 

Saturated water absorption is closely linked to the effective porosity, which quantifies the 
interconnected voids within the concrete matrix. Effective porosity (%) can be calculated using Eq. 
(2), after measuring the submerged weight of the specimen, in accordance to ASTM C642 standards 
[29]. 

Effective porosity, n = 
(𝑤𝑠−𝑤𝑑)

(𝑤𝑠−𝑤𝑠𝑢𝑏)
 x 100 (2) 

Where, Wsub = submerged weight of the specimen 

• Rapid Chloride Penetration Test 

The entry of chloride ions stands as a main factor that triggers reinforcing steel corrosion which 
results in damage to concrete structures such as bridges and parking lots as well as marine 
structures and industrial infrastructure. Millions of dollars annually represent the total repair 
expenses from corrosion damage. Uncracked concrete allows chlorides to enter through capillary 
absorption and hydrostatic pressure and diffusion and evaporative transport but diffusion shows 
the strongest effect. The migration of ions occurs from concrete interior to reinforcement when 
chloride concentration in the exterior surpasses the interior. These environmental conditions 
consisting of moisture and oxygen and cyclic wetting followed by drying processes speed up steel 
corrosion. The penetration speed of chloride depends on concrete pore structure that results from 
mix design and curing conditions and hydration and construction methods. Measuring chloride 
permeability requires 60V DC to flow through concrete samples with dimensions of 100 mm 
diameter and 50 mm thickness for a period of six hours with one end submerged in 0.3M NaOH and 
the other end in 3.0% NaCl solution as per ASTM C1202 [30]. The amount of electrical charge 
passed during testing enables reliable assessment of concrete permeability along with durability 
indicators. In this study a total of 45 specimen were tested and the results have been recorded and 
discussed. 

• Water Permeability 

The water permeability test is a critical assessment of concrete's durability, particularly its 
resistance to water ingress under pressure. This test provides insight into the pore structure and 
overall quality of the concrete matrix, which directly influences long-term performance in 
aggressive environmental conditions. For this study, a total of 108 concrete cubes of 150 mm size 
were used in accordance with DIN 1048 Part 5 [31], which outlines the procedure for determining 
the depth of water penetration under pressure. The test involves subjecting one face of the cube to 
water pressure (typically 5 bar) for a specified duration, after which the specimen is split to 
measure the maximum depth of water penetration. This method is widely accepted for evaluating 
the permeability and densification of concrete, especially in high-performance and self-compacting 
concretes. 

• Acid Attack 

Concrete is highly susceptible to acid attack due to its alkaline nature. When exposed to acidic 
environments, the cementitious matrix undergoes chemical disintegration, primarily through the 
dissolution of calcium hydroxide (Ca (OH)₂). The extent of degradation depends on concrete 
porosity, acid concentration, solubility of calcium salt, and the transport of acidic solutions through 
interconnected voids and cracks. Sulfuric acid (H₂SO₄) is particularly aggressive, as it induces both 
acidic and sulphate attacks, significantly compromising concrete integrity. Acidic solutions with 
pH<7 contain a high concentration of hydrogen ions (H⁺), accelerating chemical degradation. 
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Groundwater contamination from industrial effluents containing sulfuric, hydrochloric, and nitric 
acids can severely impact concrete substructures, such as foundations, basements, and trenches. 
Additionally, marine environments and chemical storage structures are frequently exposed to 
aggressive acidic conditions, leading to progressive deterioration, loss of strength, and structural 
failure. The impact of acid attack was evaluated by immersing 162 concrete cubes of 150 mm size 
in 2% and 5% sulfuric acid (H₂SO₄) solution as per ASTM C1898 – 2000 [32]. Following acid 
exposure for 56 days, changes in weight and compressive strength were assessed to determine 
deterioration levels. This study provides insights into the resistance of concrete to acidic 
environments, which is crucial for ensuring the durability and service life of concrete structures in 
chemically aggressive conditions. 

• Sulphate attack 

Sulphate attack represents a major threat to concrete structures which exist in areas with sulphate 
presence from groundwater and soil or seawater. Sulphate materials originating from agricultural 
draining water and ocean water cause external sulphate attack on the structure. In sulphate-rich 
regions, such as coastal and semi-arid areas, effective mix design is essential for durability. To 
evaluate sulphate resistance, 81 number of concrete cubes of 150 m size, were first cured in water 
for 28 days, followed by 56 days of immersion in 5% magnesium sulphate (MgSO₄) solution as per 
ASTM C1898 – 2000 [32]. Changes in mass and compressive strength were analyzed to assess 
deterioration in comparison to water-cured specimens, providing insights into sulphate resistance 
in aggressive environments. 

• Bond strength 

The bond strength between concrete and reinforcement bars is a critical parameter influencing the 
structural performance and serviceability of reinforced concrete elements. The bond between 
concrete and reinforcement, ensures a composite action facilitating effective stress transfer and 
crack control under loading.  

 

                                 (a)                                                                          (b)                                           (c) 

 

                   (d)                                               (e)                                                                 (f) 

Fig.  5. (a) Curing of specimen (b) specimen for RCPT (c) specimen immersed in magnesium 
sulphate solution (d) specimen subjected to water permeability test (e) bond strength 

specimen (f) specimen after exposure to acid attack 
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The present study investigates the bond behavior of reinforcement bars of diameters 10 mm, 12 
mm, 16 mm, 20 mm, and 25 mm embedded in 150 mm cubical specimen of SCC made with RS, 
AGMS and WGMS. A total of 45 specimen were cast and tested in accordance with IS:2770 (Part-I) 
[33]. The pull-out test method, a widely accepted technique for evaluating bond strength, is used 
to assess the interaction between the concrete matrix and the embedded steel bars. The test 
measures the maximum load resisted before slippage, offering insights into the adhesion, friction, 
and mechanical interlock characteristics governing bond performance. By varying the diameter of 
the reinforcement bars and the type of fine aggregate used in SCC, the study aims to identify trends 
and potential improvements in bond strength, with implications for the durability and efficiency of 
reinforced concrete structures.                   

3. Results and discussions 

3.1. Slump Flow Test 

The slump flow values for all mixes, ranging across M20, M40, and M70 grades incorporating 
various fine aggregate types, are shown in Fig. 6. As per EFNARC guidelines [26], self-compacting 
concrete should exhibit a slump flow in the range of 650–800 mm to ensure adequate filling ability 
without segregation. All the mixes tested fall within this permissible range, confirming their 
suitability as SCC. 

Across all grades, AGMS consistently produced the highest slump flows, supporting its role in 
enhancing SCC workability. WGMS, while suitable, resulted in comparatively lower slump values, 
likely due to its higher angularity and less favorable gradation. River sand performed well but did 
not match AGMS in terms of flow enhancement, especially at higher grades. 

All recorded values satisfy EFNARC criteria [26], validating the mix designs. The findings confirm 
that air-graded manufactured sand (AGMS) offers an optimal balance of grading, shape, and 
packing, making it a highly viable replacement for natural sand in SCC, especially when consistent 
workability is essential. 

 
Fig.  6. Slump value for M20, M40 and M70 grade SCC using RS, AGMS ad WGMS 

3.2. T50 Slump Flow Test 

The T50 slump flow test provides insight into the viscosity and flow rate of self-compacting 
concrete (SCC). It measures the time (in seconds) taken for the concrete to spread to a 500 mm 
diameter during the slump flow test. As per EFNARC guidelines [26], acceptable T50 values for SCC 
typically range from 2 to 5 seconds, where lower times reflect faster flow (lower viscosity) and 
higher times indicate increased viscosity and resistance to flow. All mixes complied with EFNARC’s 
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T50 limits (2–5 sec), indicating acceptable viscosity and suitability for SCC applications. AGMS at 
lower replacement levels consistently reduced T50 times, promoting faster flow and better 
placement ability. WGMS increased viscosity at higher replacement ratios, likely due to angularity 
and higher water demand. RS-based mixes demonstrated moderate and stable T50 times, serving 
as a benchmark for comparison. These results confirm that the type and proportion of fine 
aggregates significantly influence the flow rate and viscosity of SCC. AGMS, emerged as the most 
favorable for achieving a desirable balance between workability and flow resistance. 

 
Fig.  7. T50 Slump for M20, M40 and M70 grade SCC using RS, AGMS ad WGMS 

3.3. V-Funnel Test 

The V-funnel test measures the viscosity and filling ability of SCC, with flow times between 6 to 12 
seconds considered satisfactory as per EFNARC guidelines [26]. Higher values indicate greater 
viscosity and potential risk of blockage, while lower values suggest better flowability. Across all 
grades, SCC with AGMS recorded the lowest flow time, indicating enhanced flow due to improved 
particle packing. In contrast, SCC with 75% WGMS showed longer flow times, reflecting increased 
viscosity at higher replacement levels indicating slightly higher resistance to flow. These findings 
highlight the influence of sand type and replacement level on the viscosity of SCC, with AGMS mixes 
offering an optimal balance between flowability and stability. 

 
Fig.  8. V-Funnel test for M20, M40 and M70 grade SCC using RS, AGMS ad WGMS 
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3.4. L-Box Ratio 

The L-box test evaluates the passing ability of self-compacting concrete, crucial in determining its 
suitability for heavily reinforced sections. According to EFNARC [26] and IS: 10262-2019 [24] 
recommendations, an L-box ratio (H2/H1) between 0.8 and 1.0 is considered acceptable for SCC, 
indicating good passing ability without segregation or blockage. Across all the grades of SCC, all 
variants, including those with RS, AGMS, and WGMS, showed L-box ratios between 0.80 and 0.95, 
fulfilling standard limits. Mixes with AGMS exhibited slightly higher ratios, indicating superior 
passing ability, likely due to better grading and particle shape compared to RS and WGMS. Overall, 
the results affirm that replacement of RS with AGMS offers enhanced passing ability while 
maintaining compliance with SCC workability criteria. WGMS, although viable, may require finer 
tuning of mix proportions or the use of viscosity modifying admixtures (VMAs) at higher 
replacement levels to match the performance of AGMS. 

 
Fig.  9. L-Box Ratio for M20, M40 and M70 grade SCC using RS, AGMS ad WGMS 

3.5. Compressive Strength 

The compressive strength of M20 grade concrete containing air-graded M-sand increases 
according to replacement percentage with the strongest results achieved from 100% replacement. 
An escalation of compressive strength appears across M40 grade concrete as the replacement 
percentages rise beyond 75% and reach 100%. According to M70 grade concrete results the 
compressive strength exhibits stable values and reaches its peak level at 100% replacement since 
air-graded sand functions effectively in high-strength SCC mixes. The strength measures for M20 
grade concrete achieve higher values through M-sand replacement taking place by wet grading 
even though the collected data remains lower than the testing results from air grading. 

The M40 grade concrete shows a steady strength growth but the growth rate remains lower when 
compared to air-graded sand. In M70 grade concrete, strength remains high across all replacement 
levels, with 100% replacement producing nearly equal strength as natural river sand, indicating 
the suitability of wet-graded sand for high-strength SCC. Air-graded sand shows a more 
pronounced increase in compressive strength across all replacement levels, particularly in 
medium- and high-strength SCC mixes. Wet-graded sand demonstrates a steady but slightly lower 
strength gain compared to air-graded sand, though it remains suitable for high-performance SCC 
applications. At higher replacement percentages (75% and 100%), both sands yield comparable 
results in high-strength mixes (M70), confirming the viability of manufactured sand as a 
sustainable alternative to river sand. The compressive strength of SCC improves with increasing 
replacement of river sand with manufactured sand, with air-graded sand demonstrating a greater 
strength enhancement compared to wet-graded sand. In high-strength SCC (M70), both types of 
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manufactured sand perform effectively, making them suitable replacements for river sand. Proper 
mix design adjustments are necessary to optimize the use of manufactured sand in different 
strength grades of SCC. 

 
Fig.  10. Compressive Strength of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

3.6. Split Tensile Strength 

The Tensile Strength Test was conducted on Self-Compacting Concrete (SCC) incorporating air-
graded and wet-graded manufactured sand as a partial and full replacement for river sand. The 
analysis covers different mix grades: M20, M40, and M70, with replacement percentages of 0%, 
25%, 50%, 75%, and 100%. Tests indicate that tension strength progressively rises as replacement 
levels increase in M20 grade concrete with air-graded M-sand reaching its maximum at full 
substitution. M40 grade concrete tests revealed that tensile properties increase when more 
replacement occurs until maximum values occur at total replacement of standard sand by air-
graded sand. The effectiveness of air-graded sand for high-strength SCC remains high in M70 grade 
concrete because tensile strength remains consistent between 75% and 100% replacement levels. 

 
Fig.  11. Tensile Strength of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 
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Wet-graded M-sand used to make M20 grade concrete leads to rising strength values at each 
replacement fraction yet produces weaker outcomes than air-graded sand. The strength values in 
M40 grade concrete show a growing trend until they reach substantial heights starting at a 50% 
replacement threshold. When used as a substitute in M70 grade concrete the measurements of 
tensile strength match those from air-graded sand particularly at 75% and 100% replacement 
levels which establishes its use for high-strength SCC applications.  

Air-graded sand exhibits a more pronounced increase in tensile strength across all replacement 
levels, particularly in medium- and high-strength SCC mixes. Wet-graded sand shows a steady but 
slightly lower strength gain, though at higher grades (M70), both sands yield nearly identical 
performance. At 100% replacement, both types of sand achieve optimal tensile strength, 
demonstrating their potential as sustainable alternatives to river sand. The tensile strength of SCC 
increases with the replacement of river sand by manufactured sand, with air-graded sand 
demonstrating slightly superior strength properties compared to wet-graded sand. However, both 
sands perform effectively at higher grades (M70), making them viable options for SCC production. 
The results indicate that manufactured sand can be a sustainable substitute for river sand, provided 
proper mix proportioning and quality control measures are implemented. 

3.7. Water Absorption 

The water absorption in SCC with air-graded M-sand remains the lowest when compared to the 
other three sand options. The concrete grade shows a direct correlation with decreasing values of 
water absorption. Better packing of particles along with decreased porosity characterizes the SCC 
material according to the lower water absorption readings. The water absorption levels in SCC that 
uses wet-graded M-sand exceed the values from air-graded M-sand while remaining under river 
sand absorption. Water absorption shows a declining behavior when concrete grades become 
higher. Water adsorption levels of air-graded sand are less than those of air-graded sand because 
of the distinct surface characteristics along with shape. 

 
Fig.  12. Water Absorption of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

The highest amount of water absorption exists in SCC manufactured with river sand throughout all 
concrete grades. Higher absorption values demonstrate both increased material porosity and 
higher water requirement and could possibly degrade mix workability. The water absorption 
capability of manufactured sand (whether air-graded or wet-graded) proves to be lower than river 
sand because manufactured sand shows denser particle packing structures that result in lower 
porosity in SCC. Air-graded M-sand demonstrates the most efficient water absorption capability 
because its surface appears smooth and features optimal gradation thus improving the durability 
of SCC. Wet-graded M-sand has acceptable water absorption levels that open doors to becoming an 
adequate river sand replacement if mix ratios are adjusted correctly. The water-absorption 
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capabilities decrease as concrete grade levels increase from M20 to M70 because higher-strength 
mixes maintain better compaction and possess fewer voids. Air-graded manufactured sand 
demonstrates maximum efficiency in replacing river sand as an SCC component while wet-graded 
sand remains a viable alternative for river sand substitution. 

3.8. Porosity 

Air-graded M-sand concrete exhibits the most compact porosity than any other sand type. Concrete 
grade has a direct relation to lower porosity values in the material structure. Better durability 
results from the denser microstructure which achieves optimal particle packing. The porosity of 
concrete made with wet-graded M-sand demonstrates slightly higher results than air-graded M-
sand but remains lower than river sand. The concrete grade increase leads to decreasing values in 
the examinations. Drastic reduction in porosity exists at higher concrete strengths because it 
indicates improved aggregate compaction and better contact between aggregates. Steel-fiber-
reinforced concrete with river sand possesses the largest interconnected void spaces when 
comparing all strength levels. Additional voids in SCC affect the durability and strength potential 
negatively. The low porosity results achieved by air-graded M-sand demonstrates the effectiveness 
of its better gradation and shape characteristics along with packing efficiency for enhancing SCC 
mechanical properties. The porosity results of wet-graded M-sand suggest it can replace river sand 
in concrete as long as the concrete mixture requires small changes during design. The highest 
porosity observed in river sand leads to inferior SCC durability because of increased permeability. 
Higher concrete grades lead to lower porosity values that result in better compacted denser 
concrete because of strong aggregate bonding. The most potent approach to reduce porosity 
involves air-graded M-sand followed by wet-graded M-sand which makes them suitable alternative 
options to river sand in SCC applications. 

 
Fig.  13. Porosity of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

3.9. Rapid Chloride Penetration Test 

A consistent trend is observed across all grades: as the percentage replacement of river sand with 
either AGMS or WGMS increases, the charge passed tends to decrease, indicating reduced chloride 
ion permeability and, consequently, improved durability. This trend is more pronounced in higher-
grade mixes, where the total charge passed significantly reduces with increased substitution of 
natural sand, especially with AGMS. 

In the M20 grade mixes, the SCC with 100% river sand exhibits the highest charge passed, 
exceeding 2400 Coulombs, indicative of high permeability. However, with a complete replacement 
using AGMS, the charge passed reduces to below 1500 Coulombs, marking a transition from high 
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to moderate permeability. The effect of WGMS replacement is also beneficial, though slightly less 
effective than AGMS, with the charge passed nearing 1600-1700 Coulombs at 100% replacement. 

In M40 SCC, the mix AGMS100/40 brings the charge passed well below 1200 Coulombs, falling 
within the low permeability category. WGMS also shows consistent improvement over river sand, 
although its performance remains marginally inferior to AGMS at each replacement level. 

The M70 mixes demonstrate superior performance overall. Even at 100% river sand, the charge 
passed remains within a relatively low range, suggesting that the dense matrix of high-grade SCC 
inherently contributes to reduced permeability. However, with increasing proportions of WGMS 
and AGMS, particularly at 100%, the charge passed dips below 1000 Coulombs, indicating very low 
permeability. AGMS again shows marginally better performance than WGMS, reinforcing its 
suitability as a sustainable and durable replacement for river sand. 

Overall, the study illustrates that both air-graded and wet-graded manufactured sands significantly 
enhance the resistance of SCC to chloride ion penetration across all strength grades. AGMS 
demonstrates superior performance, likely due to better particle grading and reduced fines 
content, which contribute to a denser microstructure. This finding supports the potential of AGMS 
and WGMS as effective alternatives to river sand, aligning with sustainability and durability 
requirements in modern concrete design. 

 
Fig.  14. RCPT values of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

3.10. Water Permeability 

The graph presents the water permeability depth (mm) of self-compacting concrete (SCC) of 
varying grades (M20, M40, M70) incorporating RS, AGMS, and WGMS. The results indicate a clear 
trend of decreasing water permeability with the incorporation of AGMS and WGMS, in comparison 
to RS, across all concrete grades. 

For M20 grade SCC, the highest permeability depth (~22 mm) is observed in the mix with 
RS100/20, indicating greater porosity and lower resistance to water penetration. Mixes 
incorporating AGMS and WGMS, particularly at higher replacement levels (AGMS100/20 and 
WGMS100/20), show a marked reduction in permeability, suggesting improved pore structure and 
densification. WGMS mixes, especially, exhibit the lowest permeability values in M20, implying 
enhanced microstructural refinement due to the finer and possibly more reactive ceramic particles. 

In the case of M40 grade SCC, a general improvement in permeability resistance is observed 
compared to M20. RS100/40 again shows the highest water permeability (~21 mm), whereas 
mixes with AGMS and WGMS demonstrate significantly reduced permeability values. 
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WGMS100/40 shows a permeability depth below 15 mm, indicating superior durability 
characteristics. The results affirm that higher grade concretes benefit more from the inclusion of 
alternative sands, likely due to better matrix packing and pozzolanic activity. 

For M70 grade SCC, the trend continues, with the lowest permeability values recorded overall. The 
RS100/70 mix still shows the highest permeability within the M70 series, but all AGMS and WGMS 
mixes display further reduction, with WGMS100/70 achieving the lowest value (~12 mm). This 
suggests that the ultra-high strength matrix of M70 enhances the benefits offered by ceramic sand 
incorporation, leading to denser, less permeable concrete. 

Overall, the data clearly supports the assertion that substituting RS with AGMS and WGMS 
significantly improves water impermeability in SCC, particularly at higher grades and higher 
replacement levels. WGMS consistently outperforms AGMS and RS, indicating its potential as a 
sustainable and performance-enhancing fine aggregate in durable SCC production. 

 
Fig.  15. Water Permeability Depth of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

3.11. Acid Attack 

The bar graphs depict the percentage loss in strength and weight of self-compacting concrete (SCC) 
subjected to sulfuric acid (H₂SO₄) attack at 2% and 5% dilution levels. The strength loss 
measurement revealed its highest value in RS-based concrete surpassed WGMS-based and AGMS-
based SCC. Higher concrete grades went from M20 to M70 which improved the resistance to acid 
attack by causing reduced strength degradation. All mixes experienced higher strength 
deterioration when subjected to 5% acid dilution as opposed to 2% acid dilution. Among the 
different mixtures AGMS based SCC demonstrated maximum resistance to acid deterioration 
because of its reduced strength loss properties. 

Weight loss data tracked strength loss patterns where RS had the highest amount of deterioration 
but AGMS demonstrated the least impact. The strength level of M70 SCC achieved higher acid 
resistance as validated by its minimal weight reduction. The 5% diluted acid solution caused 
stronger material degradation than the 2% diluted acid solution thus leading to increased weight 
loss. AGMS based SCC exhibits a lower weight loss ratio thus proving its capacity to withstand acid 
deterioration effectively. The strength reduction together with weight loss appear lower within 
concrete mixes containing AGMS thus demonstrating this material's proper application within 
harsh environments. Concrete of higher grade (M70) demonstrates improved durability through 
which it becomes the optimal solution for situations that tend to become acidic. 
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Fig.  16. Loss of strength due to acid attack of M20, M40 and M70 grade SCC with RS, AGMS and 

WGMS 

Table 6. Values of Initial and final weight and strength of acid attack 

  
Mix 

Proportions 

Weight Compressive Strength 
Initial 
weight 

Final 
Weight  

Percentage 
Loss 

Initial 
Strength 

Final 
Strength 

% Loss in 
Strength 

5
%

 D
il

u
ti

o
n

 o
f 

H
2
SO

4
 

AGMS100/20 8.12 7.55 7.02 38.09 34.06 10.56 

WGMS100/20 7.53 6.85 9.07 33.32 29.15 12.51 

RS100/20 7.23 6.48 10.42 22.51 19.49 13.40 

AGMS100/40 8.19 7.67 6.35 46.97 42.73 9.04 

WGMS100/40 7.64 7.06 7.55 44.24 39.10 11.63 

RS100/40 7.41 6.79 8.37 32.23 28.20 12.48 

AGMS100/70 8.54 8.07 5.50 69.39 64.82 6.59 

WGMS100/70 8.23 7.65 6.97 64.14 58.90 8.17 

RS100/70 8.12 7.52 7.35 62.45 55.81 10.62 

2
%

 D
il

u
ti

o
n

 o
f 

H
2
SO

4
 

AGMS100/20 8.12 7.78 4.27 38.09 35.50 6.79 

WGMS100/20 7.53 7.13 5.31 33.32 30.15 9.51 

RS100/20 7.23 6.78 6.22 22.51 20.13 10.57 

AGMS100/40 8.19 7.89 3.70 46.97 44.37 5.55 

WGMS100/40 7.64 7.27 4.84 44.24 41.00 7.33 

RS100/40 7.41 7.02 5.22 32.23 29.48 8.54 

AGMS100/70 8.54 8.32 2.54 69.39 67.03 3.41 

WGMS100/70 8.23 7.96 3.24 64.14 61.27 4.48 

RS100/70 8.12 7.73 4.80 62.45 59.08 5.39 
 

The higher resistance to acid attack by SCC with AGMS may be due to its well-graded, angular, and 
rough-textured particles which enhances particle interlocking and paste-aggregate bonding, 
reducing capillary porosity. A denser microstructure minimizes acid ingress, which is key to 
resisting chemical attack. The specimens exhibited surface erosion, discoloration, and in some 
cases, softening of edges. Progressive exfoliation and minor surface pitting were evident. No deep 
or structural cracking was observed; however, micro-cracking was noticed in a few specimens 
upon close inspection. 
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Fig.  17. Loss of weight due to acid attack of M20, M40 and M70 grade SCC with RS, AGMS and 

WGMS 

3.12. Sulphate Attack 

The bar graph presents the percentage loss in strength and weight of self-compacting concrete 
(SCC) subjected to a 5% magnesium sulphate (MgSO₄) solution.  The SCC containing river sand 
exhibited maximum weight loss which demonstrated its highest sensitivity to sulphate 
deterioration. AGMS-based SCC exhibited the minimum weight loss indicating strong sulphate 
resistance properties. Higher concrete strength levels resulted in better resistance towards 
sulphate attack which caused weight loss to decrease until the M70 grade exhibited the lowest level 
of degradation. SCC based on RS showed the maximum strength reduction among all three concrete 
types tested which was higher than both WGMS and AGMS based samples. Concrete containing 
AGMS developed minimum strength reduction which confirms AGMS as the most effective material 
for resisting sulphate attacks.  

Table 7. Values of Initial and final weight and strength of sulphate attack 

  Weight Compressive Strength 

  
Initial 
weight 

Final 
Weight  

Percentage 
Loss 

Initial 
Strength 

Final 
Strength 

% Loss in 
Strength 

AGMS100/20 8.13 7.93 2.42 37.37 36.08 3.45 

WGMS100/20 7.52 7.21 4.17 33.92 32.23 4.98 

RS100/20 7.23 6.91 4.43 23.28 20.76 10.85 

AGMS100/40 8.19 8.07 1.51 46.97 45.58 2.97 

WGMS100/40 7.76 7.52 3.09 44.07 42.38 3.82 

RS100/40 7.23 6.96 3.78 31.90 29.16 8.58 

AGMS100/70 8.52 8.43 1.06 69.01 67.87 1.66 

WGMS100/70 8.22 8.06 1.87 64.71 62.85 2.87 

RS100/70 8.13 7.93 2.54 62.12 58.30 6.14 
 

The specimens subjected to sulphate exposure showed signs of surface scaling, minor cracking, and 
white crystalline deposits (efflorescence) due to sulphate salts. Slight swelling were observed, 
especially in mixes with higher water-cement ratios, though precise measurements were not taken 
in this study. Research outcomes demonstrate that specimens utilizing AGMS as a mix ingredient 
maintain superior magnesium sulphate resistance when compared to concrete made with WGMS 
and RS. This may be due to better particle packing resulting in a denser microstructure in AGMS as 
compared to WGMS and RS. The combination of higher concrete strength grades M70 leads to 
better resistance against sulphate attack since it exhibits minimal weight and strength 
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deterioration. The utilization of AGMS as a component in SCC makes this concrete mixture a 
suitable choice for sulphate-rich areas because it produces outstanding deterioration reduction. 

 
Fig.  18. Loss of weight and strength due to sulphate attack of M20, M40 and M70 grade SCC 

with RS, AGMS and WGMS 

3.13. Correlation Between RCPT, Water Absorption and Porosity 

Fig 19. and Fig. 20. represent, MATLAB generated plots correlating Porosity vs RCPT and Water 
Absorption vs RCPT for M20, M40, and M70 SCC using 2nd-degree polynomial fits. For all grades, 
both porosity and water absorption exhibit a positive polynomial relationship with RCPT values. 
The use of a second-degree polynomial provides a superior fit over linear models, effectively 
capturing the curvature in the data at lower porosity or absorption levels where RCPT reduction 
becomes more gradual.  In M20 SCC, A stronger curvature is observed in both WA–RCPT and PO–
RCPT plots, higher water absorption and porosity correspond to significantly increased RCPT, 
indicating higher ion permeability, which implies that lower-grade SCC is more sensitive to 
microstructural changes. In M40 SCC, the correlation remains strong, with a clear parabolic 
relationship, both AGMS and WGMS series show similar trends, though WGMS tends to exhibit 
slightly higher RCPT for the same water absorption and porosity value. In M70 SCC, the plots show 
a flattening of the RCPT curve with decreasing water absorption and porosity, this grade 
demonstrates superior durability, as even marginal reductions in porosity lead to significant 
reductions in RCPT, the R² values are consistently high (exceeding 0.95), confirming the reliability 
of the polynomial fit. Both water absorption and porosity are indirect indicators of pore 
connectivity and permeability.  

The strong correlation with RCPT demonstrates that reduced capillary porosity significantly 
impedes chloride ingress. The trend is more pronounced in AGMS, suggesting that the addition of 
active mineral constituents enhances durability more effectively than conventional methods. The 
method used for grading manufactured sand creates significant effects on the transportation 
behavior of SCC before it reaches its medium strength peak. Water absorption together with 
porosity measure RCPT performance well but processing methods applied to manufactured sand 
matter most for low-strength SCC concrete designs. The choice of sand for concrete construction 
requires thorough attention when durability is a key requirement in concrete mixtures with 
medium to low strength.  
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Fig.  19. Correlation between Water absorption- RCPT 

 
Fig.  20. Correlation between Porosity- RCPT  

3.14. Bond Strength 

The graph illustrates the variation in bond strength (MPa) of reinforcement bars with different 
diameters (10 mm, 12 mm, 16 mm, 20 mm, and 25 mm) embedded in SCC of grades M20, M40, and 
M70, using RS, AGMS, and WGMS. Across all concrete grades, AGMS consistently exhibits the 
highest bond strength for all bar diameters, indicating superior interfacial bonding between the 
reinforcement and the SCC matrix. This can be attributed to the angular and rough texture of AGMS, 
which enhances mechanical interlocking. Bond strength decreases with increasing bar diameter 
regardless of the concrete mix or sand type. This trend aligns with the principle that larger bars 
offer a lower surface area-to-volume ratio, reducing the effectiveness of the bond per unit area. 
With increasing concrete strength from M20 to M70, there is a noticeable improvement in bond 
strength for all sand types and bar sizes. This suggests that higher grade SCC provides a denser 
matrix, improving adhesion and confinement around the reinforcement. Among the sands, RS 
exhibits the lowest bond strength across all mixes and diameters, while WGMS shows intermediate 
performance, suggesting that although WGMS improves over RS, it does not outperform AGMS. The 
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findings highlight that SCC mix design should consider the type of manufactured sand to optimize 
reinforcement bonding characteristics. 

 
Fig.  21. Bond strength of M20, M40 and M70 grade SCC with RS, AGMS and WGMS 

4. Cost Comparison Discussion: AGMS vs WGMS vs RS in Bangalore 

In the context of Bangalore's construction material market, the cost of fine aggregates such as River 
Sand (RS), Air-Graded M-Sand (AGMS), and Wet-Graded M-Sand (WGMS) varies significantly due 
to availability, processing methods, environmental regulations, and logistics.  River Sand (RS) is 
scarce and highly regulated due to environmental restrictions on river sand mining. It has a high 
cost due to limited legal supply and increasing transport distance. It often involves additional silt 
cleaning and quality uncertainty. River sand is not sustainable in the long run due to ecological 
impacts and mining bans. 

Air-Graded M-Sand (AGMS) is produced using air separators to remove fines and control grading. 
It is relatively cost-effective compared to RS, offers better gradation control and uniformity. It has 
lower water content due to air grading making it more suitable for batching. Capital and 
operational cost of air classification is higher than wet processing, but material savings and 
performance benefits (as seen in durability tests) often justify the cost. 

Wet-Graded M-Sand (WGMS) is produced and graded via wet classifiers or hydrocyclones. WGMS 
is typically the most economical option in terms of cost. It is easily available and has a simpler 
production process. WGMS may contain higher surface moisture, which can affect mix water 
demand. 

Table 8. Cost Comparison of RS, AGMS and WGMS in Bangalore Region 

Material 
Type 

Cost 
(₹/ft³) 

Cost (₹/ton) Availability 
Quality 
Control 

Sustainability 
Durability 
(Based on 

Study) 

RS 90–120 3200–4200 
Low 

(regulated) 
Inconsistent Low Moderate 

AGMS 60–80 2100–2800 Moderate High High High 
WGMS 55–75 1900–2600 High Moderate Medium Moderate 

5. Conclusions 

• The inclusion of AGMS in SCC shows considerable improvement in the flow properties across 
all grades of concrete compared to WGMS and RS. 

• The evaluation of mechanical properties across M20, M40, and M70 grade self-compacting 
concrete (SCC) incorporating various proportions of AGMS, and WGMS in replacement of 
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river sand clearly established that the type and proportion of fine aggregate have a direct 
impact on the compressive and tensile strength of SCC. 

• For compressive strength, the incorporation of air-graded M-sand led to a marked 
improvement, particularly at 75–100% replacement levels, across all concrete grades. This 
is likely attributed to the angular particle shape and optimized gradation of air-graded M-
sand, which enhances the particle packing density and interlocking. Peak compressive 
strengths were observed in M40 and M70 grades at full replacement, outperforming river 
sand mixtures significantly. In contrast, wet-graded M-sand demonstrated a moderate 
strength gain up to 75% replacement, but showed marginal or plateaued improvements 
beyond that level, possibly due to its higher water absorption and finer particles that affect 
effective water–cement ratio and paste quality. 

• In terms of tensile strength, both manufactured sand types contributed to strength 
enhancement, with AGMS again providing superior results, especially at intermediate 
replacement levels. The enhanced bond between the paste and the rough, angular M-sand 
particles is believed to contribute to this improvement. WGMS also improved tensile strength 
but showed slightly lesser performance compared to its air-graded counterpart.  

• Taken altogether, the data show that AGMS is an extremely effectual substitution for river 
sand in SCC to improve the mechanical performance, while the best results are obtained at 
about 75 to 100 percent replacement. Although WGMS may prove viable, it may require 
adjustments to mix design in order to compensate for its influence on water demand and 
workability in full. The mechanical tests show a consistent performance improvement, which 
as a whole consolidates the ability that fabricated sands have to promote sustainable, durable 
concrete systems. 

• Performance of Self-Compacting Concrete of across all grades with River Sand, AGMS and 
WGMS varies significantly in terms of different parameters and hence the durability 
assessment. The durability characteristics of concrete mixes with manufactured sand, in 
particular AGMS, are found to systematically be much superior to concrete mixes with river 
sand. 

• Results indicate that for AGMS mixes, water absorption and porosity values are lowest of all 
mixes across all grades, indicating a denser and less permeable microstructure. Second, 
regardless of sand type, M20 mixed showed the highest water absorption and porosity, M70 
showed improved resistance of pore refinement due to higher grade of concrete. 

• The experimental results show that inclusion of AGMS and WGMS as fine aggregate 
replacements in SCC significantly reduces water permeability across all concrete grades, with 
AGMS showing the most pronounced improvement, particularly at higher replacement 
levels, thereby enhancing the durability and sustainability of the concrete mix. 

• In terms of acid resistance, AGMS mixes experienced the least loss in both strength and 
weight under sulfuric acid exposure at 2% and 5% dilution levels. RS mixes displayed the 
greatest deterioration, particularly in M20 grade, indicating that river sand-based SCC is 
more vulnerable to aggressive environments. The performance of WGMS mixes was 
intermediate but consistently closer to AGMS than RS. 

• The cumulative percentage loss in both weight and strength further confirmed the enhanced 
resistance of AGMS-based SCC to chemical attack. As concrete grade increased, all mixes 
showed improved durability; however, the benefit was most pronounced in AGMS, 
highlighting its potential in high-performance applications. 

• Overall, Air Graded M-Sand proved to be the most effective fine aggregate for improving the 
durability of SCC. Its use can be strongly recommended as a sustainable alternative to natural 
river sand, especially in environments prone to chemical exposure or requiring long-term 
structural integrity. 

• Water absorption together with porosity in SCC shows a strong correlation with RCPT values. 
The permeability levels of WGMS exceed those of AGMS particularly in cement-based 
materials at lower than grade 40. Durability of low- to medium-strength concrete depends 
on selecting appropriate sand types during production.  

• The study confirms that porosity and water absorption can serve as reliable predictors for 
chloride ion permeability (RCPT) in SCC across all strength grades. The quadratic fit not only 
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offers accurate correlation but also reflects the nonlinear nature of transport mechanisms in 
cementitious systems. This relationship becomes increasingly important for high-
performance concretes, where marginal improvements in microstructure yield substantial 
gains in durability. 

• In the bond strength study, AGMS proves to be the most effective fine aggregate for enhancing 
bond strength in SCC, followed by WGMS and RS. The results emphasize the influence of sand 
type, concrete grade, and bar diameter on bond performance, guiding the selection of 
materials for optimized structural behavior. 

• While river sand is the most expensive and least sustainable option, AGMS, despite a slightly 
higher production cost than WGMS, offers superior durability and quality control, making it 
ideal for high-performance concrete applications. WGMS, being more economical, remains a 
cost-effective alternative for general construction. Therefore, selection should balance 
performance requirements, cost constraints, and sustainability goals. 

6. Implications for Practice 

This study suggests that M-Sand, particularly AGMS, is an excellent alternative to natural river sand 
in the production of SCC, offering improved mechanical properties and durability. The findings also 
suggest the optimal replacement levels for mix design across various concrete grades, promoting 
more sustainable construction practices. Additionally, the reduced dependency on RS carries 
significant ecological benefits, including preservation of river ecosystems and mitigation of illegal 
sand mining. 

The use of different types of sand in practical application should also consider economic feasibility. 
Due to the limited availability of RS in most parts of the country, the prices are almost two times 
higher than that of M-sand in the market. While AGMS demonstrated superior performance, its 
processing cost is typically higher than that of WGMS. Therefore, project-specific cost-benefit 
analyses are essential to determine the most suitable option, balancing performance gains against 
financial constraints. 
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Article Info  Abstract 

Article History:  Nickel super alloys have remarkable thermo mechanical capabilities, making them 
important in industries such as nuclear, chemical, petrochemical, and aerospace. 
Conversely its difficult machining and cause the poor surface finish and tool wear 
and so on. This study proposes optimizing machining parameters of Inconel 825 
such as cutting speed, feed, and depth of cut towards the responses such as surface 
roughness, tool flank wear, and cutting force. Optimization of process parameter 
for this study; the Taguchi Design of Experiments, Grey Relational Analysis, Fuzzy 
Logic, and Principal Component Analysis (PCA) were used. Experimental were 
conducted using an L9 orthogonal array and outcomes were evaluated using 
ANOVA towards the most influencing process parameter. Form the results 
indicated that the cutting is the most influencing compare with the other 
parameters. The optimal parameters for turning Inconel 825 were found to be 50 
m/min cutting speed, 0.2 mm/rev feed rate, and 0.6 mm depth of cut towards the 
machining responses. This results conduits towards the machining efficiency of 
Inconel 825 for industrial applications. 
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1. Introduction 

Nickel based super alloy were most essential materials in contemporary industrial owing to their 
superior mechanical properties and corrosion resistance at higher temperature [1]. Due to this 
properties and it is most suitable for many application such as aerospace, petrochemical, nuclear 
power and chemical industries[2].  Amongst these Inconel 825 has exceptional properties such as 
corrosion resistance and thermal stability [3]. It contains nickel, chromium, iron, molybdenum, 
copper and titanium enhancing the resistance to oxidation. However, while machining of Inconel 
825 is difficult in challenges in industrial environments [4]. Due to deprived machinability and 
often outcomes in higher cutting force, irregular surface and tool wear happen.  While Inconel 825 
is extoled for its routine in difficult operating environments; which remain a challenging such as 
higher work hardening rate, lower thermal conductivity, poor chip control and wear [5]. Hence 
optimization is required for better surface roughness, minimum tool degradation and reduction in 
operational cost [6]. These problems combine reduce the production rate but increase the 
manufacturing cost. Consequently, an optimization of machining parameters is most significant 
towards improve the machinability, reduction in surface defects and better tool life [7]  . Thakur et 
al. examined tool wear in Inconel 825 turning and discovered that flank wear increases with greater 
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cutting speeds and also studied on Inconel 718 and found that coated tools performs with respect 
to the cutting and fee force [8] . 

Senthilkumaar et al investigated surface roughness in relation to feed rate and discovered that 
larger feed rates, as well as lower speeds and deeper cuts, resulted in a higher material removal 
rate and surface polish [9].  Rajyalakshmi and Ramaiah studied the combination of Grey Relational 
Analysis (GRA) and Taguchi for WEDM optimization of Inconel 825, which shows that the 
improvement has been observed in machining [10]. Even though, the fuzzy logic results were 
autonomously and latest studies improvements of GRA in ambiguous machining conditions [11] . 
To overcome this principal compound analysis is the better choice towards the variable influencing 
machining responses [12] . Asiltürk and Akkus reported that the better outcome such as surface 
roughness and material removal rate in turning.  In Inconel 738 and Inconel 718, PCA optimization 
were used for better performance in machining but these not scientifically used to Inconel 825 [13].   
Lila Imani et al. examined both the Artificial Neural Networks (ANN) and Genetic Algorithms (GA) 
in Inconel 738; the outcome inveterate the ANN but the impediment in ANN and also deficiency in 
physical interpretability [14]. The traditional methods such as response surface methodology, GA 
and ANN were used in optimization towards turning. But these techniques require maximum 
experimentation and also need huge data. Taguchi combined with multi objective optimization had 
accepted owing to the accuracy and woks in limited experimental data’s and produce better results 
[15].   

Novelty of this research work was cohesive use of Taguchi Design of Experiments, Grey Fussy and 
PCA for optimization of machining parameters of Inconel 825 with limited earlier study in this 
background. Whereas the previous studies reported that single approaches, in this work 
distinctively combines these three approaches for multi response optimization. This cohesive 
approach enhances the prediction correctness for machining performances in respect with the 
machining parameters such as cutting speed, feed rate and depth of cut. These novel and effective 
findings improve the machinability of Inconel 825 while also facilitating the way for further 
materials. 

2. Materials and Methods  

Inconel 825, a nickel-based super alloy and  widely employed in a range of industries such as 
aerospace and automobile, etc., This study focuses on turning of Inconel 825 and optimization 
techniques were employed. Machined components will has 3mm layer of the outer surface been 
pre-machined to ensure excellent machining quality. The raw material consisted of bars 30 mm in 
diameter and 80 mm in length. It has largely composed of nickel, iron, and chromium. Fig. 1, shows 
the machined Inconel 825.  

 

Fig. 1. Inconel 825 

Based on previous research, three cutting parameters such as cutting speed, feed rate, and depth 
of cut were selected for this experimental work [4, 16, 17]. The CNC Super Jobber 500 LM machine, 
which has a 10 KW motor drive and an operating range of 30 to 300 rpm, was chosen due to its low. 
The trials were planned using Taguchi’s relational analysis. An L9 orthogonal array with 3 variables 
at three levels was used for optimization results. MINITAB 16 software was used for the Design of 
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Experiments, which generated the L9 orthogonal array and provided a wide range of potential 
cutting settings [18]. Table 1 presents the cutting parameter and their range. 

Table 1. Input process parameters and level 

Parameter Unit 
Level 

1 2 3 

Cutting Speed m/min 50 70 90 
Depth of cut mm 0.2 0.4 0.6 

Feed rate mm/rev 0.1 0.2 0.3 

3. Results and Discussions 

3.1 Taguchi Analysis 

Table 2 denotes the Taguchi L9 orthogonal array; the three-input parameter used in this study as 
cutting speed, feed rate and depth of cut and their three different level. The identifications of 
individual and interaction of the input parameter; which succeeding analysis of surface roughness, 
cutting force and flank wear in machining i.e., turning of Inconel 825.  

Table 2. Design of experiments (DoE) – L9 results 

Run 
Order 

Cutting 
Speed 

Depth 
of Cut 

Feed 
Rate 

Surface 
Roughnes

s (µm) 

Cutting 
Force 

(N) 

Flank 
wear 
(µm) 

S-N 
Ratio 

Std. 
Dev. 

Mean 

1 50 0.2 0.1 2.54 428.36 152.63 -3.21 215.98 194.51 

2 50 0.4 0.2 4.15 449.54 172.65 -2.77 224.88 208.78 

3 50 0.6 0.3 3.75 444.25 176.28 -2.63 221.97 208.09 

4 70 0.2 0.2 4.23 461.62 189.69 -2.45 230.05 218.51 

5 70 0.4 0.3 4.05 463.52 191.25 -2.44 231.04 219.61 

6 70 0.6 0.1 3.15 470.67 196.25 -2.44 234.94 223.36 

7 90 0.2 0.3 4.94 490.57 220.39 -2.02 243.33 238.63 

8 90 0.4 0.1 3.59 486.54 215.36 -2.14 242.08 235.16 

9 90 0.6 0.2 4.48 475.67 203.57 -2.25 236.54 227.91 
 

 Table 3. Analysis of variance (ANOVA) 

 

Source DF Contribution Seq SS Adj SS Adj MS F P 
S-N Ratio        

Cutting Speed 2 79.41% 0.80834 0.80834 0.40417 7.91 0.011 
Depth of Cut 2 2.49% 0.02534 0.02534 0.01267 0.25 0.080 

Feed Rate 2 8.06% 0.08204 0.08204 0.04102 0.80 0.055 
Residual Error 2 10.04% 0.10223 0.10223 0.05111   

Total 8 100.00% 1.01795     
Means        

Cutting Speed 2 87.09% 1365.03 1365.03 682.51 9.47 0.009 
Depth of Cut 2 1.55% 24.26 24.26 12.13 0.17 0.085 

Feed Rate 2 2.17% 33.96 33.96 16.98 0.24 0.080 
Residual Error 2 9.20% 144.14 144.14 72.07   

Total 8 100.00% 1567.39     
Std. Dev.        

Cutting Speed 2 87.89% 585.513 585.513 292.757 9.14 0.009 
Depth of Cut 2 1.87% 12.486 12.486 6.243 0.19 0.083 

Feed Rate 2 0.62% 4.132 4.132 2.066 0.06 0.093 
Residual Error 2 9.62% 64.086 64.086 32.043   

Total 8 100.00% 666.217     
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It designates the signal to noise ratio, standard deviation and mean values of nine readings; which 
supporting a complete estimation of process inconsistency and stability [19].  The results deliver 
the statistical analysis which including ANOVA and identify the furthermost influencing input 
parameter for machinability of Inconel 825.Table 3 reported that the ANOVA outcomes for the 
responses established on the signal to noise ratio (S-N ratio), standard deviation and mean. The 
results inferred that the cutting speed is the most influencing input process parameter among the 
other two; the contribution of the S-N ratio, standard deviation and mean are 79.41%, 87.09% and 
87.89% respectively. The influences of depth of cut and feed rate are suggestively minimum and 
indicated the lower impact on the responses. It is calculated through the delta values; which is the 
difference in the lowest and highest performance for all the input parameter. Form the table clearly 
indicates that the cutting speed is most influencing parameter for these three measures and 
followed by feed rate and depth of cut. Table 4 and Fig. 2, confirm that the rankings for the S-N ratio, 
standard deviation, and mean are A1B3C2, A1B3C2, and A1B2C3, respectively.  This ranking 
emphasizes the ANOVA outcomes; additional confirmation for cutting speed is the most influences 
on machining responses during the turning of Inconel 825. 

Table 4. Ranking for response 

 S-N Ratio Means Standard deviation 

Level 
Cutting 
Speed 

Depth 
of Cut 

Feed 
Rate 

Cutting 
Speed 

Depth 
of Cut 

Feed 
Rate 

Cutting 
Speed 

Depth of 
Cut 

Feed 
Rate 

1 -2.869 -2.558 -2.597 203.8 217.2 217.7 220.9 229.8 231.0 
2 -2.443 -2.451 -2.491 220.5 221.2 218.4 232.0 232.7 230.5 
3 -2.139 -2.441 -2.363 233.9 219.8 222.1 240.6 231.1 232.1 

Delta 0.731 0.117 0.233 30.1 4.0 4.4 19.7 2.9 1.6 
Rank 1 3 2 1 3 2 1 2 3 

 

  

 

Fig. 2. Residual Analysis (a) S-N Ratio, (b) Means, and (c) standard deviation 

These graphs are employed to authenticate the appropriateness of the Taguchi through the 
residual distribution.  The outlines in the graph recommend that the residuals are follows the 
normal trend but randomly distributed; which indicates that the experimental findings are fits with 
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the model and the designated parameter are statistically momentous [20]. It confirms the 
consistency of the experimental data and inference obtained from the Taguchi and ANOVA studies 
towards the turning of Inconel 825. 

3.2 Results of Grey Relational Analysis 

Grey relational analysis is often utilized in multi-response optimization situations.  This method is 
based on the relationship between sequences, specifically their difference or similarity.  This 
transforms multiple performances into a single grey relation grade for comparison and 
optimization. For larger the better as presented in Eq. (1). 

𝑥𝑖
∗(𝑘) =  

𝑥𝑖(𝑘) − 𝑚𝑖𝑛 𝑥𝑖 (𝑘)

𝑚𝑎𝑥 𝑥𝑖 (𝑘) −  𝑚𝑖𝑛 𝑥𝑖 (𝑘)
 (1) 

Where, xi(k): Original value of the kth response for the ith experiment, xi∗(k): Normalized value, 

min xi(k): Minimum value of the kth response, max xi(k): Maximum value of the kth response. 
When a lower value is better as shown in Eq. (2). 

𝑥𝑖
∗(𝑘) =  

𝑚𝑎𝑥 𝑥𝑖 (𝑘) −  𝑥𝑖(𝑘)

𝑚𝑎𝑥 𝑥𝑖 (𝑘) −  𝑚𝑖𝑛 𝑥𝑖 (𝑘)
 (2) 

The original sequence can be normalized by dividing all values by the series' first value if there is 
a target value to be reached. The following is an expression for the grey relational coefficient and 
can be written and given in Eq. (3).  

𝜁𝑖(𝑘) =  
𝛥𝑚𝑖𝑛 + 𝜁𝛥𝑚𝑎𝑥

𝛥𝑖(𝑘) + 𝜁𝛥𝑚𝑎𝑥
 (3) 

Where, ξi(k): Grey Relational Coefficient (GRC) for the ith experiment and kth response, Δi(k) - 
∣x0∗(k)−xi∗(k)∣: Absolute difference between the ideal normalized value and the actual normalized 
value, Δmin: Minimum of all Δi(k) values, Δmax: Maximum of all Δi(k) values, ζ:  Distinguishing 
coefficient. The GRC indicates how close a particular experimental result is to the ideal normalized 
result. The grey relational grade is can be written as and given in Eq. (4). 

𝛾𝑖 =  
1

𝑛
∑ 𝜁𝑖(𝑘)

𝑛

𝑘=1

  (4) 

where, γi: Grey Relational Grade (GRG) for the ith experiment, n: Total number of performance 
characteristics, ξi(k): Grey Relational Coefficient for the kth response. 

The GRG can also define as the weighted or unweighted mean of the GRCs for all the outcomes. It 
also supplies a single value on behalf of whole performance for multi objective optimization. The 
degree of influence that the comparison sequence can have on the reference sequence is shown by 
the grey relationship grade. The grey relational grade for the reference and comparison sequences 
would be higher than the other grey relational grades if the comparison sequence is considered to 
be more significant than the others [21, 22]. Table 5 shows the Sequence of grey relational analysis. 

It inferred that the responses variation with respect to the cutting speed, feed rate, and depth of 
cut. Particularly, the higher cutting speed results in higher cutting forces and tool wear and also 
poor machinability of Inconel 825. The S-N ratio and standard deviation are providing the process 
stability and response consistency which supports and succeeding ANOVA and multi response 
optimization studies. Based on the observation, out of the 27 trials, the sixth trial ran is the ideal 
one. The maximum value of GRG is found to be 0.8721 for the input conditions. The optimal 
conditions for cutting at 50 m/min, 0.2 mm/rev feed rate, and 0.6 mm depth of cut which produced 
3.52 µm surface roughness, 430.26 N cutting force, and 150.84 µm flank wear. A comparison 
sequence's grey relational grade associated with a reference would be greater than the further grey 
relational grade if that reference is deemed to be more essential than the others [23]. Fig. 3, shows 
the residual analysis for the outcomes such as flank wear, surface roughness and cutting force. 
These graphs are important in confirming the assumptions of randomness and normality in the 
experimental readings. It is follow the normal pattern and consistently distributed and also 
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confirming noise in the random system [20]. This also support the statistical reliability of the model 
used in this work and confirms that the input process parameters with respect to the responses. 
Form figure confirm that the Taguchi are valid and the outcomes are reliable for decision making.  

Table 5. Sequence of grey relational analysis 

 

Sl. 
No 

Cutting 
Speed 

(m/min) 

Depth 
of Cut 
(mm) 

Feed Rate 
(mm/rev) 

SR 
(µm) 

Cutting 
Force 

(N) 

Flank 
wear 
(µm) 

Grey Relational Coefficient 
(GRC) 

Grey 
Relational 

Grade 
(GRG) 

Rank 

Surface 
roughness 

Cutting 
force 

Flank 
wear 

1 50 0.2 0.1 2.54 428.36 152.63 0.5104 0.6666 0.904 0.6936 4 

2 50 0.4 0.1 2.62 456.25 168.34 0.4881 0.582 0.8011 0.6238 10 

3 50 0.6 0.1 2.86 480.61 175.06 0.7975 0.4182 1 0.7386 3 

4 50 0.2 0.2 3.84 440.34 162.58 0.4343 0.7821 0.8206 0.679 5 

5 50 0.4 0.2 4.15 449.54 172.65 0.5481 0.6524 0.8025 0.6677 7 

6 50 0.6 0.2 3.52 430.26 150.84 0.7206 1 0.8957 0.8721 1 

7 50 0.2 0.3 4.28 445.35 170.67 0.4038 0.7057 0.7642 0.6246 9 

8 50 0.4 0.3 3.95 435.58 164.52 0.4589 0.8718 0.7028 0.6779 6 

9 50 0.6 0.3 3.75 444.25 176.28 1 0.7212 0.829 0.8501 2 

10 70 0.2 0.1 2.85 454.64 185.36 0.4248 0.5975 0.5385 0.5203 13 

11 70 0.4 0.1 2.96 462.38 190.54 0.4739 0.5298 0.5289 0.5108 15 

12 70 0.6 0.1 3.15 470.67 196.25 0.8811 0.4725 0.5623 0.6386 8 

13 70 0.2 0.2 4.23 461.62 189.69 0.4001 0.5358 0.5052 0.4803 17 

14 70 0.4 0.2 4.64 472.64 198.57 0.4495 0.4606 0.5018 0.4706 16 

15 70 0.6 0.2 4.45 458.38 180.69 0.6514 0.5627 0.5732 0.5958 11 

16 70 0.2 0.3 4.56 475.26 201.35 0.356 0.4457 0.5073 0.4363 21 

17 70 0.4 0.3 4.05 463.52 191.25 0.4025 0.5211 0.4704 0.4647 19 

18 70 0.6 0.3 3.92 471.36 199.65 0.7095 0.4682 0.4997 0.5592 14 

19 90 0.2 0.1 3.46 495.25 218.62 0.3711 0.3577 0.3711 0.3666 25 

20 90 0.4 0.1 3.59 486.54 215.36 0.4322 0.3914 0.3671 0.3969 23 

21 90 0.6 0.1 3.74 502.64 230.54 0.6548 0.3333 0.4067 0.465 18 

22 90 0.2 0.2 4.31 494.61 219.35 0.3333 0.36 0.3582 0.3505 26 

23 90 0.4 0.2 4.51 501.83 222.36 0.3752 0.3358 0.3524 0.3545 24 

24 90 0.6 0.2 4.48 475.67 203.57 0.5077 0.4435 0.388 0.4464 22 

25 90 0.2 0.3 4.94 490.57 220.39 0.3465 0.375 0.3547 0.3588 27 

26 90 0.4 0.3 4.51 479.31 206.68 0.624 0.4246 0.3333 0.4606 20 

27 90 0.6 0.3 4.54 495.45 205.4 0.9952 0.4782 0.5165 0.5658 12 
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Fig. 3. Residual analysis (a) flank wear, (b) cutting force, and (c) surface roughness 
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3.3 Fuzzy Inference System 

One important artificial intelligence technique that is well-known for its efficiency in managing 
intricate nonlinear systems is fuzzy logic. A more sophisticated and less ambiguous grey-fuzzy 
relational grade can be attained by applying fuzzy logic. The basic ideas behind fuzzy modeling are 
fuzzy set theory and language systems, which are designed to simulate the analysis of a human 
professional. The system for fuzzy inference is shown in Fig. 4. Eqs. (5) - (7) were obtained from 
grey relational analysis. Table 6 shows the regression analysis findings for the responses produced 
by the fuzzy inference system.  Flank wear has the highest R² (89.54%) and adjusted R² (83.27%), 
confirming the prediction of tool wear based on input machining parameters.  The cutting force has 
R² (88.40%) and an adjusted R² (81.44%), while surface roughness has lower R² (75.27%) and 
adjusted R² (60.44%). It confirms that the fuzzy model produces nonlinear interactions between 
the input parameter and responses [24]. Table 7 indicated that the minimum responses obtained 
from the input parameter such as cutting speed as 50, depth of cut as 0.2 and feed rate as 0.1. 

Flank wear (µm) = 98.2 + 1.148 Cutting Speed + 11.2 Depth of Cut + 39.5 Feed Rat (5) 

Surface Roughness (µm)= 1.333 + 0.02142 Cutting Speed - 0.275 Depth of Cut + 5.77 Feed Rate (6) 

Cutting Force (N) = 379.6 + 1.089 Cutting Speed + 8.4 Depth of Cut + 21.3 Feed Rate (7) 

 

 

Fig. 4. Fuzzy inference system 

 

Fig. 5. Optimal Response Analysis 

From Grey-Fuzzy logic optimal responses were arrived and the input parameter such as cutting 
speed as 50 m/min, feed rate as 0.1 mm/rev and depth of cut as 0.2 mm as revealed in Fig. 5. For 
these conditions the anticipated responses of surface roughness, cutting force, flank wear is 2.925 



Jayaseelan et al. / Research on Engineering Structures & Materials 11(3) (2025) 1331-1343 
 

1339 

µm, 437.84 N, 161.76 µm, respectively. The composite desirability has a high level of optimization 
effectiveness (0.85067). The composite desirability has a high optimization effectiveness of 
0.85067. This result demonstrates that the indicated input parameter drastically improved the 
Inconel 825 machining effectiveness. 

Table 6. Response 

Responses R2 R2(adj) 

Flank wear 89.54% 83.27% 

Surface Roughness  75.27% 60.44% 

Cutting Force  88.40% 81.44% 
 

Table 7. Solution 

Cutting Speed 50 
Depth of Cut 0.2 

Feed Rate 0.1 
Flank Wear (µm) 161.758 
Cutting Force (N) 437.842 

Surface Roughness (µm) 2.92556 
Composite Desirability 0.85067 

 

3.4 PCA Analysis 

PCA entails applying a statistical technique to simplify and gain a better understanding of big 
datasets. This method allows the evaluation of important components by converting associated 
machining features into a collection of independent components [12, 25]. Through this method, the 
multi-objective response matrix is subsequently built. Three principal components PC1, PC2, and 
PC3 have been determined using PCA. The variation is seen by the Eigen analysis of the correlation 
matrix in Table 8. Interestingly, it has been found that 63% of the variability may be explained by 
the first principal component alone. The Multi-Response Performance Index (MRPI) calculates each 
key component's unique weight based on its proportion of accountability. 

Table 8. Eigen analysis of the Correlation Matrix 

Principal Component Eigenvalue Variations (%) 

First 1.8909 63 

Second 0.8121 27.1 

Third 0.2970 9.9 
 

Table 9. Eigenvectors for principal components 

Performance 
Characteristics 

Eigenvectors  

First 
Principal 

component 

Second 
Principal 

component 

Third 
Principal 

component 

Contribution 

Surface Roughness 
(µm) 

0.433 -0.885 -0.168 
0.1874 

Cutting Force (N) 0.618 0.428 -0.660 0.3819 

Flank Wear (µm) 0.656 0.182 0.733 0.4303 

 

The eigenvectors of the principal components were obtained via PCA for the responses such as 
surface roughness, flank wear and cutting force as shown in Table 9. From these PCA has 63% of 
the total variance; which indicated the substantial role with the other responses. Flank wear has 
the maximum contribution of 0.656, followed by cutting force as 0.618 and surface roughness as 
0.433. It recommends that the wear is the furthermost influential factor towards the machinability. 
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The contributions of the responses such as flank wear, cutting force and surface roughness are 
43.03%, 38.19% and 18.74% respectively. 

Table 10. Grey coefficient with principal component analysis 

Individual Principal components 
Trials PC1 PC2 PC3 MRPI 

1 0.096 0.255 0.389 0.739 

2 0.092 0.222 0.345 0.659 

3 0.150 0.160 0.430 0.740 

4 0.081 0.299 0.353 0.733 

5 0.103 0.249 0.345 0.697 

6 0.135 0.382 0.385 0.902 

7 0.076 0.270 0.329 0.674 

8 0.086 0.333 0.302 0.721 

9 0.187 0.275 0.357 0.820 

10 0.080 0.228 0.232 0.540 

11 0.089 0.202 0.228 0.519 

12 0.165 0.180 0.242 0.588 

13 0.075 0.205 0.217 0.497 

14 0.084 0.176 0.216 0.476 

15 0.122 0.215 0.247 0.584 

16 0.067 0.170 0.218 0.455 

17 0.075 0.199 0.202 0.477 

18 0.133 0.179 0.215 0.527 

19 0.070 0.137 0.160 0.366 

20 0.081 0.149 0.158 0.388 

21 0.123 0.127 0.175 0.425 

22 0.062 0.137 0.154 0.354 

23 0.070 0.128 0.152 0.350 

24 0.095 0.169 0.167 0.432 

25 0.065 0.143 0.153 0.361 

26 0.117 0.162 0.143 0.423 

27 0.133 0.241 0.159 0.533 
 

The proportions of accountability were used to establish each primary component's weights [26]. 
The MRPI, which measures performance, was computed using this data. Higher MRPI values 
correspond to better results. The experiment with the lowest cutting force, flank wear, and surface 
roughness also produced the highest MRPI.  The highest MRPI value observed in Table 10 is 0.902. 
The MRPI, designated as A1B2C3, provides the ideal parameter settings, which are 50 m/min for 
cutting speed, 0.2 mm/rev for feed rate, and 0.6 mm for cut depth. This yields 3.52 µm surface 
roughness, 430.26 N cutting force, and 150.84 µm flank wear. 

3.5 Validation of Result 

It has been machined and the best turning parameters have been determined, a verification test is 
needed to evaluate how accurate the analysis. The precision was predicted using confirmation 
studies, which showed a decrease in cutting force from 445.35 N to 430.26 N, a decrease in flank 
wear from 170.67 µm to 150.84 µm, and a decrease in surface roughness from 4.28 µm to 3.52 µm. 
Fig. 6, shows the Inconel 825 microstructure for the turning with optimal machining conditions.  It 
is inferred that from the image the grain distribution are uniform and the nonexistence of 
significant surface defects [27]. This uniformity is imperative for the application in the aerospace 
and chemical industries which requires corrosion resistance and mechanical strength. 
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Fig. 6. Inconel’ 825 microstructure 

Table 11. Confirmation Test of GFRG and GPCA on the optimal level 

Method Surface roughness (µm) Cutting force (N) Flank wear (µm) 

 Predicted Experimental Predicted Experimental Predicted Experimental 

Grey 
A1B3C2 

3.52 3.52 430.26 
430.26 

 
150.84 150.84 

Fuzzy 
A1B1C1 

2.92 2.54 437.842 428.36 161.758 152.63 

PCA 
A1B3C2 

3.52 3.52 430.26 430.26 150.84 150.84 

 

Table 11 shows a comparison of the grey, fuzzy, and PCA models that predict Inconel 825 
machining responses such as surface roughness, cutting force, and flank wear. The Grey and PCA 
methods match closely with the predicted and experimental findings and have higher accuracy 
with the optimum selection as A1B3C2. The ideal selection from the Fuzzy technique is A1B1C1, 
and the percentage deviation is substantial. The analysis using the Grey and PC approaches 
produces consistent predictions for the experimental settings. The limitation of the works is three 
input parameters were used in this study and tool coating not considered in this study.  

5. Conclusions 

This research work presented a cohesive optimization of Taguchi design, Grey-Fuzzy and PCA 
towards the machinability improvements. The followings findings were made from the experiment:  

• Cutting speed is the most influencing parameter for all the three responses such as surface 
roughness, flank wear and cutting force. 

• Grey-Fuzzy provides the distinguished estimation of multi responses and has superior GFRG 
of 0.882, which is compared to other technique. These values produced a surface roughness 
of 2.925 µm, a cutting force of 437.84 N, and flank wear of 161.76 µm. 

• PCA assisted dimensionally enabled that the First PCA for 63% of the response inconsistency 
and the better multi response performance index as 0.902; which optimum process 
parameter as cutting speed 50 m/min, fees rate 0.2 mm/rev, and depth of cut 0.6 mm. 

• A Grey and PCA method are closely agreements with the Predicted and experimental results 
and has higher accuracy with the optimum selection as A1B3C2. The optimum selection from 
Fuzzy approach as A1B1C1and has the percentage deviation is high. From the analysis Grey 
and PC methods yields the consistent predictions for the experimental conditions. 
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• This cohesive approach presented in this research work more reliable and better tactic for 
optimization the machining parameter and may use for other alloys in manufacturing 
industries. 
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Article Info  Abstract 

Article History:  The combination of high-strength steel (HSS) girder and engineered cementitious 
composites (ECC) slab in composite beam exhibits excellent structural 
performance with enhanced strength and superior ductility. However, the effects 
of different parameters on the structural performance of this type of composite 
beam have yet to be thoroughly investigated. This study presents a numerical 
parametric study on the flexural performance of composite beams made of HSS 
girder and ECC slab. A validated numerical model developed by the authors using 
finite element ABAQUS software was adopted for the parametric investigation. The 
material nonlinearities and real contact between components were incorporated 
into the model. The effects of crucial parameters on the flexural performance of 
this composite beam type were examined based on the modelling results of total 
136 HSS-ECC composite beam models. These key parameters consist of the 
mechanical properties of HSS and ECC materials, cross-section parameters, 
construction details, shear connection degree, and slab type. The bending 
performance of the composite beams was represented by initial bending stiffness, 
rotation, and normalized bending moment capacity. The results of parametric 
investigations revealed that the initial bending stiffness, rotation capacity, and 
normalized bending moment capacity of the modelled composite beams were 
sensitive to the mechanical properties of constitutive materials, cross-section 
dimensions, and construction details. It was also found that the slab type had a 
marginal effect on the flexural performance of HSS-ECC beams, while shear stud 
spacing significantly affected all the investigated indicators. 
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1. Introduction 

Steel grades with a yield strength greater than 550 MPa are categorized as high-strength steel 
(HSS), which has become increasingly popular in structural engineering applications thanks to its 
advantage of high strength/weight ratio. Smaller in dimension, lighter in weight and greater in 
strength of HSS could reduce the construction cost owing to a significant reduction in welding, 
fabrication, and erection. As a result, HSS can be applied in various types of structures, including 
bare steel and composite columns [1-10], connections [11-15], encased beams [16-19]. It is evident 
from these studies that HSS has been utilized with its favorable strength, which led to the 
enhancement of structural performance. For a composite beam made of HSS girder connected with 
normal concrete slab through means of shear studs, when it is subjected to a sagging moment, a 
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HSS I-section is used at the bottom and plays a role in carrying tension, while in contrast, the 
concrete slab is placed on top of the steel I-section and resists compressive internal load. Thus, each 
material is employed in an efficient way as its favorable attributes are being fully utilized. If HSS is 
used to replace normal strength steel (NSS) I-section, the composite beam can theoretically take 
advantage of the superior strength of HSS. However, experimental [20,21], numerical [22,23], and 
analytical [24,25] studies on HSS-concrete composite beams reported that sudden crushing of 
concrete slab in bending region could occur, and the HSS-concrete composite beam could not reach 
its plastic strength capacity due to strain incompatibility between HSS and concrete. To be more 
specific, higher strain capacity of HSS at the bottom (0.35% for HSS grade 690 MPa) versus lower 
strain of concrete (0.23% - 0.3%) could result in a premature crushing of concrete, and thus, the 
superior strength of HSS could not be employed [20-25]. Furthermore, longitudinal shear failure 
may occur in a concrete composite beam utilizing an HSS I-section due to an imbalance longitudinal 
shear load between the HSS I-section and the normal concrete slab if the slab is transversely 
reinforced inadequately [26,27]. As a result, the bending capacity of the beam constructed with HSS 
girder and concrete slab is even lower than the case having a failure mode of concrete crushing in 
the bending area as longitudinal shear failure occurred at the very early stage of the loading process 
[27].  

To address aforementioned drawback of composite beam made of HSS girder and concrete slab, 
Nguyen and Lee [28] recently proposed a novel composite beam based on two constitutive 
materials of HSS and ECC, in which ECC slab was employed to replace concrete slab on top 
connected with HSS I-section at the bottom by shear studs. Indeed, ECC possesses high compressive 
strain capacity (over 0.5%, which is higher than any HSS grades available to date), allowing it to 
resist the compressive load in the slab until HSS reaches its full strength. Besides, high shear 
resistance and better bond strength of ECC help prevent longitudinal shear failure [29-30]. On top 
of that, employing HSS-ECC composite beams could substantially reduce embodied carbon content 
and carbon footprint since bi-products of steel and ferrosilicon alloy producing processes (i.e., fly 
ash, silica fume) are utilized to partially replace cement in the ECC mix which normally includes 
cement, fly ash, silica fume, sand, fiber, water, superplasticizer [31-34]. To examine the bending 
behavior of composite beam made of HSS girder and ECC slab (hereafter referred as HSS-ECC beam 
for brevity), Nguyen and Lee [28] conducted a four-point bending test of four beams, including 
three HSS-ECC beams manufactured with different slab thicknesses and compressive strengths of 
ECC, and one NSC-HSS beam used as a control beam. The results found that HSS-ECC beams 
demonstrated a great enhancement in flexural strength and ductility compared to HSS-concrete 
counterparts, which showed a failure mode of brutal crushing of concrete in the bending region. In 
addition, to complement the experimental result, a numerical finite element (FE) model as well as 
an analytical model have been constructed and validated against experimental findings [35]. It has 
been revealed that although the bending behavior of HSS-ECC beams has received attention from 
researchers recently [28,35], available studies on the bending behavior of HSS-ECC beams are very 
limited. In order to promote this type of composite beam to be widely applied in practical (e.g., 
structures under extreme conditions such as long span structures or structures subjected to high 
loading), an insight into the influence of different crucial parameters on the bending behavior of 
HSS-ECC beam is required. Thus, a parametric investigation on the flexural performance of HSS-
ECC beams is essentially needed.  

In this study, the finite element (FE) model using ABAQUS developed and validated by Nguyen and 
Lee [28], which has been proven as a reliable and accurate model for simulating the bending 
behavior of HSS-ECC beams, was used to conduct the parametric investigation. A total of 136 HSS-
ECC beam models were generated and investigated to elucidate the effect of different parameters 
(i.e., mechanical properties of HSS and ECC materials, cross-section parameters, construction 
details, shear connection degree, and slab type) on their flexural performance represented by initial 
bending stiffness, rotation, and flexural capacities. The influences of these parameters were then 
discussed based on the numerical results. 
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2. The Validated Finite Element Model Adopted 

This parametric investigation employs a verified nonlinear finite element (FE) model reported in 
the author’s previous study [28]. The mentioned FE model was built using ABAQUS software with 
details of modelling and validation processes. Thus, the following sections will only summarize the 
key features of the model. 

2.1. Element Types 

The full model of HSS-ECC beam is used to realistically reflect the actual condition of the beams. 
Figure 1(a) indicates typical cross-section dimensions of the HSS-ECC beam. Solid elements C3D8R 
is employed to simulate the HSS, ECC, shear stud, and strengthened bolts [Figure 1(b)] as it is 
expected to minimize convergence issue and use less computational cost in comparison to other 
types of elements, such as tetrahedra C3D4. Four-node shell element S4R is utilized for simulating 
profiled steel sheeting (PSS) while truss element T3D2 is deployed for the steel meshes. 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. HSS-ECC beam and FE model: (a) Typical cross-section configuration; (b) Typical FE 

model, (c) Partition method for components 
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2.2. Mesh Sizes 

The mesh sizes used for HSS I-section is 40 mm and this guarantees that it is divided into more than 
8 elements along the web of the HSS I-section [Figure 1(c)]. For its flange, it should be discretised 
in such a way that at least one common node between flange and centre point of shear stud’s base 
[Figure 1(c)]. The nominal element size of shear stud, PSS and bar mesh, strengthened bolts are 
respectively 10 mm, 40 mm, 100 mm and 5 mm. After a mesh sensitivity analysis [28], mesh sizes 
for ECC slab in two shear spans and in the bending region are respectively 40 mm and 20 mm, as 
seen in Figure 1(b). 

2.3. Interaction Properties Between Components 

The interactions between HSS I-beam and PSS, between ECC slab and shear studs, between ECC 
slab and PSS were simulated using surface-to-surface contact available in ABAQUS [36]. The 
interaction between the HSS section top flange and the shear studs bottom was simulated using Tie 
constraint as shear stud is welded to HSS’s top flange through resistance welding. This interaction 
type is also used for the contact between loading plates and the ECC slab. Embedded region 
available in ABAQUS [30] is utilised for the connection properties between the reinforcement mesh 
and ECC slab.  

2.4. Constitutive models 

Tensile and compression stress-strain models of ECC, which were suggested by Meng et al. [37], 
are adopted in the numerical modelling [Figure 2(a)-(c)]. For HSS section, its constitutive model 
indicated in Figure 2(d) is represented by a bilinear curve. The PSS is modelled using elastic-
perfectly plastic curve that has been widely adopted in other studies [38], and shown in Figure 2(e). 
Regarding shear stud, as it is experimentally proven to have an excellent ductility, a constitutive 
model [Figure 2(f)] developed by Hassan et al. [39] is used. Mechanical properties of key materials 
employed in the constitutive models corresponding to the tests reported in [28] are listed Tables 
1–2. These values were employed in the model validation and are the baseline values for the 
parametric investigation.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 
(g) 

Fig. 2. Stress–strain models of materials for parametric investigation. (a) ECC stress-strain 
model under compression; (b) ECC stress-strain model under tensile; (c) ECC damage model 

under compression; (d) HSS; (e) PSS; (f) Headed shear stud; (g) Steel reinforcement 

Table 1. Properties of materials for FE model 

Material E (GPa) fy (MPa) fu (MPa) ft (MPa) 𝜀𝑦(%) 𝜀𝑝(%) 𝜀𝑢(%) 

Shear stud 200 344 410 331 0.17 - - 

PSS 248 691 - - 0.28 - - 

Steel mesh 200 543 632 - 0.27 2.4 20.8 

HSS Grade 690 200 690 770 - 0.35 - 8.0 

HSS Grade 960 200 960 980 - 0.48 - 5.5 
 

Table 2. ECC properties for FE model 

Material 

Ec  

(GPa) 

𝜎0.4 

(MPa) 

𝜎𝑐𝑜 

(MPa) 

𝜎𝑙  

(MPa) 

𝜎𝑐𝑢 

(MPa) 

𝜀0.4 

(%) 

𝜀𝑐𝑜 

(%) 

𝜀𝑙  

(%) 

𝜀𝑐𝑢 

(%) 

CF40 15.5 16.0 40.0 20.0 10.0 0.10 0.50 0.85 1.20 

CF70 20.5 28.0 70.0 30.0 13.5 0.14 0.53 0.95 1.40 

Table 2. ECC properties for FE model (continued) 

Material 𝜎𝑡𝑜 (MPa) 𝜎𝑡𝑝 (MPa) 𝜎𝑡𝑢 (MPa) 𝜀𝑡𝑜 (%) 𝜀𝑡𝑝 (%) 𝜀𝑡𝑢 (%) 

CF40 2.43 3.2 1.7 0.016 1.2 2.2 

CF70 4.40 5.3 3.0 0.021 1.0 1.7 
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2.5. Loading and Boundary Conditions 

As simple supported beams with two loading points were employed in the experimental program 
[28], pin and roller supports are modelled in the simulation by restraining either two or three 
translational directions. Load is applied to those nodes located on the surface of the two loading 
points by applying downward displacement with the rate similar the rate that were used in the test 
[Figure 1(b)]. The self-weight is also applied in the simulation by inclusion of self-weight in the first 
step and propagated to the remaining steps of the simulation process. 

By comparing with the test results, it was shown that the developed FE model has successfully 
captured the test results. The failure mode of HSS-ECC beams was that the large proportion of HSS 
at middle region was yielded before ECC top surface crushing (Figure 3), which is well-agreed with 
the test results reported in [28]. In addition, load (P)-mid-span deformation (δ) curves (hereafter 
referred as P − δ curves for brevity) obtained from all of the tested beams were confirmed by the 
verified FE model, not only in terms of bending capacity but also the bending stiffness. Thus, in this 
study, this verified nonlinear FE model is employed for the parametric analysis. 

3. Parametric Investigation Design 

The parametric analysis explored a broad spectrum of crucial parameters that influence the 
bending performance of HSS-ECC beams. A total of nine parameters were classified into three 
groups consisting of mechanical properties of materials [i.e., (1) ECC compressive strength, fECC

′  
and (2) HSS tensile strength, fy,HSS], cross-sectional dimension [i.e., (3) HSS section depth, dHSS; (4-

5) ECC slab thickness and width, tECC, wECC, respectively] (see Figure 1(a)) and construction 
details [e.g., (6) ratio of HSS section flange width and thickness, bf tf⁄ ; (7) ratio of HSS section web 
height and thickness, hw tw⁄ ; (8) shear stud spacing, sstud and (9) ECC slab type].  

For the mechanical properties of materials, two values of fECC
′  (i.e., 40 MPa and 70 MPa) and two 

values of fy,HSS (i.e., 690 MPa and 960 MPa) were considered. For cross-section dimensions, the 

wECC was varied from 600 to 1400 mm with an interval of 400 mm, the tECC was changed from 140 
to 200 mm with an interval of 30 mm and the dHSS was varied from 180 to 280 mm with an interval 
of 50 mm. For the construction details, three values of bf tf⁄  of 10, 12 and 15; three values of the 
hw tw⁄  of 16, 20 and 27, three values of the sstud of 75, 100 and 200 mm and two types of ECC slab 
including profiled steel sheeting (PSS) and solid slab were utilized.  

If all possible combinations of the nine parameters listed above were modelled, it would require 
creating a total of 5,832 models (calculated as 2×2×3×3×3×3×3×3×2). Clearly, generating such a 
plenty of models would surpass the available computational resources and produce an 
overwhelming amount of data that is likely unable to understand. Therefore, the parametric 
investigation was categorized into two groups in which the first group examined the effects of the 
mechanical properties of materials and cross-section dimensions by varying parameters (1)-(5), 
resulting in the creation of 108 models. The second group evaluated the effects of construction 
details with the variation of remaining parameters (6)-(9), which generated 28 models. 
Accordingly, a total of 136 models was generated for parametric analysis. 

The 108 models in the first group of this study all shared the same construction details with sstud 
of 100 mm, bf of 120 mm, tf of 8 mm (bf tf⁄  = 15), tw of 6 mm, hw of 6 mm (hw tw⁄  = 27), and an 
identical PSS slab. Given the expected strong influence of fy,HSS on the beams' flexural performance, 

the 108 models were subdivided into two portions with each value of fy,HSS for each group. Table 

3 lists 54 models with an identical S690 HSS I-section, while Table 4 describes 54 models with an 
identical S960 HSS I-section. Although sstud was consistently kept at 100 mm, variations in cross-
section dimensions and mechanical properties of materials resulted a non-constant degree of shear 
connection (η) among these models. Accordingly, all HSS-ECC beams of the first group were 
partially shear connected in which η varied from 0.42 to 0.82. 

To evaluate the effects of construction details in the second group, a standard cross-section of the 
beam with the wECC of 600 mm, tECC of 140 mm, dHSS of 180 mm was adopted.  The effects of sstud 
on the bending behaviour of the HSS-ECC beam were evaluated by considering three values of sstud 
of 75, 100 and 200 mm in combination with four pairs of material, which were defined based on a 
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combination of fECC
′  and fy,HSS (i.e., fECC

′  = 40 Mpa, fy,HSS= 690 Mpa;  fECC
′  = 40 Mpa, fy,HSS= 960 Mpa;  

fECC
′  = 70 Mpa, fy,HSS= 690 Mpa; and  fECC

′  = 70 Mpa, fy,HSS= 960 Mpa). The remaining construction 

details were kept constant with bf tf⁄  of 15, hw tw⁄  of 27 and PSS slab. Accordingly, eight models 
were created with the variation of η from 0.41 to 1.23. For examining the effect of the bf tf⁄  and 
hw tw⁄  on the bending behaviour of the HSS-ECC beam, two values of bf tf⁄  (10 and 12) and two 
value of hw tw⁄  (16 and 20) were chosen while four pairs of ECC and HSS were employed (i.e., fECC

′  
= 40 Mpa, fy,HSS= 690 Mpa;  fECC

′  = 40 Mpa, fy,HSS= 960 Mpa;  fECC
′  = 70 Mpa, fy,HSS= 690 Mpa; and  

fECC
′  = 70 Mpa, fy,HSS= 960 Mpa). For evaluating the effect of bf tf⁄  and hw tw⁄ , the sstud of 100 mm 

and PSS slab were adopted. Accordingly, sixteen models were generated for evaluating the effect of 
the bf tf⁄  and hw tw⁄ . The effects of ECC slab type were determined by using solid slab instead of 
PPS in combination of with four material properties. The other construction details with sstud of 
100 mm, bf tf⁄  of 15 and hw tw⁄  of 27 were adopted in modelling the performance of HSS-ECC beam. 
As a result, four models were created with sstud of 100 mm, bf tf⁄  of 15 and hw tw⁄  of 27. Table 5 
presents 28 models of HSS-ECC beam used in the second group. 

 

Fig. 3. Typical failure mode of HSS-ECC beam 

As illustrated in Tables 3-5, the notations of HSS-ECC beams modelled in the parametric analysis 
consisted of five parts separated by a hyphen. Each part of notation includes two capital letters 
(e.g., CF) and a number (e.g., 40). The first capital letter represents the material, which is either 
letter C or S (C stands for ECC and S stands for high strength steel). The following capital letter 
represents either the cross-section dimension or strength of material in which F denotes the 
compressive strength/yield strength of ECC/HSS, W and T present the ECC slab width and ECC slab 
thickness, respectively, and D denotes the depth of HSS I-section. The number indicates the value 
of the cross-section dimension is in mm while MPa for material strength. For example, the CF40-
CW600-CT140-SF690-SD180 beam refers to the HSS-ECC beam with the fECC

′  of 40 MPa, wECC of 
600 mm, tECC of 140 mm, fy,HSS of 690 MPa and dHSS of 180 mm. 
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4. Parametric Study Results 

Parametric investigation was undertaken to evaluate the effect of key parameters [i.e., ECC 
compressive strength (fECC

′ ), HSS yield strength (fy,HSS), ECC slab width (wECC), ECC slab thickness 

(tECC), HSS section depth (dHSS), ratio of HSS section flange width and thickness (bf tf⁄ ), ratio of 
HSS section web height and thickness (hw tw⁄ ), shear stud spacing (sstud), and ECC slab type] on 
the bending behaviour of beams that is represented by three main indicators consisting of rotation 
capacity (R), initial bending stiffness (EI0), and normalised bending capacity (MFE Mps⁄ ) . MFE Mps⁄  

presents ratio of moment capacity of composite beam (MFE) to moment capacity of HSS section 
alone (Mps) . The R of a composite beam is crucial for determining moment redistribution in plastic 

design. The R is computed by dividing the rotation at the ultimate moment ( u ) by that at the 

yielding moment ( y ) [24]. The R of simply supported beams adopted in this study is computed by 

dividing the mid-span deflection at the maximum load by the mid-span deflection at the yield load. 
Tables 3 and 4, respectively, present the effect of cross-section dimensions and mechanical 
properties of materials on the flexural strength of HSS-ECC beam while Table 5 indicates the effect 
of construction details on the flexural strength of HSS-ECC beam. Given that the parametric analysis 
encompasses 136 models; to present the findings concisely, the following sections will present the 
overall tendency and then focus on the effects of different parameters by presenting the results 
from selected beams. 

Table 3. Influence of the mechanical properties of materials and cross-section dimensions on 
flexural strength of HSS-ECC beam with S690 HSS I-section 

Beam (HSS S690 MPa)*   
𝐸𝐼0 

(kN/mm) 
       𝑅 𝑀𝐹𝐸/𝑀𝑝𝑠 

CW600-CT140-SD180 CF40-SF690 0.82 23.11 2.32 2.36 
 CF70-SF690 0.82 26.30 2.90 2.73 

CW600-CT140-SD230 CF40-SF690 0.82 32.22 2.56 2.15 
 CF70-SF690 0.74 35.85 3.10 2.44 

CW600-CT140-SD280 CF40-SF690 0.82 43.46 2.71 2.05 
 CF70-SF690 0.68 48.61 3.38 2.29 

CW600-CT170-SD180 CF40-SF690 0.71 28.39 2.09 2.64 
 CF70-SF690 0.82 32.34 2.60 3.18 

CW600-CT170-SD230 CF40-SF690 0.64 37.60 2.10 2.37 
 CF70-SF690 0.74 43.52 2.92 2.79 

CW600-CT170-SD280 CF40-SF690 0.61 48.61 2.22 2.22 
 CF70-SF690 0.68 55.42 3.03 2.56 

CW600-CT200-SD180 CF40-SF690 0.71 33.91 1.84 3.00 
 CF70-SF690 0.82 39.94 2.38 3.63 

CW600-CT200-SD230 CF40-SF690 0.64 45.97 2.07 2.68 
 CF70-SF690 0.74 52.45 2.57 3.20 

CW600-CT200-SD280 CF40-SF690 0.59 56.08 1.91 2.41 
 CF70-SF690 0.68 64.51 2.57 2.83 

CW1000-CT140-SD180 CF40-SF690 0.71 26.35 2.23 2.62 
 CF70-SF690 0.82 30.10 2.91 3.10 

CW1000-CT140-SD230 CF40-SF690 0.64 37.01 2.72 2.40 
 CF70-SF690 0.74 41.45 3.55 2.82 

CW1000-CT140-SD280 CF40-SF690 0.59 48.93 3.11 2.25 
 CF70-SF690 0.68 54.44 3.78 2.55 

CW1000-CT170-SD180 CF40-SF690 0.71 33.23 2.04 3.05 
 CF70-SF690 0.82 38.32 2.52 3.70 

CW1000-CT170-SD230 CF40-SF690 0.65 44.65 2.35 2.70 
 CF70-SF690 0.74 50.38 2.81 3.20 
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*𝑏𝑓 𝑡𝑓⁄ =15 (𝑏𝑓=120 mm, 𝑡𝑓=8 mm), 𝑡𝑤=6 mm, 𝑠𝑠𝑡𝑢𝑑  =100 mm, and PSS slab. 
 

Table 4. Influence of the mechanical properties of materials and cross-section dimensions on 
flexural strength of HSS-ECC beam with S960 HSS I-section 

Beam (HSS S960 MPa)*  
𝐸𝐼0 

(kN/mm) 
   𝑅 𝑀𝐹𝐸/𝑀𝑝𝑠 

CW600-CT140-SD180 CF40-SF960 0.82 20.93 1.44 2.00 
 CF70-SF960 0.59 25.99 2.59 2.33 

CW600-CT140-SD230 CF40-SF960 0.82 28.29 1.62 1.84 
 CF70-SF960 0.54 34.39 2.00 2.10 

CW600-CT140-SD280 CF40-SF960 0.82 47.63 1.34 1.69 
 CF70-SF960 0.54 47.04 2.16 2.02 

CW600-CT170-SD180 CF40-SF960 0.61 25.99 1.34 2.15 
 CF70-SF960 0.59 29.93 1.53 2.58 

CW600-CT170-SD230 CF40-SF960 0.61 33.00 1.36 1.97 
 CF70-SF960 0.53 40.90 1.72 2.31 

CW600-CT170-SD280 CF40-SF960 0.61 45.14 1.50 1.86 
 CF70-SF960 0.49 52.39 1.78 2.15 

CW600-CT200-SD180 CF40-SF960 0.51 30.78 1.25 2.39 
 CF70-SF960 0.59 36.37 1.44 2.89 

CW1000-CT170-SD280 CF40-SF690 0.59 57.13 2.89 2.51 

 CF70-SF690 0.68 64.44 3.24 2.91 

CW1000-CT200-SD180 CF40-SF690 0.71 39.84 1.82 3.54 

 CF70-SF690 0.82 47.78 2.28 4.40 

CW1000-CT200-SD230 CF40-SF690 0.65 52.77 2.00 3.15 

 CF70-SF690 0.74 60.63 2.31 3.75 

CW1000-CT200-SD280 CF40-SF690 0.59 66.76 2.12 2.81 

 CF70-SF690 0.68 75.85 2.46 3.35 

CW1400-CT140-SD180 CF40-SF690 0.71 25.51 2.65 2.97 

 CF70-SF690 0.82 33.11 4.25 3.54 

CW1400-CT140-SD230 CF40-SF690 0.65 38.91 2.91 2.69 

 CF70-SF690 0.74 44.04 4.05 3.05 

CW1400-CT140-SD280 CF40-SF690 0.59 50.64 3.01 2.50 

 CF70-SF690 0.68 57.11 4.18 2.76 

CW1400-CT170-SD180 CF40-SF690 0.71 36.39 2.45 3.68 

 CF70-SF690 0.82 42.02 3.16 4.23 

CW1400-CT170-SD230 CF40-SF690 0.65 49.05 4.18 3.08 

 CF70-SF690 0.74 50.40 4.28 3.66 

CW1400-CT170-SD280 CF40-SF690 0.59 59.81 4.58 2.80 

 CF70-SF690 0.68 69.79 4.07 3.27 

CW1400-CT200-SD180 CF40-SF690 0.71 46.06 2.59 4.50 

 CF70-SF690 0.82 54.36 3.58 5.34 

CW1400-CT200-SD230 CF40-SF690 0.65 57.91 2.65 3.55 

 CF70-SF690 0.74 65.32 3.50 4.36 

CW1400-CT200-SD280 CF40-SF690 0.59 71.90 2.77 3.33 

 CF70-SF690 0.68 78.93 3.58 3.83 

Mean     3.06 

SD     0.67 
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CW600-CT200-SD230 CF40-SF960 0.48 40.54 1.26 2.18 
 CF70-SF960 0.53 49.40 1.60 2.61 

CW600-CT200-SD280 CF40-SF960 0.48 49.82 1.21 1.97 
 CF70-SF960 0.49 59.37 1.54 2.31 

CW1000-CT140-SD180 CF40-SF960 0.51 23.80 1.37 2.20 
 CF70-SF960 0.59 28.41 1.76 2.55 

CW1000-CT140-SD230 CF40-SF960 0.49 34.43 1.65 2.03 
 CF70-SF960 0.53 39.48 2.03 2.34 

CW1000-CT140-ID280 CF40-SF960 0.49 45.48 1.92 1.94 
 CF70-SF960 0.49 51.85 2.20 2.19 

CW1000-CT170-SD180 CF40-SF960 0.51 30.57 1.36 2.50 
 CF70-SF960 0.59 35.78 2.46 2.94 

CW1000-CT170-SD230 CF40-SF960 0.46 38.67 1.32 2.29 
 CF70-SF960 0.53 48.13 1.71 2.61 

CW1000-CT170-SD280 CF40-SF960 0.42 53.07 2.58 2.14 
 CF70-SF960 0.49 61.17 1.80 2.42 

CW1000-CT200-SD180 CF40-SF960 0.51 35.83 1.17 2.84 

 CF70-SF960 0.59 44.69 1.47 3.48 

CW1000-CT200-SD230 CF40-SF960 0.46 48.65 1.23 2.62 

 CF70-SF960 0.53 55.95 1.43 3.03 

CW1000-CT200-SD280 CF40-SF960 0.42 63.74 1.51 2.40 

 CF70-SF960 0.49 71.96 1.67 2.76 

CW1400-CT140-SD180 CF40-SF960 0.51 25.37 1.57 2.43 

 CF70-SF960 0.59 30.81 2.38 2.88 

CW1400-CT140-SD230 CF40-SF960 0.46 34.17 1.73 2.29 

 CF70-SF960 0.53 41.88 2.59 2.54 

CW1400-CT140-SD280 CF40-SF960 0.42 48.44 1.85 2.14 

 CF70-SF960 0.49 54.41 2.73 2.33 

CW1400-CT170-SD180 CF40-SF960 0.51 33.95 1.46 2.79 

 CF70-SF960 0.59 38.44 2.11 3.40 

CW1400-CT170-SD230 CF40-SF960 0.46 43.60 3.02 2.56 

 CF70-SF960 0.53 52.57 3.18 2.96 

CW1400-CT170-SD280 CF40-SF960 0.42 56.51 3.06 2.35 

 CF70-SF960 0.49 67.13 3.24 2.68 

CW1400-CT200-SD180 CF40-SF960 0.51 43.02 1.55 3.61 

 CF70-SF960 0.59 49.18 2.10 4.25 

CW1400-CT200-SD230 CF40-SF960 0.46 53.57 1.32 2.77 

 CF70-SF960 0.53 62.98 2.35 3.57 

CW1400-CT200-SD280 CF40-SF960 0.42 69.21 1.74 2.76 

 CF70-SF960 0.49 77.50 2.42 3.15 

Mean     2.52 

SD     0.50 

*𝑏𝑓 𝑡𝑓⁄ =15 (𝑏𝑓=120 mm, 𝑡𝑓=8 mm), 𝑡𝑤=6 mm, 𝑠𝑠𝑡𝑢𝑑  =100 mm, and PSS slab. 
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Table 5. Effect of different construction details on the flexural strength of HSS-ECC beam 

Beam construction details *  
𝐸𝐼0 
(kN/mm) 

𝑅 𝑀𝐹𝐸/𝑀𝑝𝑠 

CW600-CT140-SD180 CF40-SF690 0.41 21.29 2.51 2.27 
(stud spacing = 200 mm) CF40-SF960  0.41 23.44 3.07 2.61 

PSS, 𝑏𝑓 𝑡𝑓⁄  = 15 CF70-SF690  0.41 19.24 1.68 1.91 
ℎ𝑤 𝑡𝑤⁄  = 27 CF70-SF960  0.29 20.26 2.13 2.21 

CW600-CT140-SD180 CF40-SF690  1.23 23.40 2.32 2.36 
(stud spacing = 75 mm) CF40-SF960  1.23 25.84 2.63 2.73 

PSS, 𝑏𝑓 𝑡𝑓⁄ = 15 CF70-SF690  1.22 22.23 1.65 2.01 
ℎ𝑤 𝑡𝑤⁄  = 27 CF70-SF960  0.88 25.38 1.89 2.33 

CW600-CT140-SD180 CF40-SF690 0.82 24.95 2.16 2.12 
stud spacing = 100 mm CF40-SF960 0.82 27.60 2.56 2.46 

PSS, (𝑏𝑓 𝑡𝑓⁄ = 12) CF70-SF690 0.71 22.46 1.32 2.49 
ℎ𝑤 𝑡𝑤⁄  = 27 CF70-SF960 0.54 26.50 1.75 2.90 

CW600-CT140-SD180 CF40-SF690 0.82 26.05 1.94 1.95 
stud spacing = 100 mm CF40-SF960 0.82 30.05 1.96 2.25 

PSS, (𝑏𝑓 𝑡𝑓⁄ = 10) CF70-SF690 0.62 23.36 1.65 2.29 
ℎ𝑤 𝑡𝑤⁄  = 27 CF70-SF960 0.54 27.85 1.54 2.65 

CW600-CT140-SD180 CF40-SF690  0.82 25.73 1.97 2.16 
stud spacing = 100 mm CF40-SF960  0.82 29.71 2.54 2.51 

PSS, 𝑏𝑓 𝑡𝑓⁄ = 15  CF70-SF690  0.64 23.55 1.33 2.52 
(ℎ𝑤 𝑡𝑤⁄ = 20) CF70-SF960  0.54 27.74 1.59 2.94 

CW600-CT140-SD180 CF40-SF690  0.82 26.80 1.86 2.20 
stud spacing = 100 mm CF40-SF960  0.82 30.60 2.34 2.56 

PSS, 𝑏𝑓 𝑡𝑓⁄ = 15 CF70-SF690  0.59 23.77 1.22 2.52 

(ℎ𝑤 𝑡𝑤⁄ = 16) CF70-SF960  0.54 28.49 1.47 2.95 
CW600-CT140-SD180 CF40-SF690  0.71 23.11 2.32 2.36 

stud spacing = 100 mm CF40-SF960  0.81 26.30 2.90 2.73 
(solid slab), 𝑏𝑓 𝑡𝑓⁄  = 15 CF70-SF690  0.51 20.93 1.44 2.00 

ℎ𝑤 𝑡𝑤⁄  = 27 CF70-SF960  0.59 25.99 2.59 2.33 

Mean     2.40 
SD        0.29 

* The bold words/symbols inside brackets show the variation of construction details. 

4.1. Overall Tendency 

To better understand the overall tendency of initial stiffness and bending capacity (MFE Mps⁄ ), their 

values for all composite beam models of different material properties and beam configurations are 
plotted in Figures 4 and 5. It is exhibited in Figure 4 that initial stiffness is significantly increased 
with the increase in beam cross-section dimensions including HSS section depth, ECC slab width 
and thickness. It is also worth noting that group with higher ECC compressive strength (group 70-
690 and 70-960) show much higher intial stiffness. For MFE Mps⁄  shown in Figure 5, it is indicated 

that in the same group of material properties, MFE Mps⁄  decreases with the rise in HSS section depth 

but increases with the increase of ECC slab thickness and width. In all four groups of material 
properties, beams with ECC of 70 Mpa compressive strength and 690 Mpa HSS tensile strength 
(group 70-690) show highest normalized bending capacity while the least accounting for the 40-
960 group. 
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Fig. 4. Variation of initial stiffness for different material properties and beam configurations 

 

Fig. 5. Variation of MFE/Mps for different material properties and beam configurations 

4.2. Effect of ECC compressive strength (𝐟𝐄𝐂𝐂
′ ) and HSS yield strength (𝐟𝐲,𝐇𝐒𝐒) 

4.2.1 Initial Bending Stiffness (𝐸𝐼0) 

Figure 6 illustrates the P − δ relationship for two typical HSS-ECC beams (e.g., CW600-CT140-
SD180 and CW600-CT200-SD230) having the variation of fECC

′  and fy,HSS. Figure 7(a) compares the 

effects of mechanical properties of materials on the EI0. The data reveals that EI0 is highly sensitive 
to fECC

′ . For instance, in the CW600-CT140-SD180 Beam, increasing fECC
′  from 40 MPa to 70 MPa 

resulted in a 12% increase in EI0, from 23.62 kN/mm to 26.52 kN/mm, as shown in Figures 6(a) 
and 7(a). Similarly, the CW600-CT200-SD230 Beam experienced the same 12% increase in EI0 
[Figures 7(b) and 7(a)]. Also, Figures 6 and 7(a) indicate that EI0 is not significantly affected by 
fy,HSS, as beams with identical fECC

′   but different fy,HSS exhibited the same EI0. This can be attributed 

to the fact that EI0 is influenced by the elastic modulus of beam’s material properties. It is clear that 
ECC with higher fECC

′  has a higher elastic modulus (Table 2), while the Young's modulus of HSS 
remains consistent across different grades. 
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(a) 

 

(b) 

Fig. 6. 𝑃 − 𝛿 relationship of HSS-ECC beam with various 𝑓𝐸𝐶𝐶
′  and 𝑓𝑦,𝐻𝑆𝑆. (a) CW600-CT140-

SD180 Beam; (b) CW600-CT200-SD230 Beam 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 7. Effect of 𝑓𝐸𝐶𝐶
′  and 𝑓𝑦,𝐻𝑆𝑆 on flexural strength of HSS-ECC beam: (a) Initial bending 

stiffness; (b) Rotation capacity; (c) and (d) Normalized bending capacity 
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4.2.2 Rotation Capacity (𝑅) 

The effect of mechanical properties of constitutive materials on R for two typical HSS-ECC beams 
(e.g., CW600-CT140-SD180 and CW600-CT200-SD230) is depicted in Figure 7(b). When fECC

′  
changed from 40 MPa to 70 MPa, R for the CW600-CT140-SD180 Beam with S690 HSS I-section 
obtained an increase by 25%, from 2.32 to 2.90. For S960 HSS I-section, this increase was even 
more pronounced, with an 80% rise from 1.44 to 2.59. A similar pattern was observed for the 
CW600-CT200-SD230 Beam in which R obtained an increase by 24% for S690 HSS I-sections and 
27% for S960 HSS I-sections. Regarding the effects of fy,HSS, an increase in fy,HSS resulted in a 

decrease in R. It can be seen in Figure 7(b) that, for the CW600-CT140-SD180 Beam with 40 MPa 
ECC, increasing fy,HSS from 690 MPa to 960 MPa led to a 38% reduction in R, from 2.32 to 1.44, and 

an 11% reduction, from 2.9 to 2.59 for a similar beam with 70 MPa ECC. A similar trend was noted 
for the CW600-CT200-SD230 Beam with 40 MPa ECC, R decreased by 40% when fy,HSS changed 

from 690 MPa to 960 MPa, and by 38% when the ECC had the fECC
′  of 70 MPa. 

4.2.3 Bending Capacity (𝑀𝐹𝐸 𝑀𝑝𝑠⁄ ) 

The effect of mechanical properties of constitutive materials on the HSS-ECC beam bending 
capacity can be represented by the normalized moment capacity MFE Mps⁄ , where MFE is the HSS-

ECC beam’s moment capacity (determined through FE modelling) and Mps is the HSS I-section’s full 

plastic moment capacity. Figures 7(c) and 7(d) display typical plots of MFE Mps⁄  versus δ for the 

CW600-CT140-SD180 and CW600-CT200-SD230 Beams. As shown in Figure 5(c), increasing fECC
′  

from 40 MPa to 70 MPa resulted in a 15.6% increase in MFE Mps⁄  (from 2.43 to 2.81) for the S690 

HSS section and a 13.8% increase (from 2.10 to 2.39) for S960 HSS beams. For the CW600-CT200-
SD230 Beam, a 20% increase in MFE Mps⁄  was observed for both steel grades. This increase is 

attributed to the upward shift of the plastic neutral axis (PNA) towards the ECC slab top surface 
when fECC

′  is increased, which lengthens the moment lever arm between the HSS section and the 
ECC slab, thus enhancing the bending capacity. Regarding the effect of fy,HSS, Figures 7(c), (d) 

indicate that MFE Mps⁄  reduced as fy,HSS changed from 690 MPa to 960 MPa. This is because as fy,HSS 

increases, the term Mps rises proportionally. However, in the HSS-ECC beam, the PNA shifts closer 

to the bottom of the beam and reduces the lever arm length. Consequently, although MFE increased, 
the rate of increase was lower than that of Mps, resulting in a decreased MFE Mps⁄  ratio. 

4.3. ECC slab width (𝐰𝐄𝐂𝐂) effect 

4.3.1 Initial Bending Stiffness (𝐸𝐼0) 

Figure 8 presents the P − δ curves for two typical HSS-ECC beams (e.g., CF40-CT140-SF690-SD180 
and CF40-CT140-SF690-SD230) with variation of wECC,. Figure 9(a) compares their EI0, showing 
that EI0 increases with the increase of wECC.  

 
(a) 

 
(b) 

Fig. 8. Effect of 𝑤𝐸𝐶𝐶  on 𝑃 − 𝛿 relationship: (a) CF40-CT140-SF690-SD180 Beam; (b) CF40-
CT140-SF690-SD230 Beam 
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Specifically, for the CF40-CT140-SF690-SD180 Beam, increasing the wECC from 600 mm to 1000 
mm and 1400 mm resulted in EI0 increase of 17% and 34%, respectively. A similar trend is 
observed for the CF40-CT140-SF690-SD230 Beam. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 9. Effect of 𝑤𝐸𝐶𝐶  on flexural strength of HSS-ECC beam: (a) Initial bending stiffness; (b) 

Rotation capacity; (c) and (d) Normalized bending capacity 

4.3.2 Rotation Capacity (𝑅) 

Figure 9(b) illustrates the impact of wECC on R for the same beams. Increasing wECC from 600 mm 
to 1000 mm and 1400 mm led to a 6% and 15% rise in R, respectively. This is because a wider slab 
shifts the plastic neutral axis (PNA) upwards, leading to a smaller strain value at the slab's top 
surface and delaying its crushing, allowing for greater rotation capacity. 

4.3.3 Bending Capacity (𝑀𝐹𝐸 𝑀𝑝𝑠⁄ ) 

Regarding bending strength capacity, Figures 9(c) and 9(d) show that increasing wECC from 600 
mm to 1000 mm and 1400 mm led to approximately a 15% and 30% increase in MFE Mps⁄ , 

respectively. This tendency is also due to the upward shift of the PNA, which lengthens the moment 
lever arm. 

4.4. ECC Slab Thickness (𝐭𝐄𝐂𝐂) Effect  

4.4.1 Initial Bending Stiffness (𝐸𝐼0) 

Figures 10(a) and 10(b) depict the P − δ curves for two typical HSS-ECC beams (e.g., CF40-CW600-
SF690-SD180 and CF70-CW1000-SF690-SD230) with a variation of tECC, showing that EI0 
increases with the rise of tECC. According to Figure 9(a), increasing tECC from 140 mm to 170 mm 
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and 200 mm resulted in a 28% and 57% increase in EI0, respectively. This increase is clearly 
because of the greater resistance offered by a larger slab section. 

 

(a) 

 

(b) 

Fig. 10. Effect of 𝑡𝐸𝐶𝐶  on 𝑃 − 𝛿 relationship: (a) CF40-CW600-SF690-SD180 Beam; (b) CF70-
CW1000-SF690-SD230 Beam 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 11. Effect of 𝑡𝐸𝐶𝐶  on flexural strength of HSS-ECC beam: (a) Initial bending stiffness; (b) 
Rotation capacity; (c) and (d) Normalized bending capacity 
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4.4.2 Rotation Capacity (R) 

Figure 11(b) shows that increasing tECC decreases R. Specifically, for the CF40-CW600-SF690-
SD180 Beam, increasing tECC from 140 mm to 170 mm and 200 mm resulted in R reductions of 
10% and 21%, respectively. For the CF70-CW1000-SF690-SD230 Beam, the reductions were even 
greater, at 21% and 35%. This is because a thicker slab increases the distance between the PNA 
and the top surface of the slab, leading to higher compressive strain at the top surface and causing 
the ECC to crush at a lower rotation capacity. 

4.4.3 Bending Capacity (𝑀𝐹𝐸 𝑀𝑝𝑠⁄ ) 

Figures 11(c) and 11(d) illustrate the effects of tECC on MFE Mps⁄  for two typical beams. As 

expected, with the HSS section and Mps unchanged, MFE Mps⁄  increased with tECC. This is because 

a thicker slab results in a longer lever arm and greater bending resistance. 

4.5. Effect of HSS section depth (𝐝𝐇𝐒𝐒) 

4.5.1 Initial Bending Stiffness (𝐸𝐼0) 

Figures 12(a) and (b) display the P − δ curves for beams with different dHSS, indicating that EI0 
increases with dHSS. Figure 13(a) further demonstrates that increasing the dHSS from 180 mm to 
280 mm nearly doubled the EI0 value. This outcome is expected as a deeper HSS I-section increases 
the moment of inertia, resulting in higher EI0. 

 

(a) 

 

(b) 

Fig. 12. Effect of 𝑑𝐻𝑆𝑆 on 𝑃 − 𝛿 relationship: (a) CF40-CW600-CT140-SF690 Beam; (b) CF40-
CW1000-ST140-SF690 Beam 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 13. Effect of 𝑑𝐻𝑆𝑆 on flexural strength of HSS-ECC beam: (a) Initial bending stiffness; (b) 
Rotation capacity; (c) and (d) Normalized bending capacity 

4.5.2 Rotation Capacity (𝑅) 

Figure 13(b) shows that for the CF40-CW600-CT140-SF690 Beam, R experienced an increase by 
10% and 17%, respectively, when dHSS varied from 180 mm to 230 mm and 280 mm. Similar trends 
were observed for the CF40-CW1000-CT140-SF690 Beam in which R obtained an increase by 
approximately 23% and 40%. 

4.5.3 Bending Capacity (𝑀𝐹𝐸 𝑀𝑝𝑠⁄ ) 

Figures 13(c) and 13(d) present the MFE Mps⁄ versus δ for beams with different values of dHSS. 

These figures indicate that increasing dHSS from 180 mm to 280 mm resulted in a 12% decrease in 
MFE Mps⁄ . This is similar to the effect of increasing fy,HSS, where MFE increased but at a lower rate 

than Mps. A deeper HSS section moves the PNA towards the HSS section, which reduces the tensile 

stress within it and thereby lowers the increased rate of MFE. 

4.6. HSS Section Web Height to Web Thickness Ratio (𝐡𝐰 𝐭𝐰⁄ ) Effect 

To study the effect of hw tw⁄ , tw was changed from 6 mm to 8 mm and 10 mm while hw remained 
constant at 164 mm (Table 5). Figures 14(a) and 14(b) indicate the curves of MFE Mps⁄  and bending 

capacity versus deflection δ. As hw tw⁄  decreased, both MFE Mps⁄  and bending capacity increased 

because a thicker tw, mainly under tension, enhanced bending capacity. For EI0, Figure 14(c) shows 
a small increase of 11% as tw varied from 6 mm to 10 mm. However, Figure 14(d) reveals that R 
decreased by 14%. This is because a thicker web moved the PNA closer to the bottom of the beam, 
increasing ECC compressive strain at the top surface, leading to earlier ECC slab crushing and thus 
reducing R. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 14. Effect of ℎ𝑤 𝑡𝑤⁄  on flexural strength of HSS-ECC beam: (a) Load carrying capacity; (b) 
Normalised bending moment capacity; (c) Initial bending stiffness; (d) Rotation capacity 

4.7. HSS Section Flange Width and Flange Thickness (𝐛𝐟 𝐭𝐟⁄ ) Effect 

The effects of the bf tf⁄  were examined by changing tf (8, 10, and 12 mm) while keeping bf constant 
at 120 mm. By increasing tf from 8 mm to 10 mm and 12 mm, respectively, the EI0 experienced an 
increase by 9% and 18%, as shown in Figure 15(a). Similar to the case of hw tw⁄  effect, increasing 
tf resulted in a decrease in R (Figure 15(b)). Additionally, although the load-carrying capacity 
increased [Figure 15(c)], MFE Mps⁄  decreased as tf increased [Figure 15(d)]. This is because 

increasing tf quickly raises Mps, while the PNA shifts closer to the HSS section top flange, leading to 

the reduction of HSS section contribution to the composite beam's overall flexural resistance. 
Consequently, MFE increased at a lower rate than Mps. This suggests that a more effective way to 

increase MFE Mps⁄  is to increase only the HSS flange thickness at the bottom. 

4.8. Slab Type Effect 

Solid slab is often considered as an alternative to profiled steel sheeting (PSS). A study was 
conducted to assess its influence on composite beams’ flexural behavior. Two sets of beams having 
identical cross-section dimensions and mechanical properties of materials were modelled, one 
using a solid slab (refer to Table 5) and the other employing PSS. Figure 16 illustrates that HSS-ECC 
beams having solid slab and those having PSS exhibited nearly identical behaviors. Therefore, it is 
observed that the type of slab has marginal impact on the bending behavior of HSS-ECC beams. 

4.9. Shear Stud Spacing/Shear Connection Degree Effect 

Three values of sstud including 75 mm, 100 mm, and 200 mm were utilized for the CW600-CT140-
SD180 Beam to examine the influence of shear connection degree (η) and shear stud spacing 
(sstud) on the beams’ bending behaviour. The results depicted in Figure 17 demonstrate that beams 
with smaller sstud (resulting in higher η) generally exhibited greater EI0 and MFE Mps⁄ , but a smaller 

R.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 15. Effect of 𝑏𝑓 𝑡𝑓⁄  on flexural strength of HSS-ECC beam: (a) Initial bending stiffness; (b) 

Rotation capacity; (c) Load carrying capacity; (d) Normalised bending moment capacity 

 

Fig. 16. Effect of slab types on 𝑀𝐹𝐸 𝑀𝑝𝑠⁄  of HSS-ECC beams 

 

Fig. 17. Effect of shear stud spacing/degree of shear connection () on 𝑀𝐹𝐸 𝑀𝑝𝑠⁄  of HSS-ECC 

beam. The number in the legend in the first bracket followed by mm is the value of 𝑠𝑠𝑡𝑢𝑑 and 
the number in the second bracket is the value of  
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Figure 17 also illustrates that beams with sstud of 75 mm and 100 mm exhibited similar bending 
behaviors because they shared a comparable degree of η. For instance, for CF40-SF690 Beam, 
sstud of 100 mm resulted in η = 0.82, which is close to unity, indicating near-full shear connection. 
Thus, reducing sstud to 75 mm and achieving full shear connection, beams’ behaviour is almost 
similar. As anticipated, beams with sstud of 200 mm showed significant differences compared to 
those with sstud of 75 mm due to a substantially lower shear connection degree. 

5. Conclusions 

This paper thoroughly examined the effect of various parameters, categorized into three groups: 
mechanical properties of materials, cross-section dimensions, and construction details, on the 
bending behavior composite beams made of high strength steel (HSS) girder and engineered 
cementitious composites (ECC) slab through a parametric investigation. The bending behavior of 
136 HSS-ECC composite beams was simulated using a validated nonlinear finite element (FE) 
model. The bending performance was assessed based on three indicators, including initial bending 
stiffness, rotation capacity, and flexural strength. The following concluding remarks can be given 
according to the parametric analysis results: 

• The initial bending stiffness of HSS-ECC beam can be substantially improved to more than 
50% by increasing the compressive strength of ECC, ECC slab width and ECC slab thickness 
as well as HSS section depth. However, the increase in HSS section web height to web 
thickness ratio, HSS section flange width to flange thickness ratio and shear stud spacing led 
to a considerable decrease in the initial bending stiffness of HSS-ECC beam. The influences of 
the HSS tensile strength and ECC slab type were found to be negligible. 

• For rotation capacity, it was found that the increase in the compressive strength of ECC 
material, ECC slab width, HSS section depth, HSS section flange width to flange thickness 
ratio, HSS section web height to web thickness ratio and shear stud spacing resulted in a 
substantial enhancement in the rotation capacity of HSS-ECC beam. In contrast, the increase 
in the HSS yield strength, ECC slab thickness led to a significant decrease in the rotation 
capacity of the HSS-ECC beam. It was found that ECC slab type had almost no effect on the 
HSS-ECC beam’s rotation capacity.  

• For normalized bending moment capacity, it can be substantially enhanced by increasing the 
material property and dimensions of ECC slab (i.e., compressive strength, slab width and slab 
thickness). In contrast, the increase in the material property and dimensions of HSS section 
(i.e., tensile strength, section depth, section web height to web thickness ratio) led to a 
significant decrease in the normalized bending moment capacity of HSS-ECC beams. On the 
other hand, the increase of section flange width to flange thickness ratio and shear stud 
spacing resulted in the rise of the normalized bending moment capacity. In all four groups of 
material properties, beams with ECC of 70 MPa compressive strength and 690 MPa HSS 
tensile strength (group 70-690) show highest normalized bending capacity while the least 
accounting for the 40-960 group. 
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