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Research Article

Assessment of stresses and vibration behavior of
concrete gravity dam under fluctuating hydrostatic force

Pandimani #*

2 GMR Institute of Technology, Rajam, Vizianagaram District, 532127 Andhra Pradesh, India

ABSTRACT

ARTICLE INFO

Dam structure contributes to the socio-economic development of a country but zero
probability of failure of such structure is a design concern. Hence, it is essential to
monitor the dam condition under the fluctuating reservoir water and the vibration
effect. In this investigation, four different cases of the reservoir depths are adopted
to numerically analyze the hydrostatic and modal (free-vibration) behavior of a
three-dimensional (3D) gravity dam. The impact of fluctuating reservoir water and
uplift pressure on the dam's internal stresses (direct, principal, shear, and Von Mises)
are evaluated to examine the location of maximum stress concentration. Under these
cases, the maximum displacement along the longitudinal and vertical directions is
explored. It can be revealed that case 1 (with full reservoir) induces the maximum
displacement on the top crest level and the peak normal stress concentrated at the
heel region, respectively. The mode shapes 1 and 4, under case 4 reveals the peak
and lowest time-period. Whereas, the frequency responses are in contrast to it (i.e.,
reverse) under the same case and modes. In comparison to cases 2, 3, and 4, case 1
exhibit the largest crest level displacements along the x-direction that are 26%, 49%,
and 86% higher, respectively. Compared to case 1, the normal stresses along the x-
direction declined by 51.58%, 68.74%, and 58.25%, respectively for cases 2, 3, and
4. It can be revealed that the frequency is directly related, while the time-period is
inversely proportional to the mode-shapes. Overall, this study envisages a compre-
hensive understanding of the dam’s performance, providing critical data to inform
design decisions, safety assessments, and performance improvements.
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1. Introduction

In water resource management, structural integrity is
essential to ensure the safety and longevity of water-re-
taining structures like gravity dams. The significant
challenge for ensuring the safety of such structures relies
on the fluctuating reservoir and uplift pressure effect,
which compromise the stability and durability of a dam.
Understanding the effect of these forces is crucial for im-
proving the dam's performance and ensuring its struc-
tural safety. It is also essential to understand the dy-
namic effect, which causes severe damage to the dam

structure due to the vibration. The mode shape and fre-
quency behavior of the dam structure is a critical param-
eter that essentially provides valuable insights into the
structural performance of the dam. It also assists engi-
neers in predicting the potential weaknesses within the
dam body and optimizing the design for durability and
safety concerns. Understanding the causes and mecha-
nisms of the structural deformation process is essential
for the safety of man-made dam structures, for protect-
ing the environment, and for the establishment of asso-
ciated mitigating measures in the event of natural disas-
ters. The impounding reservoir of a dam can cause natu-
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ral tragedies like earthquakes and the sudden collapsing
of such a structure would cause severe devastation of
property and human life. The environmental conse-
quences of dam construction would have direct impacts
on the physical, biological, and chemical features of riv-
ers and riparian environments. In recent years, the evo-
lution of vibration damage and the impact of impounding
reservoir pressure have become major concerns for the
safety and serviceability of dams. Reservoir and dam
construction involves substantial anthropogenic and
natural impacts. They are mostly positive effects but
sometimes it influences the negative impact on the envi-
ronment. The main purpose of dam construction in-
volves the improvement of the local water regime which
consequently enhances the national prosperity. The so-
cioeconomic developments of the country by generating
power, irrigation of cultivated land, municipal water
supply, navigation, and flood control are the main goals
of constructing the reservoir and dam. However, the con-
sequences of dam construction have also some negative
environmental impacts such as migration of local people,
drastic changes in the reservoir's aquatic life, and natu-
ral hazards, which cannot be avoided. The structure of a
solid gravity dam can be built with concrete or stone ma-
sonry material constructed to form the backwater reser-
voir. The lateral reservoir pressure is primarily resisted
by the weight of the dam. The dam considered in this
study is a multi-purpose irrigation project that is under
construction across the River Godavari, located in the
districts of West and East Godavari of Andhra Pradesh.
A comparative study between two and three-dimen-
sional arch dams (gravity-type) were performed consid-
ering earth and reservoir pressure influence on the lon-
gitudinal displacement. The reservoir depth was 6.2m
lowered and the effect of displacements on the crest
level was investigated. It was demonstrated that both
three and two-dimensional studies correlated closely
with the experimental tests (Zvanut 2022). Two-dimen-
sional static responses under fluctuating reservoir levels
considering the dam structure and soil interaction were
investigated through the ANSYS package. It was demon-
strated that the highest crest displacement was achieved
for a flexible foundation compared to a rigid one. It was
inferred that beyond 2H width and 1.5H depth of foun-
dation, the dam stresses are insignificant on the founda-
tion-structure interaction effect (Sharma and Nallasivam
2023). A two-dimensional high-gravity dam was ana-
lyzed under 0.1 g to 0.3 g lateral ground motion to inves-
tigate the stability and stress conditions. It was con-
cluded that the stability of the dam has been endangered
by increasing earthquake intensity. It was suggested that
the numerical shear and vertical stress magnitudes are
more conservative than the gravity method (Ali et al.
2012). To investigate the safety measures of the dam un-
der seismic forces, a finite element approach was em-
ployed using the domain reduction method and free-
field boundary condition methods and the stresses and
displacements results are compared. Later the domain
reduction method was employed considering the foun-
dation as rigid, mass, and massless for the Koyna dam. It
was revealed that the dam responses are overestimated
for the massless foundation type (Ghaemian et al. 2019).

An appropriate finite element method (free-field bound-
ary condition) using ABAQUS was implemented consid-
ering the effects of radiation damping, mass, and wave
propagation. The responses of the foundation-dam effect
assuming mass and massless were evaluated. It was il-
lustrated that the foundation with massless assumption
overestimates the magnitude of stresses and displace-
ments (Mohammadnezhad et al. 2019). Earthquake anal-
ysis was done numerically using a case study of Koyna
dam for the dam-structure interaction effect and the re-
sults are validated with past literature. A foundation
with mass was assumed and the damage indices, crack
evolution, displacements, and principal stresses were
evaluated. The simulated result specifies that the massed
foundation has a significant influence on the seismic per-
formance of the gravity dam (Burman et al. 2008). A par-
ametric numerical analysis was performed to explore
the impact of the flexibility and rigidity foundations type
on the free vibration frequency characteristics of the
dam. The dam was also studied with and without the
prestress effect. It was predicted that the dam with ini-
tial prestress would exhibit more frequency than that
without prestressing case. It was also suggested that the
initial condition and boundary conditions should be con-
sidered while assessing the dam responses under the
foundation-dam interaction effect (Jafari and Khiavi
2019). A 2D roller compacted concrete dam was ana-
lyzed for dynamic responses to examine the effect of the
shape and size of the gallery using the ABAQUS package.
It was demonstrated that the circular shape gallery per-
formed better regarding stress concentration, deflection,
and crack formation, compared to the octagonal and
square shapes (Ghaedi et al. 2016). A numerical study
was executed to extract the responses of the dam struc-
ture foundation interaction assuming rigid and flexible
boundaries. A numerical study was further extended to
investigate the optimum depth and width of the founda-
tion. It was concluded as related to the fixed base type,
the flexible (considering foundation) base produced 10
times higher deflection. It was examined that the opti-
mum foundation width of twice the dam height and op-
timum depth of 1.5 times the height of the dam was
achieved (Abraham et al. 2017). Modal analysis of the
gravity dam was numerically simulated considering dif-
ferent reservoir and tail-water levels and the effect of
reservoir-foundation-dam interactions. It was con-
cluded that the highest lateral deformation occurred un-
der lower reservoir depth. The higher reservoir height
with tail-water height offers more flexibility and reduced
frequency. In contrast to the interaction between reser-
voir water and dam structure, the interaction between
the reservoir water, dam, and foundation combination
produces lesser frequency (Tidke and Adhikary 2022).

This paper highlights the 3D reservoir pressure model-
ing and stresses analysis of the Polavaram project grav-
ity dam profile, which is rarely presented in the past lit-
erature. The study explores the impact of varying the
u/s, uplift, and d/s water forces to investigate the peak
stress concentration and displacement region within the
dam. Excessive stresses within the dam can lead to a
cracking or failure of concrete material, which compro-
mises the integrity of the structure. Engineers can iden-



Pandimani / Challenge Journal of Concrete Research Letters (2025) 16(1) 1-14 3

tify the potential zone of weakness that may require re-
inforcement or design adjustments to prevent any cata-
strophic failure. Excessive displacements can potentially
lead to the overturning and sliding of dams, hence mon-
itoring the displacement behavior under fluctuating res-
ervoir forces ensures the dam remains within safe oper-
ating limits. It also evaluates the vibration behavior to
examine the natural frequency and mode shape parame-
ters to assess the potential weakness area inside the
body of the dam. It is possible to optimize the dam geom-
etry and materials consumption by accurately predicting
the peak stresses and displacement parameters before
the commencement of dam construction. It also ensures
the dam structure is resilient to both static and dynamic
loadings. The presented model can be adopted as a ref-
erence to examine the influence of other significant fac-
tors on dam stability and its responses to external forces,
which is a future scope of this study.

2. Gravity Dam Modeling

The Indian government designated the Polavaram
dam project a significant undertaking in Andhra Pra-
desh, as a national project (Amarnath and Shashidhar
2020). Itis situated in the Godavari River and is regarded
as the region's most important infrastructure undertak-
ing. It is a multi-use dam that is being built for irrigation
and hydroelectric power, and it has the potential to be
the largest dam in India. The non-overflow sectional
view of the dam is shown in Fig. 1, which depicts the var-
ious parameters concerning the dam. In this section, a 3D
gravity dam is analyzed using STAAD Pro V8i package.
The dam is studied for 4 different u/s reservoirs and tail-
water depths, to assess the critical regions of displace-
ments and stresses within the body of the dam.

P

Y

9.675 m
—3

EL + 54.00

Downstream

y EL+4572
FRL

EL + 42.00

Upstream

1

10,_

w EL +31.66
TWL

EL + 10.00

37.51 m

Fig. 1. Sectional view of the gravity dam
(Amarnath and Shashidhar 2020).

The non-overflow section is 54m high, 9.675m in top
width, and 37.51m in bottom width. In this study, the 3D
structure of a dam of 20m in length is assumed for anal-
ysis purposes. From the base, an inclination of 10:1 up to
a height of 35.72m and then vertically upward till the top
crest level on the upstream (u/s) side. It has a down-
stream (d/s) slope of 1:0.85 up to a height of 32m and
then vertically upward till the top crest level of the dam.
A water depth of 21.66m is avail on the downstream side
with a Full Reservoir Level (FRL) of 35.72m available on
the upstream side respectively (with a dam base lying at
RL of +10m). STAAD Pro, commercial version is an ex-
tensively employed design and structural analysis soft-
ware developed by Research Engineers International
(STAAD Pro 2007). Later in 2005, it was bought by Bent-
ley Systems. It is capable of modeling structural steel,
timber, cement concrete, and other composite structural
elements with design codes of several nations. It is capa-
ble of performing, various geometric and material linear
as well as nonlinear static and dynamic analyses. In
STAAD Pro, three basic methods are available for devel-
oping the geometry of the structure such as the snap
node method, coordinate method, and copy-paste
method. It also consists of a few default structural mod-
els in its command wizard library for frames, solids, and
truss-type structures. In this study, a default cuboid solid
model is used to generate a 3D dam structure by the co-
ordinate system method in the STAAD editor. The re-
search methodology employed to perform this analysis
work is represented in Fig. 2.

3D Finite
Element
Modeling

Hydrostatic Dam
analysis Analysis

Modal
Analysis

Reservoir Free
levels Vibration

Stresses,
Strains, and
Displacements

Natural Freq.
Mode Shapes

Results and
Discussions

Fig. 2. Methodology used for dam analysis in STAAD Pro.

Unlike shell (plate) elements and members, solid ele-
ments do not require any attributes. However, constants
such as the Poisson's ratio and elasticity modulus must
be given. In addition, density needs to be provided in
each load case where self-weight is included. Solid ele-
ments enable the solution of structural problems with
general three-dimensional stresses. A powerful tool for
solid components finite element analysis is offered for a
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class of problems, including the distribution of stress in
rock and soil strata or concrete dams. In this study, an
eight-node, isoparametric solid element is employed to
develop the dam model using STAAD Pro. Each node of
this solid element has freedom in three translational di-
rections, and the geometry shape is illustrated in Fig. 3.

=i

H

v}
L

8
Fig. 3. Eight-node isoparametric element (STAAD Pro 2007).

It is likely to impose uniform and linearly varying
pressure on the faces of the solid element through the
solid load tab. On a face, a volumetric type of pressure is
applied, where the intensity at one node may differ from
another node within the same face. This kind of load is de-
fined by the water weight on a dam's sloping face. If the
dam is represented with solids for each component, the
water height at the lower elevation nodes will be higher
than those at the higher elevation nodes. The pressure can
be applied in the local z-direction (normal to the element)
or the global directions (i.e, x, y, and z). If we neglect the
global orientation, we assume that the applied loading is
normal to the face and that a positive pressure is entering
the solid. At the four corner nodes of the dam section, the
boundary conditions at supports are given zero displace-
ments and rotations (fixed) in the translational direc-
tions (i.e,, X, y, and z). To perform the static and modal
analysis, the self-weight of the dam is input by assigning
linear elastic material properties (i.e., Density and Pois-
son’s ratio) of concrete (Pandimani et al. 2023a, 2023b).
Table 1 illustrates the geometric details of the dam-res-
ervoir structure. Table 2 represents the modulus of elas-
ticity, Poisson’s ratio, weight density, and damping ratio
values that are employed in this study. The concrete
grade of M35 is assumed for the 3D solid model.

Among various studied cases: Case 1: 35.72 m of res-
ervoir water level and 21.66 m of tailwater, Case 2: 30.72
m of reservoir water level and 17.66 m of tailwater, Case
3: 25.72 m of reservoir water level and 13.66 m of tail-
water, and Case 4: 35.72 m of reservoir water level with
no tail-water, are the various cases assumed for the
dam's analysis. The dam’s dead load (self-weight), pres-
sure due to uplift, downstream water pressure, and up-
stream hydrostatic pressure are the forces exerted on
the dam's surface (FRL). 35.72 meters is the reservoir's
upstream depth, and 21.66 meters is the highest tail-wa-
ter level. A non-overflow section of the dam has a height
of 44 meters. The rock foundation of the non-overflow
section is available at an elevation of 10m. The top and
bottom widths are 9.675m and 37.51m respectively. On
the u/s and d/s sides of the dam, there is a slope of one

horizontal to ten vertical and 0.85 horizontal to one ver-
tical, respectively. The analysis assumes a 20-meter
length for the dam.

Table 1. Dam-reservoir data considered.

S.No. Parameters Value

1 Full Reservoir depth 35.72m

2 Maximum depth of tail water 21.66 m

3 Height of the dam 44.00 m

4 Sound rock level 10.00 m

5 Width of the dam at the bottom 37.51m

6 Width of the dam at the top 9.675 m

7 Length of the dam considered 20.00 m

8 Upstream slope 1H:10V

9 Downstream slope 0.85H:1V

Table 2. Material properties.
S.No. Particulars Type/Value

1  Type of material Concrete
2 Type of element Solid 8-node quadrilateral
3 Young's modulus of concrete (E:) 29580.39 N/mm?
4 Density of concrete (D) 2.5 E-5 N/mm?3
5 Density of water 9810 N/m3
6  Poisson’s ratio (PRXY) 0.30
7  Damping ratio (DAMP) 0.05
8  Concrete grade M35

3. Hydrostatic Reservoir Loadings

The solid loading diagrams for various reservoir wa-
ter levels at the upstream, downstream, and uplift faces
are shown in this section. As shown in Fig. 4, three forces:
upstream reservoir thrust, uplift pressure, and down-
stream tail-water pressure are modeled as solid volume
pressures acting on the corresponding faces of 3D solid
elements. Throughout the length (20m) of a gravity dam,
a trapezoidal (for cases 1-3) and triangular (for case 4)
volumetric uplift pressure (varying load) is acting at the
dam's bottom face. Whereas a varying triangle volumet-
ric pressure is acting at the upstream and downstream
faces of the dam respectively.

This study uses four case studies, as shown in Fig. 4(a-
d), to determine the static and modal responses. For the
first case, the water level in the u/s and d/s is 35.72m
and 21.66m respectively. The reservoir depth or the sec-
ond case are 30.72m u/s and 17.66m d/s respectively.
The third case has water levels of 25.72m and 13.66m
u/s and d/s respectively. In the last scenario, the reser-
voir depth is 35.72 meters on the u/s side, and there is
no tail-water in the d/s face. The water level in the u/s
and d/s faces affected the uplift pressure in each of the
four examples. The volumetric pressure (solid hydro-
static) exerted on the different regions of the dam is
shown by the green and blue colored diagram in Fig. 4.
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Fig. 4. Hydrostatic pressure loading diagram: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4.

The theoretical formula presented in Egs. (1) to (4)
are employed to compute the pressure magnitudes at
upstream, tail-water, and uplift, respectively (Punmia et
al. 2009). The evaluated theoretical pressure intensities
under various studied cases are presented in the subse-
quent section below.

The u/s reservoir pressure at dam base:

P(u/s) =Yw* h1 (1)
The d/s pressure due to tail water at dam base:

Pdss) =yw * h2 (2)
Uplift pressure at dam base (u/s):

Pu1 = Yw h1 (3)
Uplift pressure at dam base (d/s):

Puz =yw - h2 (4)

where, h1 = u/s side height of reservoir (m); h2 = d/s side
tail-water height (m); yw = density of water (kN/m3).

4. Results and Discussion

This section includes the proposed 3D solid gravity
dam's graphical representation and analysis of the re-
sults under different reservoir depths and tail-water wa-
ter levels. Additionally, modal behavior and the free vi-
bration effect are illustrated. The results of solid loading
are discussed, and visual representations of the stress
analyses under various loading conditions and their var-
iations in stresses are provided. Additionally, graphs il-
lustrating how natural frequency varies under different
mode shapes are displayed.

4.1. Stress analysis

Demonstrates the various case studies employed in
this study to investigate the impact of fluctuating reser-
voir pressure exerting over the dam body. The responses
like direct stress, von-Mises stress, shear stress, and
principal stresses are extracted numerically and the re-
sults are interpreted comprehensively.
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Table 3. Details of the hydrostatic loading cases.

S.No. Particular details Case-1 Case-2 Case-3 Case-4
1 Height of reservoir in the upstream (h1), m 35.72 30.72 25.72 35.72
2 Height of tail-water in the downstream (hz), m 21.66 17.66 13.66 0
3 Density of water (yw), kN/m3 9.81 9.81 9.81 9.81
4 Reservoir u/s pressure at the top, kN/m? 0 0 0 0
5 Reservoir u/s pressure at the bottom, kKN/m? 350.42 301.36 252.31 350.42
6 Uplift pressure in the upstream face, kN /m? 350.42 301.36 252.31 350.42
7 Uplift pressure in the downstream face, KN/m? 212.48 173.24 134.00 0
8 Pressure on the d/s face at the top due to tailwater, KN/m? 0 0 0 0
9 Pressure on d/s face at the bottom due to tailwater, KN/m? 212.48 173.24 134 0

4.1.1. Case study 1

In this case, the elevation of the u/s reservoir and tail-
water is at 35.72m (FRL) and 21.66m respectively as
shown in Fig. 4(a). A u/s reservoir pressure of 0 kN/m?2
atmospheric pressure and 350.420 kN/m? at the dam’s
heel portion was applied. Similarly, uplift pressures of
350.420 kN/m?2 and 212.48 kN/m? were applied on the
dam heel and toe region respectively. A 0 kN/m?2 and
212.480 kN/m?2 were assigned at the 21.66m level (at-
mospheric) and toe of the dam as tail water pressure.
Maximum normal stresses of magnitudes 285 kN/m?2
(comp.), 105 kN/m? (tensile), 147 kN/m? (comp.), and
147 kN/m? (tensile) are predicted along the x- and y-di-
rection respectively, as illustrated in Table 5. The maxi-
mum displacement of 616.987 mm and 188.759 mm is

produced along the x- and y-directions as presented in
Table 4, which occurs at the dam’s top crest region.

The largest and lowest von-Mises stress and principal
stress of 376 kN/m2 (comp.), 52.3 kN/m? (comp.) and
164 kKN/m?2 (comp.), 1.13 kN/m?2 (tensile) are developed
under case 1, as presented in Table 6. The dam’s heel re-
gion exhibits the highest direct stress along the x-direc-
tion, whereas the u/s side of the dam experiences the
highest normal stress in the y-direction respectively, as
revealed in Fig. 5(a-b). The largest and lowest von-Mises
contour stresses, which are concentrated at a dam's mid-
height on the u/s side and top crest, respectively, are
shown in Fig. 5(c). The findings indicate that, as depicted
in Fig. 5(d), the top head region and the d/s side of the
dam are where the least principal stress forms, and the
largest principal stress occurs at the u/s face.
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Fig. 5. Contour stress diagrams for case 1:
(a) Normal stress in x-direction; (b) Normal stress in y-direction; (c) von-Misses stress; (d) Principal stress.



Pandimani / Challenge Journal of Concrete Research Letters (2025) 16(1) 1-14 7

4.1.2. Case study 2

As seen in Fig. 4(b), the level of the u/s water and tail-
water in this case are at 30.72 m and 17.66 m, respec-
tively. On the u/s side, a reservoir pressure of 0 kN/m?2
(atmospheric pressure) and 301.360 kN/m? were ap-
plied at the dam's heel region. Similarly, the uplift pres-
sure at the dam toe and heel portion was 173.240 kN /m?2
and 301.360 kN/m?2, respectively. A tail-water pressure
of 0 kN/m? and 173.240 kN/m? is assigned at 17.66m
height and dam toe portion, respectively. Fig. 6(a-b)
show the predicted highest and least normal stresses
along the x- and y-directions, respectively. The magni-
tudes of these stresses are 138 kN/m? (comp.), 40.9 MPa
(tensile), 126 kN/m2 (comp.), and 96 kN /m? (tensile), re-
spectively.

The highest crest level of the dam developed a maxi-
mum displacement of 456.208 mm (x-dir.) and 299.092
mm (y-dir.), as shown in Table 4. The largest and lowest
von-Mises and principal stresses of 207 kN/m? (tensile),
19.9 kN/m? (tensile), and 98.2 kN/m? (tensile), 1.13
kN/m? (tensile) are developed under case 2. The highest
and lowest von-Mises stresses develop at the top reser-
voir level on the u/s face and top crest region of the dam
respectively, as shown in Fig. 6(c). It was revealed that
the largest principal stress developed at the u/s side and
the lowest principal stress formed at the top head region
on the d/s side of the dam, as shown in Fig. 6(d). The nor-
mal stresses along the x- and y-directions are maximum
on the u/s face and minimum on the d/s face of the dam
respectively and illustrated in Fig. 6(a-b). Tables 5 and 6
illustrate the predicted stress results of normal, von-
Mises, and principal stresses respectively.
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Fig. 6. Contour stress diagrams for case 2:
(a) Normal stress in x-direction; (b) Normal stress in y-direction; (c) von-Misses stress; (d) Principal stress.

4.1.3. Case study 3

As seen in Fig. 4(c), the levels of the u/s water and tail-
water in this case are 25.72 m and 13.66 m, respectively.
On the u/s side, a reservoir pressure of 0 kN/m? (atmos-
pheric pressure) and 252.310 kN/m2were applied at the
dam's heel region. Likewise, the uplift pressure at the dam
toe and heel was 134 kN/m2and 252.310 kN/m?, respec-
tively. A tail-water pressure of 0 kKN/m? and 134 kN/m?
were assigned at the 16.66m level and toe of the dam. As
displayed in Fig. 7(a) and (b), maximum normal stresses
of magnitude 89.1 kN/m? (comp.), 42.2 kN/m? (tensile),

and 61.8 kN/m? (tensile), 77 kN/m? (comp.) are antici-
pated along the x- and y-directions, respectively.

Table 4 illustrates the maximum displacement of
311.859 mm and 87.97 mm was developed at the top
crest region of the dam. Under case 3, the von-Mises and
principal stresses of maximum and minimum magni-
tudes of 129 kN/m2 (tension), 26.30 kN/m? (tension),
and 67 kN/m?2 (comp.), 0.047 kN/m?2 (comp.), are devel-
oped. Fig. 7(c) illustrates the maximum and minimum
von-Mises stresses that are concentrated at the top res-
ervoir level and top crest portion of the dam respec-
tively, on the u/s side. It is investigated that, as indicated
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in Fig. 7(d), the least principal stress develops at the top
head region and d/s face of the dam respectively. Fur-
thermore, the largest principal stress concentrated on

the u/s face. The largest and lowest normal stresses are
developed on the dam's u/s and d/s faces along the x-
and y-directions, respectively.
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Fig. 7. Contour stress diagrams for case 3:
(a) Normal stress in x-direction; (b) Normal stress in y-direction; (c) von-Misses stress; (d) Principal stress.

4.1.4. Case study 4

As seen in Fig. 4(d), in this case, the height of the u/s
levels is 35.72m (FRL.) with no tail-water. On the u/s
side, areservoir pressure of 0 kN/m?2 (atmospheric pres-
sure) and 350.420 kN/m? were applied at the dam's heel
region. Similarly, the uplift pressure at the dam toe and
heel was set at 0 kN/m?2 and 350.420 kN/m?2, respec-
tively. As displayed in Fig. 8(a) and (b), the maximum
normal stresses of magnitudes 119 kN/m2 (comp.), 12.8
kN/m? (comp.), and 222 kN/m? (comp.), 217 kN/m?
(tensile), are anticipated along the x- and y-directions,
respectively.

Tables 5 and 6 illustrate the predicted stress magni-
tudes of normal, von Mises, and principal stresses re-
spectively. Table 4 illustrates the maximum displace-
ment of 1369.199 mm and 395.058 mm was developed
at the top crest level of the dam. The largest and lowest
von-Mises and principal stresses of 321 kN/m? (tensile),
62.9 kN/m? (tensile) and 222 kN/m? (tensile), 14.60
kN/m? (comp.) are developed under case 4. The concen-
trations of the highest and minimum von-Mises stresses
are developed at the d/s face and top head region of the
dam respectively, as displayed in Fig. 8(c). As seen in Fig.
8(d), it was revealed that the lowest principal stress

forms at the top crest region and d/s edge of the dam,
whereas the largest principal stress forms at the u/s face.

4.2. Displacements

Table 4 illustrates the highest displacements along the
x- and y-directions of a 3D gravity dam influenced by fluc-
tuating levels of hydrostatic pressures. According to cases
1 through 4, the greatest displacements of magnitude
616.987 mm, 456.208 mm, 311.859 mm, and 87.970 mm in
the x-direction and 188.759 mm, 299.092 mm, 369.199
mm, and 395.058 mm along the y-direction are anticipated.
Table 4 and Fig. 9, illustrate that the maximum displace-
ments in the x-direction descents as the reservoir depth
lowers, but in contrast, this magnitude increases in the y-
direction when the reservoir levels decrease. Fig. 9 shows
that the greatest displacements in the x- and y-directions
of 616.978 mm and 395.058 mm, respectively. In compar-
ison to cases 2, 3, and 4, case 1 has displacements in the x-
direction that are 26%, 49%, and 86% higher, respectively.
Conversely, the greatest displacements under case 1 are
58%, 96%, and 109% smaller than those under cases 2, 3,
and 4, respectively in the y-direction. It is determined that
the dam's crest region is subjected to the largest displace-
ments along the x- and y-directions, respectively.
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Fig. 8. Contour stress diagrams for case 4:

Table 4. Maximum predicted displacements (mm).

Direction Case 1 Case 2 Case 3 Case 4
X- 616.987 456.208 311.859 87.970
y- 188.759 299.092 369.199 395.058
700 1 —e—Y_displ.
600 616.99 —=— X-displ.
500 A
395.06
400 A
300 A
200 A
87.97
100 -
0 T T T T

2

3

Hydrostatic cases

Fig. 9. Maximum node displacements along x- and y-directions.
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4.3. Normal (direct) stress

Table 5 shows the expected maximum and minimum
normal stress magnitudes along the x- and y-directions
under the variable reservoir depths. As shown in Fig. 10,
cases 1 through 4 cause maximum compressive stresses
of magnitudes 285 kN/m?, 138 kN/m?, 89.10 kN/m?, and
119 kN/m?, respectively. It is observed that along the x-

direction, every produced stress has a compressive na-
ture. Similarly, as illustrated in Fig. 10, the highest stresses
of magnitudes 147 kN/m2, 126 kN/m?, 61.80 kN/m?, and
222 kN/m? were assessed for cases 1 through 4, respec-
tively, along the y-direction. All other cases have compres-
sive stresses in the y-direction, except case 3. Compared
to case 1, the normal stresses in the x-direction for cases
2,3, and 4 declined by 51.58%, 68.74%, and 58.25%.

Table 5. Maximum and minimum normal stresses (kN/m?2).

Casel Case 2 Case 3 Case 4
Direction
max min max min max min max min
X- -285 +105 -138 +409 -89.1 +42.2 -119 -12.8
y- -147  +147 -126 +96 +61.8 -77 =222 +217

Note: (-) sign indicates compressive and (+) indicates tensile stresses.

300 -
285.01 —— X-stresses
g 250 4 —8—Y-stresses
= 222.77
=
— 200
Q
a
g
% 150 1 147.39
©
g 119.28
o 100 A
=
5
S o 76.97
O T T T T 1
0 1 2 3 4 5

Hydrostatic cases

Fig. 10. Maximum normal stresses along x- and y-directions.

4.4. von-Mises and principal stresses

Table 6 displays the highest and lowest von-Mises and
principal stresses for cases 1 to 4. The maximum von-
Mises and principal stresses are depicted in Fig. 11. The
maximum von-Mises stress of 376 kN/m?2 and 222
kN/m? are predicted under cases 1 and 4 respectively. In
comparison to case 1, the maximum von-Mises stresses
for cases 2, 3, and 4 are reduced by 44.95%, 65.70%, and
14.63%, respectively. Similar reductions of 40.12% and

59.15% are seen in the maximum principal stresses of
cases 2 and 3, while a 35.37% rise is seen in case 4 rela-
tive to case 1. Itis revealed that under the four different
cases studied, all the principal stresses are tensile. It is
examined that the maximum von-Mises stresses for case
1is 14.63% higher than that of case 4, which reveals that
itis 1.17 times that of case 4. In comparison to case 4, the
maximum principal stress in case 1 decreased by
35.37%, indicating that it is 0.74 times greater than that
of case 4.

Table 6. von-Mises and principal stresses (kN/m2).

Case-1 Case-2 Case-3 Case-4
max min  max min max min max min
von-Mises stress 376 523 207 199 129 263 321 62.9
Principal stress +164 -1.13 +98 +1.3 +67 -0.04 +222 -14.6

Note: (-) sign indicates compressive and (+) indicates tensile stresses.



Pandimani / Challenge Journal of Concrete Research Letters (2025) 16(1) 1-14 11

400 - 376

350 4

—e—\/on-Mises

—&— Principal 321

300 -
250 -
200 164

150 A

Stresses (kN/m?)

98

100 A

0 T T

222

67

0 1 2

3 4 5

Hydrostatic cases

Fig. 11. Maximum von-Mises and principal stresses.

4.5. Shear stresses

Table 7 displays the maximum shear stresses in the x-
and y-directions for various loading cases. It is revealed
that case 4 develops the largest shear stresses. In the x-
direction, the maximum shear stresses for cases 1
through 4 are, in order, 141.60 kN/m?, 85.63 kN/m?,
54.83 kN/m?, and 135.42 kN/m? respectively. The high-
est shear stress magnitudes of 13.51 kN/m?, 7.09 kN/m?,
3.57 kN/m?, and 19.08 kN/m? are recorded for cases 1
through 4, respectively, along the y-direction. It is inves-
tigated along the x-direction and found that, in compari-
son to case 1, case 2 offers a percentage reduction in
maximum shear stress of 39.53. Similarly, in the x-direc-
tion, case 3 shows a percentage reduction in maximum
shear stress of 35.97 and 61.28, respectively, when com-
pared to cases 2 and 1. In comparison to case 1, case 4
exhibits an x-direction percentage reduction of 4.36 of
the maximum shear stress. Conversely, for case 4, the
maximum shear stress decreased by 58.15% and
146.98% along the x-direction respectively, when com-
pared to cases 2 and 3.

Table 7. Maximum shear stresses (kN/m?).

Case x-dir. y-dir.
1 141.60 13.51
2 85.63 7.09
3 54.83 3.57
4 135.42 19.08

Furthermore, a comparison of cases 2 and 3 against
case 1 along the y-direction reveals a reduction of maxi-
mum shear stress of 47.52 and 73.25 percent, respec-
tively. In comparison to case 2, case 3 also yields a
49.65% reduction in shear stress. In contrast, the largest
shear stress for case 4 in the y-direction is increased by
41.23%, 169.11%, and 434.45% compared to cases 1, 2,
and 3, respectively.

4.6. Modal analysis

A method for determining the vibration specifications
of the dam structure can be assessed using modal (fre-
quency) analysis (Punmia et al. 2009; Asghari et al. 2018;
Pandimani et al. 2023b). The vibration of any structure
like dams can be made with force or without force and
can generally be described as forced or free vibrations.
Under free vibrations, the structure may oscillate at spe-
cific natural frequencies and periods, and the respective
deformation is referred to as mode shape (Wang et al.
2021; Li et al. 2015; Khosravi and Heydari 2015).

The modal analysis is executed to establish the time-
period, natural frequency, and respective mode shapes,
which offers crucial information about the structure re-
sponses before the more realistic dynamic analysis
(Punmia et al. 2009; Pandimani et al. 2023a, 2023b).
Free vibration analysis is performed to extract the mode
shape, time-period, and natural frequency (Hz) for the 4
solid models executed in this study. Fig.12 reveals that
the natural frequency increases with the mode shape,
i.e., the higher the mode number higher the frequency for
all the cases. Fig.13(a-d) represent the different mode
shapes from cases 1 to 4 respectively. Table 8 depicts the
predicted natural frequencies and time periods under
the studied cases.

Among the various cases and mode shapes, case 4
(without tail water pressure) under the fourth mode ex-
hibits the highest natural frequency, as shown in Fig. 12.
The highest time-period existed for case 1 under mode-
4 and the least time-period for case 4 under mode-4 re-
spectively, as shown in Table 8 and Fig.14. The variation
of time-period under various modes of vibration is pre-
sented in Fig. 14. The natural frequency ranges from
0.571Hz to 1.503Hz for case 1, 0.660Hz to 2.819Hz for
case 2, 1.062Hz to 3.733Hz for case 3, and 0.518Hz to
19.627Hz for case 4. It was concluded that the natural
frequencies of mode number 4 in cases 1, 2, 3, and 4 are
2.63, 4.27, 3.52, and 37.88 times that of the first mode
respectively. It is clear from Table 8 that the frequencies
under the first mode increased by 15.59% for case 2
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compared to case 1. The frequency is increased by
60.91% and 85.99% for case 3 in comparison to case 2
and case 1 respectively, for mode 1. In contrast, the fre-
quency under case 4 declined by 9.28%, 21.52%, and
51.22% against the case 1, 2, and 3 respectively. Simi-
larly, the mode 2 frequency under cases 2 and 3 are in-

Frequency (Hz)

Mode numbers

creased by 28.86% and 96.88% respectively, against
case 1. Whereas, a 48.43% increase in frequency is
achieved for case 3 in comparison to case 2. The fre-
quency for the second mode under case 4 is increased by
6.70% and decreased by 17.19%, and 45.80% in com-
parison to cases 1, 2, and 3 respectively.

m Case 1
B Case 2
m Case 3

m Case 4

Fig. 12. Comparison of natural frequency.

Fig. 13. Mode shapes of the dam section:
(a) Mode shape 1; (b) Mode shape 2; (c) Mode shape 3; (d) Mode shape 4.
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Table 8. Modal analysis responses (free vibration).

Frequency (Hz) Period (seconds)
Modes
Case-1 Case-2 Case-3 Case-4 Case-1 Case-2 Case-3 Case-4
1 0.571 0.660 1.062 0.518 1.752 1.516 0.941 1.932
2 0.641 0.826 1.262 0.684 1.561 1.210 0.793 1.462
3 1.448 1.968 2.842 12.620 0.691 0.508 0.352 0.079
4 1.503 2.819 3.733  19.627 0.665 0.355 0.268 0.051
2.5
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Fig. 14. Comparisons of time-periods.

Compared to case 1, the mode 3 frequency is in-
creased by 35.91% and 96.27% for cases 2 and 3 respec-
tively. Whereas, a 44.41% increased frequency is
achieved for case 3 against case 2. Alarge variation in the
frequency was experienced under the fourth mode in
case 4 related to the other cases due to zero tail water
pressure, as depicted in Table 8 and Fig. 12. An 88.56%
and 148.37% increase in frequency are observed for
case 2 and 3 respectively, in comparison to the case 1.
Similarly, a 33.43% increase in frequency is exhibited for
case 3 against case 2. Similarly, Compared to frequencies
of cases 1, 2, and 3 for mode number 4, the highest per-
centage increments of 1205.85, 596.24, and 425.77 are
obtained under case 4.

5. Conclusions

This study encompasses the 3D analysis of a solid
gravity dam which demonstrates that the dam's static
and vibration responses may be satisfactorily antici-
pated using the advanced structural analysis and design
software (STAAD Pro) tool. The expected results are
deemed significant, and the package's robustness through
contour graphical representation and user-friendly envi-
ronment offers a better comprehension of the dam re-
sponses. The major vibration properties (such as mode
shape and vibration frequencies) of the dam structure
are investigated through modal analysis. The critical ob-
servations of this research are illustrated below.

e The largest displacement for case 1 in the x-direction
is increased by 85.74% compared to case 4, which re-
veals that it is 7.01 times more than that of case 4. On
the other hand, the maximum displacement under
case 1 decreased by 109.29% compared to case 4,
meaning that it is 0.48 times larger in the y-direction
than case 4.

e (ases 1 and 4 exhibit the largest normal stresses re-
spectively, along the x- and y-directions. It is deter-
mined that, in comparison to case 4, case 1 achieves a
58.25% increase in normal stress along the x-direc-
tion. Furthermore, under case 1, a declining percent-
age of 51.02 is shown in the y-direction in comparison
to case 4. It can be concluded that the induced tensile
and compressive stresses are within the limiting
strength of the materials.

e The von-Mises stresses in case 1 are found to be 1.82,
2.91, and 1.17 times greater than those in cases 2, 3,
and 4, correspondingly. The primary stresses in cases
1, 2, 3, and 4 were found to be 1.67, 2.45, and 0.74
times greater, respectively. In case 1, the maximum
shear stresses show 41.23% lower and 4.36% greater
along the x- and y-directions, respectively, compared
to case 4.

e [t is demonstrated that the natural frequencies and
time-periods increased with increasing mode num-
bers. It is revealed through modal analysis (under free
vibration) that the maximum and minimum frequen-
cies are predicted in case 4, under mode 4 and mode
1 respectively. As opposed to this, case 4 discloses the
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maximum and minimum time-periods under modes 1

and 4, respectively.

The combination of a full reservoir with tail-water
makes the dam more flexible, which consequently low-
ers the natural frequency. Conversely, in modal analysis,
a reservoir with lower water depth leads to increased
lateral crest deformation. A dam with a full reservoir and
tail water results in a lower natural frequency than a
dam without tail-water.
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ABSTRACT

ARTICLE INFO

In general, surface contamination of building materials is caused by pollution, which
can be divided into human-made and natural sources. Building materials whose sur-
faces are exposed to pollutants from these sources for a long time show chemical and
physical degradation and lose their function over time and their service life is short-
ened. Due to photocatalytic feature provided to the material surfaces, organic pollu-
tants on the surface are degraded as a result of oxidation and reduction reactions
under the influence of light. In this study, the self-cleaning performance was meas-
ured on the surfaces of fibrous lightweight polymer concretes with titanium dioxide
(Ti02) reinforcement incorporated into the structure. Perlite-based concrete speci-
mens with TiOz/resin ratios of 0%, 3%, 6% and 9% and fiber/resin ratios of 0%,
0.5% and 1% were prepared. When the results of the self-cleaning test with Rhoda-
mine B dye were examined, the samples with a TiOz/resin ratio of 9% had the highest
degradation percentages of about 67%. This study shows that photocatalytic proper-
ties can be imparted to lightweight polymer concretes with different structures from
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1. Introduction

Innovation in the construction industry and sustaina-
bility goals are driving the continuous evolution of mate-
rials science (Sui Pheng et al. 2019). Conventional con-
cretes can have limitations in some applications, often
due to their weight and various physical limitations
(Seymour 2019). Concretes defined as lightweight con-
cretes are concretes with a lower density than normal
concretes. The density of these concretes is generally
less than 1800 kg/m?>. The reason for the lower density
of lightweight concretes is that these concretes are pro-
duced by using lightweight aggregates such as perlite,
expanded clay, pumice or materials such as foam con-
crete. Such concretes can be preferred in both structural
and non-structural applications (Khan et al. 2024;
Thienel et al. 2020). Therefore, the search for light-

weight and high performance alternatives has led to the
development of polymer concretes (Nodehi 2022; Bedi
et al. 2013). Polymer concretes are building materials
that contain a variety of mineral and organic materials
bound with resins, with optimized mechanical and
chemical properties. These materials offer advantages
such as light weight, high durability, and modifiability,
providing a wide range of applications in construction
(Sarde and Patil 2019). Cement-based concretes typi-
cally achieve a compressive strength of 30-35 MPa and
a flexural strength of 7-8 MPa, whereas polymer con-
cretes exhibit significantly higher strengths, reaching
90-100 MPa in compression and 20-25 MPa in flexure
(Ulu 2024; Cakir 2022).

The use of polymer concretes in the field of building
materials is increasing. Polymer concretes can be used in
many different areas of use such as drainage channels,
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cable channels, tunnel coating elements, precast struc-
tural elements, wear-resistant ground roads, counter-
tops, wall tiles, exterior coating elements, pool elements,
and machine tool beds. In addition to its ability to be less
labor-efficient, polymer concrete has higher mechanical
strength and higher chemical resistance then classical
concrete (Ulu 2024). Today, new studies are being car-
ried out to reinforce polymer concretes, add various fibers
and improve their physical properties (Kiruthika et al.
2021; Giiler 2024; Rebeiz et al. 2004). The use of fibers in
concrete aims to enhance its tensile strength by improv-
ing load-bearing capacity and bridging cracks, thereby
preventing their propagation (Sengel et al. 2022).

The use of photocatalytic materials in construction
building materials is rapidly expanding. Failure to pro-
tect the exterior surface of materials such as concrete,
exterior paints, grouts, tile mosaics, plaster materials
and coatings and the harboring of microorganisms can
lead to serious problems (Haider et al. 2019). TiOz pho-
tocatalysis has become a real practical technology after
the mid-1990s, especially in the field of building materi-
als (Hashimoto 2005). The Jubilee Church in Rome, Italy,
is the first building to contain self-cleaning concrete (Ce-
dillo-Gonzalez et al. 2018). Self-cleaning properties are
emerging as an important aspect to increase the sustain-
ability of modern building materials (Curéi¢ 2019; Folli
et al. 2012). Contamination and staining on the surface
of building materials are both aesthetically problematic
and increase maintenance costs. Therefore, the self-
cleaning ability of materials is of great importance in
terms of reducing maintenance costs and achieving long-
term cost-effectiveness (Zailan et al. 2017). Self-cleaning
refers to the removal of contaminants and stains accu-
mulated on the surface over time, and this process is usu-
ally achieved by additives with photocatalytic properties
(Dikkar et al. 2021; Zhao et al. 2015). Titanium dioxide
(TiO2) plays an important role in this context. When ex-
posed to UV light, TiOz oxidatively degrades contami-
nants, allowing the surface to be cleaned, thus maintain-
ing the appearance and performance of the material for
along time (Beeldens 2006). This property increases the
resistance of materials to environmental pollutants, re-
duces maintenance requirements and thus provides a
cost-effective application (Unal and Canbaz 2022). The
generation of electron-hole pair for TiO2 photocatalysis
can be written as follows in Eq. (1) (Guo et al. 2019).

Ti0, 4+ hv > h*(Ti0,) + e~ (Ti0,) (1)

If the reactions are briefly summarized; super oxygen
(O2¢), hydroxy (¢OH), peroxy (HOz¢) radicals are synthe-
sized as a result of the reactions of the water and oxygen
molecule groups on the surface and the trapping of gaps
and electrons. These radicals thus produced realize pho-
tocatalytic redox reactions. The super oxygens, hydroxy
and peroxy groups formed as a result of these oxidation
and reduction reactions on the material surfaces break
down the organic compounds on the material surface
into harmless products. This photomineralization can be
shown in a simple way as in Eq. (2) (Carp et al. 2004).

X semiconductor X X
organic compounds —— CO; + H,0 + mineral acid  (2)

There are many studies on the use of concrete and
resins in combination with fibers to produce different
composite materials; however, there are no studies on
materials lightened by perlite, showing photocatalytic
properties and containing different proportions of fi-
bers. There is also growing interest in studies on self-
cleaning of various building material surfaces. Measur-
ing the self-cleaning performance of materials such as
the composite material produced in this study is one of
the first studies in this field. In this study, the effects of
TiOz and fibers were investigated in detail to improve
the self-cleaning ability of polymer concrete. In addition,
the use of perlite and fibers aims to improve the physical
properties of polymer concrete and make it lighter. Per-
lite is known for its low density and high insulating ca-
pacity, while fibers can increase the tensile strength of
the concrete matrix and reduce the risk of cracking
(Topgu and Isikdag 2008; Cojocaru et al. 2023). The com-
bination of TiOz, perlite and fibers aims to optimize both
the functional and structural performance of the mate-
rial. The focus of the research is on the effects of different
TiOz-resin-fiber ratios on the self-cleaning performance
of polymer concretes. Specimens were prepared with
different TiO2/resin ratios (0%, 3%, 6%, 9%) and fi-
ber/resin ratios (0%, 0.5%, 1%). The data obtained
showed that the self-cleaning capacity improved signifi-
cantly with increasing TiOz content; in particular, the
specimens with 9% TiOz/resin ratio showed the highest
performance. These results demonstrate how careful op-
timization of the proportions of additives used in the de-
velopment of polymer concretes can be effective in im-
proving material performance and environmental sus-
tainability. The results offer potential improvements for
both the building materials industry and environmental
protection.

2. Experimental Study
2.1. Materials

The construction materials in this study were used in
a previous research and their structural characteristics
were provided by Unal and Canbaz (2024).
¢ Binder: Polyester type resin was used as a binder in
the study. The polyester used is TP100 type of Turkuaz
Polyester (Kocaeli, Tiirkiye) brand. Casting-type or-
thophthalic based unsaturated polyester resin was used
as binder. The mechanical, physical and chemical prop-
erties of the polyester resin are shown in Table 1.

Hardeners are accelerators or heat-activated chemi-
cals that regulate the curing of polyester resin. They ini-
tiate cross-linking reactions between the resin and reac-
tive monomers. In this way, solidification of the resin is
provided. Methyl ethyl ketone peroxide (Mek Peroxide)
of Turkuaz Polyster was used as hardener in the experi-
mental study.

Accelerators are used in the curing of unsaturated
polyester resins with organic peroxides at room temper-
ature. Accelerator activates the hardener and enables
the reaction to start. In the experimental study, cobalt
octoate from Turkuaz Polyster was used as accelerator.
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Table 1. Properties of polyester resin.

Viscosity Appearance Exothermic Specific weight, =~ Working time, Tensile Bending Hardness
Cps PP heat, °C kg/m3 min. str.,, MPa str.,, MPa Barcol
350-500 Clear, liquid 175 1.17 10-15 50-60 85-95 40-42

o Fiber: Polypropylene fibers obtained from Sisecam
Company (Istanbul, Tiirkiye) were used in the study. The
chemical and physical properties of the fibers used in the
blend are given in Table 2.

e TiO2: The TiOz used in production is in the anatase
phase and was sourced from Refsan (Kiitahya, Tiirkiye).
As the purity of the material is very high, no additional
purification was required. The properties of the powders

used in the initial stage, as reported by the manufactur-
ers, are shown in Table 3.

o Perlite: Perlite obtained from Uzay Perlit Company
(istanbul, Tiirkiye) was used in the study. The chemical
and physical properties of the fibers used in the blend
are given in Table 4. The granulometry of the expanded
perlite used in the study is shown in Fig. 1.

Table 2. Properties of fiber.

Fiber diameter, Clipping length, Moisture content, Type of Amount of binder,
pum mm % binder %
13 4.5-6.0 0.07 Silane 0.7+0.2
Table 3. Properties of TiOx.
Phase Average grain Purity, Fineness, Density,
size, pm % m?/g kg/dm3
Anatase 5 >99 82 4.21
Table 4. Properties of perlite.
Specific weight, Average grain Si02, Al203, Na:0, K0, MgO, PH
kg/m3 size, mm % % % % %
50-60 0-3 74 14 3 5 0.5 7
100
90
80
70
X 60
=
V]
9 50
v
»n 40
30
20
10
0
0 0.25 05 1 2 4

Sieve diameter, mm

Fig. 1. Granulometry of expanded perlite used in the study.
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2.2. Method and tests

The first step in specimen production was to produce
control specimens. In the production stage, perlite and
polyester were prepared for production in separate con-
tainers. Hardener was added to the polyester at a rate of
2% of resin and accelerator at a rate of 1%. All compo-
nents were mixed until a homogeneous mixture was ob-
tained. The mixture was poured into 4x4x16 cm metal
moulds after thorough compaction to avoid voids. The
surfaces of the moulds were lubricated with mould oil
before casting. The mixture was allowed to set for 30-40
minutes. At the end of the setting process, the moulds
were opened and the specimens were prepared for the
experiment after 1 day.

For the production of the additive specimens, polyes-
ter was mixed with perlite by adding hardener and ac-
celerator before mixing with perlite. The mixture was
then poured into the container with perlite to obtain a
homogeneous mixture. TiOz (0% - 3% - 6% - 9%) and fi-
bers (0% - 0.5% - 1%) were then added to the mixture in
different proportions to the resin and thoroughly mixed.
The resulting mixture was poured into metal moulds lu-
bricated with moulding oil and again thoroughly com-
pacted to avoid voids. Table 5 shows the mixing ratios of

the concrete specimens. Since the polymerization time
canreach 7 days depending on the type of resin, the tests
were carried out 7 days after production.

The photocatalytic tests were carried out according to
the UNI 11259 standard. Rhodamine B dye, the preferred
pollutant in this standard, is the most commonly used pol-
lutant in photocatalytic colour tests. A solution with a con-
centration of 50 mg/dm3 was prepared with Rhodamine-
B powder (UNI 11259 2008). For colorimetric measure-
ments, a spectrophotometer using the L*a*b (CIE) colour
system (directional 65°/10° and diffuse 8°/d sphere ge-
ometry) was preferred (Unal and Canbaz 2022). In this
colour system, *a is green-red, +b is blue-yellow and L is
lightness (Durmus 2020; McGrath et al. 2017). In the
study, measurements were taken at five different points
on each sample surface and the results were averaged.
Colorimetric measurements were taken at the beginning,
4 hours and 26 hours. The 4 hour and 26 hour self-clean-
ing performance was calculated using the formulas in Egs.
(3) and (4). The self-cleaning experiments were repeated
a total of 3 times on the same surfaces of the same speci-
mens to study the long-term effects. In this way, the loss
of self-cleaning performance over long periods was also
analyzed. The UNI 11259 (2008) standard requires
R4>25% after 4 hours and R26>50% after 26 hours.

Table 5. Mix proportion of photocatalytic fibrous lightweight polymer concrete.

Perlite/Polyester resin Accelerator/Polyester resin

Hardener/Polyester resin

TiOz/Polyester resin Fiber/Polyester resin

0.11 0.01 0.02 0/0.03/0.06,/0.09 0/0.005/0.01
R, =[(ay — a,)/ ag)] X 100 (3) 3. Discussion
Rye = [(@o — a26)/ @o)] X 100 (4) 3.1. Properties of fresh SCC

ao : Colour coordinate value a, before illumination with
UV lamp

as : Colour coordinate value a, after 4 hours of UV irra-
diation

aze : Colour coordinate value g, after 26 hours of UV irra-
diation

R4 : Degradation rate after 4 hours of UV irradiation
R26: Degradation rate after 26 hours of UV irradiation
(UNI 11259 2008)

AE is the colour difference in the CIELAB colour space
between an object of the same size observed by a CIE
standard observer in the same neutral environment. AE
is calculated using the following Eq. (5) (Zhang and Guo
2021):

AE = [(AL)? + (Aa)? + (Ab)?]V/? (5)

AE : Colour difference

AL : Difference between the coordinates of L
Aa : Difference between the coordinates of a
Ab : Difference between the coordinates of b

In the analysis of the results, the changes in the a col-
our coordinate, as defined in the UNI 11259 standard,
were first studied. Fig. 2 shows the degradation rates ob-
tained using Egs. (1) and (2) as a result of colorimetric
measurements on fiber-free specimens. Fig. 2 provides
that the specimens with 9% TiOz achieved the highest
colour coordinate change with 36.92% at the end of 4
hours in the first experiment. After the 9TOF specimen,
the best performance was achieved by the 6TOF speci-
men with 6% TiO2. Both the 6TOF and 9TOF specimens
met the requirement of being above the 25% limit at the
end of 4 hours as specified in the UNI 11259 standard.
The 3TOF and OTOF specimens were below the 25%
limit. When analysing the self-cleaning performance af-
ter 26 hours, the 9TOF specimen reached the highest
value with 66.15%. 6TOF reached 60.65% after 26 hours.
Both specimens met the requirement to be above the
50% limit at the end of 26 hours, as specified in the UNI
11259 standard. Specimens 3TOF and O0TOF remained
below the 50% limit after 26 hours. It can be said that
9TOF and 6TOF specimens showed self-cleaning proper-
ties in the first test.
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Fig. 2. Degradation of fiber-free specimens at the 1st repetition.

Fig. 3 shows the results of the 2nd and 3rd self-clean-
ing tests on the fiber-free specimens. The tests were
carried out at 1 month intervals to examine the long
term effects. Analysis of Fig. 3 shows that the 9TOF and
6TOF specimens performed very well in the repeat
tests. In both repeat tests, 9TOF specimens gave the
highest results. In the 3rd repeat test, the 9TOF speci-
men, which achieved a maximum colour coordinate
change of 66.67% at the end of 26 hours, did not lose
its self-cleaning performance over long periods. The

6TOF spec-imen reached a degradation rate of 60.65%
after 26 hours in the first test. In the 3rd self-cleaning
test, it is seen that it reached 55% at the end of 26
hours. Therefore, it can be said that the specimens con-
taining 6% TiO:z tend to show lower performance in the
long term than the specimens containing 9% TiOz. The
control sample OTOF without TiO2 and fiber achieved
an average degradation rate of 10% in all tests. The
self-cleaning performance of the 3TOF specimens was
below the UNI 11259 limits.

80
&— 010 % 0 fiber - 2nd repetition &— 010 % 0 fiber - 3rd repetition |
70 3TOF 3TOF
6T0F 6TOF |
60 9TOF !
£ 50
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Fig. 3. Degradation of fiber-free specimens at 2nd and 3rd repetitions.

Fig. 4 shows the results of the first self-cleaning test
on samples containing 0.5% fiber. Looking at the first
test results, it can be seen that there is not much differ-
ence between the specimens containing 0.5% fiber and
no fiber. In this case, it is clear that a small amount of fi-
ber additive does not make a significant difference to the
self-cleaning performance. As with the fiber-free sam-
ples, the specimens containing 0.5% fiber had the high-
est self-cleaning rate at 4 hours and 26 hours, and the
specimens containing 9% TiOz had the highest self-
cleaning rate. The 9T0.5F specimens achieved a degra-
dation rate of 35.48% after 4 hours and 64.51% after 26
hours. With the results obtained, the 9T0.5F and 6T0.5F

specimens were above the UNI 11259 limits, while the
3T0.5F and O0TO0.5F specimens were below the UNI
11259 limits.

Fig. 5 shows the results of the second and third self-
cleaning tests on samples containing 0.5% fiber. Looking
at the results of the second test, it can be seen that there
are no significant differences in values from the first test.
In the second test it can be seen that the 9T0.5F speci-
mens achieved the highest rate of degradation at the end
of 4 hours and 26 hours. The 9T0.5F specimens achieved
30.43% degradation rate after 4 hours and 65.21% deg-
radation after 26 hours. After 9T0.5F, the most effective
ingredient was 6TO0.5F. 6T0.5F specimens achieved
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30.32% degradation rate after 4 hours and 60% degra-
dation rate after 26 hours. The 3T0.5F and 0T0.5F spec-
imens were below the lower limits specified in the UNI
11259 standard. 0T0.5F, which does not contain TiO2z in
its structure, reached a maximum degradation rate of

12% after 26 hours. This percentage was obtained due
to the heat generated by the artificial UV source on the
concrete surface. Therefore, according to the test results
obtained, it can be said that the specimens without TiO2
in their structure do not have self-cleaning properties.
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Fig. 4. Degradation of specimens containing 0.5% fiber at the 1st repetition.

When the results of the third self-cleaning test on the
specimens containing 0.5% fiber are examined, the
most significant difference is observed in the 6T0.5F
specimen. At the end of 26 hours, the degradation rate
of the 6T0.5F sample, which was 60% in the 2nd test,
decreased to 50% in the 3rd test. Although the 50%
degradation rate is within the UNI lower limit, it is wor-
rying for its long-term performance. The specimens

containing 9% TiO2z did not lose performance in the long
term. Another notable situation in the 3rd self-cleaning
test was the 3T0.5F specimens. After 26 hours, the deg-
radation rate of the 3TO0.5F specimen, which was
41.93% in the 2nd test, decreased to 25% in the 3rd test.
This shows that as the TiO2 content decreases, the self-
cleaning performance continues to decrease in the long
term.
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Fig. 5. Degradation of specimens containing 0.5% fiber at 2nd and 3rd repetitions.

Fig. 6 shows the first test results showing the self-
cleaning performance of the specimens containing 1%
fiber. As can be seen from the graph, there is a slight
decrease in the self-cleaning rate as the fiber content
increases. For example, 9TOF with no fiber content
achieved a 66.15% degradation rate after 26 hours in
the first test, while 9T1F with 1% fiber content
achieved a 58.62% degradation rate after 26 hours in

the first test. Fibers are not resistant to UV radiation
and may show some expansion due to the temperature
generated on the surface and internal structure by the
light from the UV source, thus limiting the TiO>'s effec-
tive area. Nevertheless, 9T1F and 6T1F exceeded the
UNI 11259 lower limit after 4 and 26 hours. 3T1F and
OT1F specimens were below the UNI limits at both 4
hours and 26 hours.
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Fig. 6. Degradation of specimens containing 1% fiber at the 1st repetition.

Fig. 7 shows the second and third test results showing
the self-cleaning performance of the samples containing
1% fiber. Analyzing the second test results, it can be seen
that the 9T1F and 6T1F samples performed above the
UNI limits at both 4 and 26 hours. In the second test,
9T1F showed the highest self-cleaning performance.
While 9T1F achieved 32% degradation after 4 hours, it
achieved 60% degradation after 26 hours. 6T1F
achieved 28% degradation after 4 hours and 52% degra-
dation after 26 hours. With these results, it can be said
that the 1st and 2nd test results are close to each other.
3T1F and OT1F specimens were below the UNI 11259
limits, as in the other tests.

Looking at the third test results showing the self-
cleaning performance of the samples containing 1% fi-
ber, the most remarkable performance was achieved in

6T1F. The degradation rate, which was about 25% at the
end of 4 hours in the 1st and 2nd test results, decreased
to 20% in the 3rd repeat test. The degradation rate,
which was approximately 52% at the end of 26 hours in
the 1st and 2nd test results, decreased to 40% in the 3rd
repeat test. Looking at the results obtained in the 3rd test,
it can be said that the 6T1F sample with 1% fiber has lost
its self-cleaning ability in the long term. Looking at all the
results obtained in general, it can be seen that the use of
9% TiO: is ideal for fibrous lightweight polymer con-
cretes in both the short and long term. Specimen 3T1F,
which does not contain TiOz and contains 3% TiOz, re-
mained below the UNI lower limits in the 3rd test. From
these results it can be seen that the fibrous lightweight
polymer concretes without TiO2 and with 3% TiO2z did
not show self-cleaning properties in any of the tests.
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Fig. 7. Degradation of specimens containing 1% fiber at 2nd and 3rd repetitions.

Fig. 8 shows the results of the first, second and third
self-cleaning tests on fiber-free specimens. The values
obtained are the average of the values obtained in all
the tests. The AE value is obtained from the changes in
L, a, b coordinates using Eq. (3) and expresses the total
colour change. Fig. 8 shows that 9TOF with 9% TiOz
achieved the highest AE value at the end of 4 hours and

26 hours. 9TOF reached 12 at the end of 4 hours and 18
AE value at the end of 26 hours. The AE value between
0-2 indicates that there is no significant change in the
colour structure. It was found that the AE of the 0TOF
specimen without TiO2 was also in this range. The AE
range of the 6TOF was between 9TOF and 3TOF speci-
mens.
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Fig. 8. AE values of fiber-free specimens.

Fig. 9 shows the results of the first, second and third
self-cleaning tests on specimens containing 0.5% fiber.
The values obtained are the average of the values ob-
tained in all the tests. From Fig. 9, it can be seen that
9TO0.5F with 9% TiOz reached the highest AE value after 4
hours and 26 hours, as in the samples without fiber.
9TO0.5F reached a AE value of 13 at the end of 4 hours and
17 at the end of 26 hours. When the test results were ex-
amined, it was found that increasing the fiber content
from 0% to 0.5% was not very effective in changing the AE
values of the specimens. It was found that the AE of the
0TO.5F specimen without TiO2 was within the 0-2 limit.

20

Fig. 10 shows the AE results of the samples containing
1% fiber. It can be seen that the specimens with the high-
est colour change was the specimen with 9% TiOz. As the
fiber content increased, the AE values of the specimens
containing 9% TiO2z decreased slightly. The AE values of
the fiber free sample 9TOF at the end of 4 hours and 26
hours were 12 and 18 respectively. However, the AE val-
ues of 9T1F specimens with 1% fiber content were 11
and 16 respectively. The fiber structure is not resistant
to UV radiation and the high coefficient of expansion
slightly reduced the AE value.

—8— OTOF
3TOF

% 0.5 fiber

)|
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12

14 16 18 20 22 24

26

Time, hour

Fig. 9. AE values of specimens containing 0.5% fiber.

. Conclusions

The conclusions of the study are summarized as:

¢ While increasing the fiber ratio from 0% to 0.5% did
not cause any change in the a-coordinate in the first
tests, increasing the fiber ratio to 1% caused a de-
crease in the a-coordinate change of up to 10%.

¢ The increase in fiber content affected the specimen
which containing 3% and 6% TiOz most in the long

term. When comparing the 3rd tests, they showed de-
creases of up to 15% due to the fiber increase.

¢ The specimens that did not show a decrease in perfor-
mance in both short and long term were the speci-
mens containing 9% TiOz.

e When all the contents were compared, the specimens
with 9% TiO2 exceeded the limits set by the UNI
11259 standard in all the tests. The specimens with
9% TiO2 reached the highest degradation rate of
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36.92% after 4 hours and 66.67% after 26 hours. 18

AE value and a high colour change was obtained.

Looking at the overall results, the increase in fibre
content has a slightly negative effect on the self-cleaning
performance. However, considering its contribution to
mechanical properties, it is recommended to use 1% fi-

ber. Itis recommended to use 9% TiOz in lightweight pol-
ymer concretes with photocatalytic properties to obtain
permanent self-cleaning performance in short and long
term. In this field, measuring the self-cleaning perfor-
mance with different photocatalysts at different mixing
ratios is recommended for future studies.

20 p———y 133
3TOF % 1 fiber
—#— GTOF
15
310
5
W ?

0 2 4 6 8 10

14 16 18 20 22 24 26

Time, hour

Fig. 10. AE values of specimens containing 1% fiber.

Acknowledgements
None declared.

Funding
The authors received no financial support for the research, author-
ship, and/or publication of this manuscript.

Conflict of Interest
The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this manuscript.

Author Contributions

All of the authors made substantial contributions to conception and
design, or acquisition of data, or analysis and interpretation of data;
were involved in drafting the manuscript or revising it critically for im-
portant intellectual content; and gave final approval of the version to be
published.

Data Availability

The datasets created and/or analyzed during the current study are
not publicly available, but are available from the corresponding author
upon reasonable request.

REFERENCES

Bedi R, Chandra R, Singh SP (2013). Mechanical properties of polymer
concrete. Journal of Composites, 2013(8), 948745.

Beeldens A (2006). An environmental friendly solution for air purifica-
tion and self-cleaning effect: the application of TiO2 as photocata-
lyst in concrete. Proceedings of Transport Research Arena Europe-
TRA, Goteborg, Sweden, 1-9.

Cakir F (2022). Effect of curing time on polymer concrete strength.
Challenge Journal of Concrete Research Letters, 13(2), 54-61.

Carp O, Huisman CL, Reller A (2004). Photoinduced reactivity of tita-
nium dioxide. Progress in Solid State Chemistry, 32, 33-177.

Cedillo-Gonzalez EI, Barbieri V, Falcaro P, Torres-Martinez LM, Juarez-
Ramirez I, Villanova L, Siligardi C (2018). Influence of domestic and
environmental weathering in the self-cleaning performance and
durability of TiO: photocatalytic coatings. Building and Environ-
ment, 132, 96-103.

Cojocaru A, Isopescu DN, Maxineasa SG (2023). Perlite concrete: a re-
view. IOP Conference Series: Materials Science and Engineering,
1283(1),012003.

Curtié¢ AA (2019). Photocatalytic self-cleaning facades in achitectural
design. Facta Universitatis, Series: Architecture and Civil Engineer-
ing, 16(3), 425-436.

Dikkar H, Kapre V, Diwan A, Sekar SK (2021). Titanium dioxide as a
photocatalyst to create self-cleaning concrete. Materials Today:
Proceedings, 45, 4058-4062.

Folli A, Pade C, Hansen TB, De Marco T, Macphee DE (2012). TiO2 photo-
catalysis in cementitious systems: Insights into self-cleaning and de-
pollution chemistry. Cement and Concrete Research, 42(3), 539-548.

Guo Q, Zhou C, Ma Z, Yang X (2019). Fundamentals of TiO2 photocatal-
ysis: concepts, mechanisms, and challenges. Advanced Materials,
31(50),1901997.

Giiler E (2024). The effect of dust sugar filter waste on soil dynamic
parameters and liquefaction. Journal of Material Cycles and Waste
Management, 26(4), 1-19.

Haider AJ, Jameel ZN, Al-Hussaini IH (2019). Review on: Titanium di-
oxide applications. Energy Procedia, 157, 17-29.

Hashimoto K, Irie H, Fujishima A (2005). TiOz photocatalysis: a histor-
ical overview and future prospects. Japanese Journal of Applied
Physics, 44(12R), 8269.

Khan SA, Hussain F, Khushnood RA, Amjad H, Ahmad F (2024). Feasi-
bility study of expanded clay aggregate lightweight concrete for
nonstructural applications. Advances in Civil Engineering, 2024(1),
8263261.

Kiruthika C, Prabha SL, Neelamegam M (2021). Different aspects of pol-
yester polymer concrete for sustainable construction. Materials To-
day: Proceedings, 43, 1622-1625.

Nodehi M (2022). Epoxy, polyester and vinyl ester based polymer con-
crete: a review. Innovative Infrastructure Solutions, 7(1), 64.

Sarde B, Patil YD (2019). Recent research status on polymer composite
used in concrete-an overview. Materials Today: Proceedings, 18,
3780-3790.



24 Unal and Canbaz / Challenge Journal of Concrete Research Letters (2025) 16(1) 15-24

Rebeiz KS, Serhal SP, Craft AP (2004). Properties of polymer concrete
using fly ash. Journal of Materials in Civil Engineering, 16(1), 15-
19.

Seymour H (2019). The Multinational Construction Industry. Taylor &
Francis, Routledge.

Sui Pheng L, Shing Hou L, Pheng LS, Hou LS (2019). The economy and
the construction industry: A study at the firm level. In: Construction
Quality and the Economy, Springer Nature, 21-54.

Sengel H, Kinik K, Erol H, Canbaz M (2022). Effect of waste steel tire
wired concrete on the mechanical behavior under impact loading.
Challenge Journal of Structural Mechanics, 8(4), 150-158.

Thienel KC, Haller T, Beuntner N (2020). Lightweight concrete-From
basics to innovations. Materials, 13(5), 1120.

Topeu B, Isikdag B (2008). Effect of expanded perlite aggregate on the
properties of lightweight concrete. Journal of Materials Processing
Technology, 204(1-3), 34-38.

Ulu A (2024). Effect of resin amount on the damping properties of pol-
ymer concrete. Challenge Journal of Concrete Research Letters,
15(2),47-55.

Unal S, Canbaz M (2022). Effect of industrial wastes on self-cleaning
properties of concrete containing anatase-TiOz. Revista de la Con-
struccion, 21(3), 493-505.

Unal S, Canbaz M (2024). Mechanical properties of lightweight photo-
catalytic marbelite. Challenge Journal of Structural Mechanics, 10(4),
159-165.

Zailan SN, Mahmed N, Abdullah MMAB, Sandu AV, Shahedan NF (2017).
Review on characterization and mechanical performance of self-
cleaning concrete. MATEC Web of Conferences, 97, 01022.

Zhang S, Guo Y (2021). Measurement of gem colour using a computer
vision system: A case study with jadeite-jade. Minerals, 11(8), 791.

Zhao A, Yang ], Yang EH (2015). Self-cleaning engineered cementitious
composites. Cement and Concrete Composites, 64, 74-83.



CHALLENGE JOURNAL OF CONCRETE RESEARCH LETTERS (2025) 16(1) 25-32

Research Article

Flowability and compressive strength of ternary blended cement
mortar of coal bottom ash and ground cockle shell ash

Nabilla Mohamad @ @7, Rahimah Embong?
Khairunisa Muthusamy #* (2, Mohd Faizal Md Jaafar?

, Nor Hazurina Othman®

)

 Faculty of Civil Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah, 26300 Kuantan, Pahang, Malaysia

b Faculty of Civil Engineering and Built Environment, Universiti Tun Hussein Onn Malaysia, 86400 Batu Pahat, Johor, Malaysia

ABSTRACT

ARTICLE INFO

Flourishing cement industry to meet the demand of construction industry has nega-
tive impact to the global environment owing to the carbon emission during calcina-
tion of cement. At the same time, the disposal of coal bottom ash and cockle shell from
coal power plant and cockle trade which pollutes the environment also need to be
resolved. In view of circular economy, the present research aims to produce ternary
blended cement consisting of coal bottom ash (CBA) and cockle shell ash (CSA) for
sustainable mortar production. The research was conducted to determine the effect
of CBA as partial cement replacement on flowability and compressive strength of CSA
blended cement mortar. Seven mortar mixes consisting of CBA as supplementary ce-
mentitious material ranging from 0% to 60% by weight of cement were prepared. All
specimens were water cured up to 56 days. The flowability test was conducted to
assess the properties of the fresh state, while hardened properties were evaluated
through compressive strength test at 1, 3, 7, 28, and 56 days. The results showed
flowability decreased by 5% to 31% with increasing CBA content compared to the
control mix. The use finer sized CBA forms a slightly stickier mortar mix with lower
flowability. A combination 10% to 20% CBA is the best percentage to use for for-
mation of CSA mortar with enhanced strength. However, a maximum strength of 23
MPa was achieved at 56 days with an optimal CBA replacement of 10%. This research
demonstrates the potential by transforming industrial waste for low-carbon cement
production to save the use of landfills for waste disposal and optimize consumption
of non-renewable resources.
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1. Introduction

The most popular material used in building and infra-
structure construction is concrete, a mixture made
mostly of aggregates, water, and binder (Shanks et al.
2019). The advantageous attributes of the concrete in
terms of flexibility, robustness, sustainability, and low-
cost has led it to be used globally (Singh et al. 2020). Con-
crete is used in all types of building construction. The in-
crease in the use of concrete as main building material

due to expanding population demand also results in a
flourishing cement manufacturing trade. Production of
cement is increasing by 2.5% per year and it is antici-
pated to be between 3.7 and 4.4 Gt by 2050 (Akashi et al.
2011). About 60% of global CO2 emissions is from ce-
ment industry (Scrivener et al. 2018). On overall, con-
crete industry is accountable for roughly 10% of world-
wide industrial CO2 emissions, which contribute to cli-
mate change (Amin etal. 2019; Adesina 2020). Realizing
that cement is increasingly used owing to its role as a
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sole binder in the famously utilized concrete worldwide,
unearthing new alternate material would decrease the
reliance on cement and benefits the environment. Thus,
investigating alternatives that use materials with a lower
carbon footprint and can replace Portland cement in this
regard is crucial to promote cleaner industry. Inclusion
of by-product from industrial activity as a filler or poz-
zolanic material in concrete has thus been the subject of
extensive research in recent years. A variety of waste
have been investigated its use as an alternative binder in
concrete such as fly ash, slag, palm oil fuel ash, rice husk
ash, oyster shell ash, cockle shell ash and many more.
However, as the cement consumption continue to rise,
more alternative materials need to be discovered to pro-
duce low carbon cement and also to reduce reliance on
the consumption of natural resource. In view of circular
economy, recycling the waste from any industries for
product development would benefits the environment
and decrease use of landfill space for disposal purpose.

The increasing for energy from various industries has
resulted in larger quantity of coal used in coal power
plants. Fly ash and coal bottom ash (CBA) are by-prod-
ucts generated at plant which disposed as environmen-
tal polluting waste. From the whole coal ash, approxi-
mately 10 to 20% of is comprised of CBA (Argiz et al.
2017). CBA is among the largest form of industrial
wastes generated by coal-fired thermal power plants
(Baite et al. 2016). Due to rapid development, the quan-
tity of solid wastes generated from coal-fired power
plants every year continues to increase (Ramzi Hannan
etal. 2020). This, in turn, produces a large volume of CBA
which is disposed of as wastes. The dumping of this
waste poses negative effect to the environment (Muthu-
samy et al. 2018). Dumping of this waste contaminates
the soil and reduces the quality of air as well as water
(Singh et al. 2022) which affect the living things. The ex-
istence SiOz and Alz03 in CBA has enabled it to possess
pozzolanic activity (Basirun, et al. 2017; Menéndez et al.
2021) which makes it suitable candidate for cement re-
placement. The beneficial effect of CBA when used at the
right proportion which results in concrete strength in-
crement owing to pozzolanic reaction that creates
denser internal structure makes more exploration were
carried out to reveal its potential. Investigation has been
conducted on the use of CBA as partial cement replace-
ment in concrete (Argiz et al. 2017), high strength con-
crete (Khongpermgoson et al. 2020) and geopolymer
concrete (Ping et al. 2022). Nevertheless, the application
of CBA in construction material production needs to be
increased to reduce waste dumping at landfill.

In the Southeast Asian region, cockles (Anadara
granosa), which live primarily on intertidal mudflats, are
an essential protein source. It is one type of sea mollus-
can widely consumed in various delicacies in Southeast
Asian countries. Worldwide mollusk production (16 mil-
lion tons) accounts for approximately 22% of global aq-
uaculture growth (Food & Agriculture Organization
2016). A cockle is an edible, marine bivalve mollusk. Bi-
valve shellfish are very common in marine species (Ez-
iefula et al. 2018). According to Shellfish Association of
Great Britain (2012), cockles are a low-calorie food. A to-
tal of 100 g of cockles contains only 53 kcal compared to

180 kcal in 100 g of salmon (Shellfish Association of
Great Britain 2012). Blood cockles are a common source
of protein for Southeast Asian coastal communities, such
as Malaysia, Singapore, Thailand and Indonesia
(Mirsadeghi et al. 2011). Consumer demand for shellfish
and other seafood has led to a considerable expansion in
their aquaculture in fresh, brackish, and marine areas,
with a total production of 73.8 million metric tons and
an estimated value of USD 160 billion in 2014 (Food &
Agriculture Organization 2016). This included 16.1 mil-
lion metric ton of mollusks composed of 104 species val-
ued at USD 19 billion (Food & Agriculture Organization
2016). In addition, according to Food & Agriculture Or-
ganisation (2017), the world production of cockles in
2017 was 535k tons which slightly decreased from the
year 2016 with 561k tons. Meanwhile, the Department
of Fisheries Malaysia (2011) reported that 57,544 tons
of cockles had been harvested in the past decade along
the Peninsular Malaysia's west coast. . The cockle’s shell
has a very high content of calcium. It is generally com-
posed of calcium carbonate of prismatic layers (Lertwat-
tanaruk et al. 2012; Mohamed et al. 2012). The calcium
carbonate, CaCOs3, accounts for higher than 90% of the
weight in the cockle shell (Jatto et al. 2010; Martinez-
Garcia et al. 2017; Mo et al. 2016; Mohamed et al. 2012;
Olivia etal. 2015, 2017; Safietal. 2015). Itis almost equal
to limestone (Othman et al. 2018; Soltanzadeh et al.
2018).

In order to alleviate this waste from being dumped,
researchers have explored the potential use of CBA com-
bined with OPC producing binary blended cement-based
concrete (Argiz et al. 2017; Muthusamy et al. 2024) and
high strength concrete (Khongpermgoson et al. 2020)
However, research on the integration of CBA as partial
cement replacement with other types of cement replace-
ment material in ternary blended cement remain to be
investigated. The effect of CBA as partial cement replace-
ment combined with cockle shell ash on the flowability,
compressive strength and microstructure of cement-
based composite remains unanswered. Thus, the present
research investigated the effect of integrating CBA as
partial cement replacement on the flowability, compres-
sive strength and microstructure. CBA used in this re-
search were collected from power plant. Then it was
ground before it is blended as cement replacement CBA
ranging from 0% to 60% in mortar mixes. A total of
seven mortar mixture were subjected to flowability test
and compressive strength test. The use of cockle shell
and CBA as partial cement replacements would contrib-
ute towards formation of sustainable concrete and helps
in reducing waste disposal issues.

2. Methodology
2.1. Materials

Ordinary Portland cement (OPC), fine aggregate, coal
bottom ash (CBA), cockle shell ash (CSA) and water were
used in this research work. Local river sand passing
sieve 1.18 mm were used as fine aggregate. CBA which
was obtained from one of the coal power plant were
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ground to be fine powder. Cockle shells were collected
from the dumping area in a fishing village in Peninsula
Malaysia were washed thoroughly using flowing water
to remove the mud and dirt before it is dried. Then, the
shells were calcined at 650°C using furnace and ground
utilizing grinding machine until it trans-formed into fine
powder using the processing steps reported by Mo-
hamad et al (2024). In this research, the particle size of

Table 1. Oxide composition of binders.

Oxide OPC CSA CBA
Si0: 18.84 0.39 60.14
Alz03 5.39 0.18 19.30
Fe203 3.79 2.54 13.56
MgO 0.03 0.01 0.04
Naz0 0.10 0.94 =
K20 0.30 0.02 1.19
SO3 3.06 0.13 0.42
Ca0 62.21 93.50 3.56
LOI 3.94 3.97 2.30

2.2. Mix proportion and specimen preparation

Seven mixes of blended cement were used to produce
mortar. Mix produced using 10% cockle shell ash (CSA)
and 90% identified as CA10, were utilized as control
specimen (CA10). A control mix with 100% OPC was not
included in this research work, as the focus was to eval-
uate the effect of a combination of 10% cockle shell ash
and various levels of coal bottom ash (CBA) replacement
on mortar performance. The contribution of 10% CSA as
cement replacement towards strength increment of
mortar as compared to other replacement has been re-
ported by Mohamad (2023). Other six mixes were pre-
pared by integrating 10% CSA with CBA ranging from
0% to 60%. Details of the mixes used is shown in Table
2. Preparation of mortar mixture were done using clean
apparatus. All ingredient were accurately weighed and
mixed homogenously before filled in the oiled mould.
Proper compactions were done, and the specimen were

CBA and CSA is similar to that of OPC particles with an
average size of 45 pm, which is targeted to improve per-
formance in cementitious applications. Both ground CBA
and CSA were subjected to wet sieve test to ensure the
ashes passes the limit of wet sieve result stated ASTM
C618 (2019). Fig. 1 illustrates the CBA and CSA used in
this research. The oxide content of the binders is tabu-
lated in Table 1.

left overnight. The next day, the hardened mixes were re-
moved from the mould, labelled and immersed in water
for curing until the testing days.

2.3. Testing

The flowability test was carried out using flow table
in accordance to ASTM C1437-07 (2007). Earlier, flow
table would be ensured to be in damp condition and
clean before placing a flow mold in the middle. The mold
was then filled in three layers with the mixture. Each
layer was compressed with 20 tamping rod strokes. Af-
ter compacting the top layer, a sawing motion was used
to move the stuffing rod to strike the mortar surface. Fol-
lowing that, the mold was removed 60 seconds after the
compaction activity was performed and the table was
dropped 25 times. Finally, the diameter of the mortar
spread was measured along the four-boundary line on
the tabletop. The compressive strength test was done in
accordance with ASTM C109 (2016). During the testing,
the mortar specimen was placed in the testing machine
below the center of the upper bearing block. Then, the
load rate at a relative rate of movement between the up-
per and lower platens was applied to specimen faces that
were in contact with the true plane surfaces of the mold.
The internal structure of hardened mortar mixes was ob-
served through Field emission scanning electron micros-
copy (FESEM) testing using equipment shown in Fig. 2
which was conducted at Centre of Excellence for Ad-
vanced Research in Fluid Flow (CARIFF), UMPSA. The
sample was dried and ground to a powdered form. It was
then placed on the aluminum stubs using adhesive car-
bon tape and followed by platinum coating to increase
conductivity to prevent charging problems. The stub was
then placed into the vacuum chamber of the instrument.
The surface morphology obtained by using magnifica-
tion ranging from 500x to 25,000x times.



28

Mohamad et al. / Challenge Journal of Concrete Research Letters (2025) 16(1) 25-32

Table 2. Mix proportion (kg/m3).

Mix Cement Sand Cockle shell ash Coal bottom ash Water content

CA10 180 600 20 - 0.70
CABA10 160 600 20 20 0.70
CABA20 140 600 20 40 0.70
CABA30 120 600 20 60 0.70
CABA40 100 600 20 80 0.70
CABA50 80 600 20 100 0.70
CABA60 60 600 20 120 0.70

Fig. 2. FESEM testing apparatus.

3. Results and Discussion
3.1. Flowability

The flowability of mortar mixes consisting blend of
10% CSA and varying percentage of CBA is shown in Fig.
3. The control mixture (10% CSA and 0% CBA) revealed
an optimal flowability value of about 105%. The intro-
duction of CSA appears to provide good workability
characteristics. However, it clearly shows that the flow-

120

100

Flowability (%)
i o)) ee]
] (] (]

]
[==]

ability values of CSA mortar incorporating different level
of CBA replacement labeled as CABA10, CABA20,
CABA30, CABA40, CABA50 and CABA60 was found to be
104%, 101%, 93%, 86%, 82% and 73%, respectively. A
decrease in flowability is evident when the replacement
of CBA in CSA mortar is increased from 10% to 60%. CSA
mortar with higher amount of CBA (60% CBA) demon-
strate the lowest flowability value of 73%. This reduction
can be attributed to CBA’s characteristic properties like
porous nature of CBA itself that increases water absorp-
tion. It can be observed that integration of CBA forms a
stickier mixture which reduce the flow dispersion. The
rate of flowability reduction ranged from 5% to 31%
when compared to the control mix. Flowability value de-
clines as larger percentage of this industrial ash is used.
It can be suggested that higher content of CBA, may re-
quire an adjustment of water content or the addition of a
superplasticizer. The flow spread of CSA mortar with
10% CBA and 60% CBA is illustrated in Fig. 4. The use of
the smaller size of CBA with a BET surface area of 22800
cm?/g as compared to OPC of 5700 cm?/g resulted in a
lower flowability value. The use of finer ash requires a
larger amount of water to cover its surface reduced the
flowability. The effect of using smaller sized particle to-
wards increased water requirement to coat the bigger
surface area has been pointed out by Neville and Brooks
(2010).

0 J I I I I I [
0 10 20 30 40 50 60

CBA replacement (%)

Fig. 3. Flowability test results.
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Fig. 4. Effect of CBA content on spread of mortar mixture.

3.2. Compressive strength

The compressive strength of mixes with ternary
blended cement cockle shell ash (CSA) and coal bottom
ash (CBA) is illustrated in Fig. 5. At day 1, the strength of
10% CSA mortar ranged from 12.40 MPa (0% CBA) to
1.24 MPa (60% CBA replacement). At 3 days, the
strength increased to 16.52 MPa to 2.27, followed by
16.75 MPa to 3.23 MPa at 7 days of curing. It is evidently
shows that higher proportion of CBA (20% to 60%) re-
flected significantly lesser compressive strength com-
pared to the control mix and combination with 10% CBA.
This happens because of the slow pozzolanic reaction ex-
perienced by CBA. Since CBA contains pozzolanic activ-
ity, it requires calcium hydroxide (CH) from cement hy-
dration, which is lacking in the early stages of curing
leading to a slower formation of C-S-H gel for strength
development. By 28 days, the obtained strength was sig-
nificantly developed between 20.34 MPa to 7.43 MPa.
The increase in strength observed for the mixture con-
taining 10%CBA surpassing that of the control mix. It can
be attributed to the optimal pozzolanic reaction that ap-
pears at this level of replacement. Previous studies also
found that the strength of mortar with pozzolanic mate-
rials increases over time with optimal performance
noted at specific replacement levels (Sakthivel and
Suthaviji 2024; Kang et al. 2024; Pinheiro et al. 2024). On
the other hand, the finer particle size of CBA (22800
cm?/g BET surface area) compared to OPC (5700 cm?/g)
helps fill voids in the mortar, reducing porosity and in-
creasing strength. Therefore, prolonged the age of curing
has provided the filler action and pozzolanic reaction
simultaneously (Chen et al. 2022; Al Biajawi et al. 2024).
The maximum strength was reached at 56 days, ranging
from 23.12 MPa for control mix to 10.57 MPa for 60%
CBA replacement. The maximum strength was reached
at 56 days of curing, ranging from 23.12 MPa for control
mixture to 10.57 MPa for the 60% CBA replacement. The
results show that as the age increases, the strength of all
mixes continues to improve due to prolonged hydration
and pozzolanic activity. In this stage, the CSA mortar
samples with 10% CBA consistently present excellent
compressive strength as compared to control mix. It was
also found that mortar samples containing 0%, 10% and
20% exceeded the threshold of 20 MPa as shown in Fig. 5,

however, a series of CSA mortar mixes significant
strength reduction beyond 30% CBA. Therefore, the mix
with 10% CBA confirmed the optimal replacement level
in the production of 10% CSA mortar but limited the CBA
replacement to 20% for acceptable strength develop-
ment.

Overall, the results show positive strength develop-
ment with prolonged curing time, indicating increased C-
S-H gel formation. This is due to chemical reactions of the
binders benefitting from the continuous presence of wa-
ter for all mixes. The strength of mixes consisting of CBA
remains slightly lower because of late pozzolanic reac-
tion which is commonly observed in other types of mor-
tar blended with pozzolanic ash. However, mix with 10%
CBA exhibits the highest strength value amongst all
mixes after cured for 28 days owing to pozzolanic reac-
tion. Presence of moisture at all time with the blend of
right amount of CBA has enabled better hydration pro-
cess and pozzolanic reaction contributing to formation
of binding gel which is crucial for strength of cement-
based material. The augmentation of cement-based com-
posites mechanical properties is achievable via en-
hanced pozzolanic effect and filler role of the pozzolanic
material (Isaia et al. 2003). Nevertheless, the overuse of
CBA poses adverse effect to the strength achievement
due to extreme reduction in cement use that lowers the
hydration process with lesser CSH gel and calcium hy-
droxide formed. As a result, the ample supply of silicon
dioxide from CBA unable to form secondary C-S-H gel
owing to the limited availability of CBA. The strength
declination of cement-based composite resulting from
high usage of pozzolanic ash has been reported by
Masazza (1993). As a comparison, the denser internal
structure of mix with 10% CBA with lesser voids in con-
trast to mix with 60% CBA content with high number of
voids is shown in Fig. 6. The image shows that CABA10
sample containing 10% CSA and 10% CBA shows a
denser microstructure, and the voids are smaller and
more compact. In contrast, CABA60 sample that incorpo-
rating 60% CBA showed a more porous microstructure,
looser compaction and larger gaps in the voids. It is
proven that CABA10 provides a better particle packing,
it improves the filling effect and boost the strength en-
hancement. Evidently, this finding corroborated with the
previous studies (Singh et al. 2021; Alosta et al. 2024).



30 Mohamad et al. / Challenge Journal of Concrete Research Letters (2025) 16(1) 25-32

30

25

20

15

10

Compressive strength (MPa)

1 Day 3 Day

B0 BE10 020

m30 240 m50 860

7 Day 28 Day 56 Day

Mortarage

Fig. 5. Compressive strength result of mortar mixes.

CABA10

CABAG60
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4., Conclusions

The introduction of coal bottom ash (CBA) in the
cockle shell ash (CSA) mortar mixes have significant ef-
fect on both fresh and hardened properties. It was ob-
served that flowability continued to decrease with in-
creasing CBA content from 0% to 60%, where the reduc-
tion in flowability values ranged from 5% to 31% of that
of the control mix. This decrease in workability does not
appear to have a large effect on strength development.
The results show that the ideal CBA replacement is
around 10% to 20% to balance the need between flowa-
bility and strength requirements. However, blending
10% CBA contributes towards strength increment
through pozzolanic reaction that forms compact micro-
structure of the cement-based material. Microstructural
images also revealed that 10% CBA produce a more com-
pact (denser) and filling effect that directly correlates
with strength performance. Excessive use of CBA needs
to be avoided as it results in weaker mortar. Ternary
blended cement formed of CSA and CBA supports the
idea of reducing waste disposal to the environment and
optimization on the use of natural resources for cement
production. Approach of producing low carbon con-

struction material support implementation of sustaina-
ble construction for achieving SDG 11 (Sustainable Cities
and Communities).
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1. Introduction

Concrete is the most often used construction material
worldwide due to its reasonable cost and durability. One
of the primary ingredients of concrete, cement, produces
significant COz emissions during its production —-roughly
two billion tons annually, or about 7% of all CO2 emis-
sions on Earth- during the process (Shi et al. 2011). Itis
projected that cement production will have grown to
over six billion tons per year by 2060. (Pacheco-Torgal
et al. 2013). Severe measures have been implemented to
reduce the harmful effects of cement on the environment
and climate change. There have been a lot of experi-
ments done on finding cement substitutes, like adding
pozzolanas and nanoparticles. It would be more accurate

to refer to nanoparticles as recently developed concrete
additives. Because of their strong reactivity and large
area of coverage, nanoparticles are generally employed
in cement-based materials not only as additives but also
as a substitute for cement to improve certain mechanical
and durability-related properties. Over the past ten
years, nanotechnology has garnered a lot of attention
(Reches 2018; Kim et al. 2015). The use of nanoparticles
in cement-based materials has been the subject of much
research since their inception. Given their physical im-
pacts (filling and nucleation effects) and chemical reac-
tivity, nanoparticles are known to significantly improve
the performance of cement-based materials (Murad
2021; Feng et al. 2023; Luo et al. 2023). For usage in ce-
ment-based materials, nano-SiO2, nano-Al203, nano-
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TiO2, nano-CaCOs3, nano-Fez203, and nanotubes have all
been investigated. Among them, nano-SiOz and nano-
CaCOs are frequently employed. This is because nano-
SiO2 can perform better because to its high specific area
and pozzolanic activity, while nano-CaCOs3 is very inex-
pensive because it is readily available in limestone,
chalk, and marble. The addition of nano- and micro lime-
stone shortened the setting time of ultra-high-perfor-
mance concrete (UHPC), according to this study's inves-
tigation of the material's early age properties
(Karthikeyan et al. 2020; Karthikeyan and Dhinakaran
2018; Mohseni et al. 2016). Additionally, compared to a
sample without any nano limestone, the inclusion of
2.5% to 5% nano-limestone may result in a 35%-74%
boost in first day compressive strength. This study
looked into how adding 3% nano-SiOz to the mass of ce-
mentation materials sped up the hardening process and
improved the mechanical qualities of UHPC (Yoo et al.
2022; Hakeem et al. 2022; Marcos-Meson et al. 2020).
This study looked into how nano-SiO2 enhanced com-
pressive strength and decreased UHPC workability, par-
ticularly at early stage. While nano-CaCO3 and nano-SiO2
have the potential to enhance mechanical qualities, their
hydration tactics and hardening process are different.
Although it is widely acknowledged that adding mineral
admixtures, either conventional or nanosized, to con-
crete increases its strength, numerous researchers have
also noted that concrete becomes more brittle as its
strength rises (Khotbehsara et al. 2018; Sharmila et al.
2016). The researchers identified inadequate binding
and low tensile strength as the causes of this brittleness.
Fibers can be added to concrete to aid with the problem
of reduced tensile strength. It is widely known that fibers
increase the energy absorption capacity of concrete,
making it more ductile and resistant to fatigue and im-
pact loads. Numerous studies utilizing fibers in concrete
have been conducted; among them, further reports are
available for fibers such polymer, carbon, and steel. The
impact resistance of concrete containing silica fume and
polypropylene fiber—which was added in increments of
0.0%, 0.2%, 0.3%, 0.4% and 0.5% was examined in this
study. According to the authors, adding 0.5% of fiber in-
creased the impact resistance. Using silica fume as an ad-

ditional cementitious material, this study conducted ex-
perimental investigations using various fibers and com-
binations in a high strength concrete mix (Sharmila et al.
2016). While previous studies have focused on single
nano material with most commonly steel fiber, our study
is the first to investigate the effect of nano material such
as nano silica and nano titanium dioxide with polypro-
pylene fiber providing new insights into nanotechnology
in concrete. Additionally, we employed different tests to
know the optimum percentage of nanomaterials which
gives best results in the field of concrete technology. The
authors employed a total fiber volume fraction of 1% by
volume of concrete using both steel and polypropylene
fibers separately as well as in a combination of 0.85%
steel and 0.15% polypropylene. According to reports,
the combined use of polypropylene and steel performed
better than either substance utilized alone. The purpose
of this work was to conduct a mechanical, durability and
microstructural analysis of ultra-high-performance con-
crete modified with the addition of nanoparticles. Nano-
SiO2 and nano-TiOz used in this research as a nano mate-
rial with a percentage of 1%, 2%, 3% and 4% as a re-
placement of cement. In addition, to improve the ductile
properties, polypropylene fibers were added with a
weight percentage of 0.5% of volume of concrete.

2. Experimental Investigation
2.1. Materials

Ordinary Portland Cement (OPC 53 grade) was used
in this study, confirming as per IS code 4031 (1996). Nat-
ural coarse aggregate and natural river sand (fine aggre-
gate) was used in this study. All required test of aggre-
gate as per the IS 383 (2016) and IS 2386 (1963). In this
study nano-SiOz and nano-TiOz used size range from 40-
300 nm provided from Delhi distributers. Polypropylene
fiber (PP fiber) of length 12mm used in this research
work provided from Kalyani fiber distributer. To gain re-
quired flowability Fosroc Conplast SP 430 superplasti-
cizer was used. All experimental test data are showed in
Table 1.

Table 1. Experimental test data of materials.

Designation Results IS codes
W/C ratio 0.33 -
Cement type OPC53 -
Initial setting time of cement 40 min
Final setting time of cement 382 min 1S 4031:1988
Specific gravity of cement 3.01
Specific gravity of fine aggregate 2.64
Specifi ity of t 2.77
pecific gravity of coarse aggregate TG
Coarse aggregate water absorption 0.5 &
i ) IS 2386:1963
Fine aggregate water absorption 0.9
Fine aggregate zone Zone Il
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2.2. Mix proportion

High strength concrete of grade M55 used in this
study. Mix proportion ratio 1:1.27:2.52 arrived as per
the IS 10262 (2019). Total of 9 mix were constructed
such as C1, CS1, CS2,CS3,CS4,CT1,CT2, CT3 and CT4. C1
represented the reference concrete, CS1, CS2, CS3 and
CS4 represented the 1%, 2%, 3% and 4% nano-SiO2

along with 0.5% PP fiber, and CT1, CT2, CT3 and CT4
represented the 1%, 2%, 3% and 4% nano-TiOz along
with 0.5% PP fiber.

The mixing procedures followed as first dry mixing of
nano materials and cement with fibers, after dry mixing
all ingredients mixed properly in the drum mixer for 2 to
3 min. Table 2 represented the mix proportion of all con-
crete mix.

Table 2. Mix proportion data (kg/m3).

Mix ID c1 cs1 €S2 CS3 CS4 CT1 CT2 CT3 CT4
Cement 47796 47318 46840  463.62 45885 47318 46840  463.62 45885
AELI A0S 0.00 4.78 9.56 14.34 19.12 4.78 9.56 14.34 19.12
Nano-TiO2
PP fiber 0.5% of concrete volume
FA 611.40
CA 1212.50
Water 169.21
SP 1% by weight of cement

2.3. Testing methods as per standard

The Indian standard code IS 516 (2021) was followed
when performing the compressive, split, and flexural
tests. Table 3 shows all of the experimental tests, codal
provisions, and specimen kinds that were used in the

testing. A specimen's impact resistance can be deter-
mined using a variety of techniques, including the drop
weight method, instrumented impact, and explosive im-
pact. Many researchers favor the drop weight method
over other impact resistance testing techniques because
of its ease of use.

Table 3. Test types and IS codes.

Tests Property IS codes Specimen type and size
Compressive strength Cubes (150x150x150mm)

Strength Split tensile strength 1S 516:2021 Cylinders (100x200mm)
Flexural test Beams (150x150x700mm)
Chloride attack Degradation BS 1881 Cubes (150x150x150mm)
Sorptivity Water absorption BS 1881-122 Cubes (150x150x150mm)

Porosity Volume of pores Cylinders (100x200mm)

Scanning electron microscope (SEM)

Microstructural study

Shards of samples

3. Results and Discussion
3.1. Compressive and split tensile strength

Fig. 1 represents the test results of the compressive
strength test. CS2 has shown maximum compressive
strength above all the mix proportions. CT4 registered a
lowest compressive strength in all the mixes. All the con-
crete mix proportion passed the mean target strength of
the concrete and CT4 was minimum. When nano-SiO:
used in the concrete mix, CS1 and CS2 increased load
gradually but after 2% of nano-SiOz strength reduces
gradually up to CS4. When nano-TiO2 was used in the
concrete mix, strength increased gradually from CT1 to

CT2 but after that strength start decreasing. CS2 com-
pressive strength is 0.76% more than CT4 and 3.48%
more than C1.

3.2. Split tensile strength

Larger percentage variation of nano materials cannot
increase strength because of the less quantity of ce-
ment, which degrade the bindings properties of the
concrete and nano materials might be react with other
minerals (Karthikeyan et al. 2020; Karthikeyan and
Dhinakaran 2018). Fig. 2 represents the tensile
strength of the concrete. As PP fiber used in the con-
crete mix, all concrete mix proportion strength in-
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creased from a target strength, but above all CS2 con-
crete mix showed higher strength. Larger amount of
nano material not much affected on the split tensile

strength properties on the concrete. Split tensile
strengths of CS2 and CT2 were higher than C1 about
9.93% and 5.31% respectively.

80
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Fig. 1. Compressive strength of the concrete mix at 7, 14 and 28 days.
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Fig. 2. Split tensile strength of the concrete mix at 7, 14 and 28 days.

3.3. Flexural strength

Fig. 3 represents the flexural strength of the concrete
mixes. Flexural strength does not show the higher varia-
tion between the concrete mixes. PP fiber works as a re-
inforcement for the concrete specimens. PP fiber re-
duces the effects of brittle failures and makes a higher
bond between the concrete ingredients and the fiber.
CS2 and CT2 flexural strength increased by 8.09% and
6.89% respectively than C1.

3.4. Deterioration of concrete mixes
The elements that originate in the wet atmosphere,

such as SOz, damage specimens exposed to acidic environ-
ments. More importantly, the sulphur compounds thatare

present cause more deterioration because they react
with C3A and calcium hydroxide to form calcium sulphur
aluminate, or ettringite, or CaSO4. Because both of these
compounds typically occupy a larger volume than their
parent compounds, they disrupt the concrete and cause it
to become weak and porous. Concrete mixes with 0.5% PP
fiber show a higher compressive strength for all the mixes
along with flexural and split tensile strength. According to
the data, specimens exposed to bases often show a lower
percentage of deterioration than specimens exposed to
acids (Son et al. 2023; Chithra et al. 2016; Rong et al.
2015; Razak et al. 2004). The rationale for this is that ce-
ment's calcium hydroxide can react with salts or other ba-
ses to generate aragonite, brucite, and gypsum. They can
impede additional infiltration of the salt water and serve
as a transient barrier or protective layer.
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Fig. 3. Flexural strength of the concrete mix at 7, 14 and 28 days.

3.5. Sorptivity

Fig. 4 depicts the water absorption of the concrete
mixes. CS2 and CT2 have less water absorption than C1
about 20% and 18.01% respectively. All the concrete
mixes of water absorption lie below the 5%. When ce-
ment was replaced with nano-SiOz and nano-TiO2 with
0.5% PP fiber, the water absorption gradually decreased
up to 2% and then increased. It was discovered that in-
creasing the amount of ultra-fine mineral additives had
no effect on the durability characteristics. In the experi-
mental study of Razak et al. (2013), it was found that us-

ing silica fumes as a mineral admixture could result in
water absorption of 2.9% and 4.8%. Karthikeyan and
Dhinakaran (2018) also noted that specimens containing
9.5% silica fume, 0.5% UFTiO2, and 0.5% steel fiber
showed water absorption of less than 1.5%.

3.6. Porosity

Fig. 5 represents the porosity value of all the concrete
mixes. C1, CS4 and CT4 concrete mixes showed the higher
porosity than the all-other concrete mixes. CS2 and CT2
were about 16.13% and 13.92% less than the C1.
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Fig. 5. Porosity of concrete mix.
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Using nanoparticles of ZrOz, Sn0Oz, and CaCOs in vary-
ing dosages along with fly ash, conducted experimental
investigations to study the durability characteristics of
self-compacting cement mortars and reported that use
of the nanoparticles improved the durability properties,
diminishing the porosity and chloride permeability. In
their experimental efforts. This study revealed that the
sorptivity characteristics of high strength concrete were
improved by employing ultra-fine GGBS (Kim etal. 2015;
Feng et al. 2023; Karthikeyan and Dhinakaran 2018).

3.7. Microstructural imaging

Scanning Electron Microscope (SEM) image of CS2
and CT2 are shown in the Figs. 6 and 7. In Fig. 6, incor-
poration of nano silica along with PP fiber shows the
higher dense structure so as a results in higher mechan-
ical strength and durability with less water absorption
and porosity. While clearly observing the SEM image, it
shows the less voids and proper bonding between all the
ingredients. CS2 shows the higher compressive as well
as flexural and split tensile strength. Fig. 7 shows the in-
corporation of nano-TiOz along with the PP fiber, TiO2
provided a self-cleaning property to the concrete and re-
duces the pollution due to the CO2, SOz and NOx. SEM im-
age of clearly shows that, very less voids available in the
CT2 mix compared to C1. CS2 have less voids compared
to the CT2.
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Fig. 6. SEM image of CS2.
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Fig. 7. SEM image of CT2.

4., Conclusions

The following conclusions were drawn from the car-
ried-out experiments:

o All specimens in the fiber-reinforced concrete speci-
mens have exceeded their mean target strength. No-
tably, the CS2 and CT2 mixes including PP fiber shown
excellent performance in both standard water and
hostile acid and base environments.

e The strength increased gradually at 1% and 2% of
nano-SiOz and TiOz with 0.5% PP fiber and began to
decrease at 3% and 4%; excessive replacement of ce-
ment with nano materials with fiber failed to provide
suitable bonding.

e (S2and CT2 flexural strength increased by 8.09% and
6.89% respectively than C1 after 28 days of curing.

e Porosity of CS2 and CT2 was about 16.13% and
13.92% less than the reference concrete.

e Nano-SiOz incorporation in concrete is more benefi-
cial than the nano-TiOz due to their availability and
higher mechanical strength.

e Water absorption value decrease as incorporation of
nano materials in concrete at an optimum dosage. All
concrete mix specimens have lower than 5%.

e Durability of nano materials concrete is more com-
pared to the referenced concrete.
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ARTICLE INFO

Concrete stands as the predominant and extensively employed structural material in
civil engineering. Timely evaluation of concrete strength is essential for maintaining
structural safety and minimizing construction delays, thereby avoiding possible
structural failures. This early check also ensures that concrete structures can bear
loads during construction and throughout their service life. A significant challenge in
the construction industry is accurately determining the strength of early-age con-
crete and identifying potential damage without destructive testing. Conventional
techniques often require time-consuming procedures and can be impractical for real-
time monitoring. To overcome this issue, [oT-based monitoring systems with piezo-
electric sensors provide a practical approach for continuous strength monitoring and
damage identification in concrete structures. This study utilized a piezoelectric lead
zirconate titanate (PZT) sensor, employing a surface-bonding technique to attach the
sensor to the cube specimens. The experimental phase spanned four weeks, including
intervals of 7th, 14th, and 28t days by standard construction codes to assess neces-
sary strength levels and identify any damage within the structure. This study verified
the results obtained by the piezoelectric-based wireless sensor network are practical
and reliable. Correlation coefficient values are analyzed to validate the relationship
between data from IoT-based testing and compressive strength. All the results are
presented in graphical format, confirming that this non-destructive approach can ac-
curately predict concrete strength and identify structural damage. This study
uniquely contributed by validating the use of piezoelectric sensors for continuous,
in-situ monitoring of concrete, providing a novel approach to early damage detection
and evaluating the structural health of the structure.
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1. Introduction

Concrete is the predominant and extensively em-
ployed structural material in civil engineering. As the
water content diminishes, concrete strength gradually
rises, typically reaching its peak around 28 days after
casting. Strength development is a consequence of the
hydration process, which comprises a sequence of reac-
tions involving cement and water. The primary outcome
of this exothermic reaction is the creation of cement gel.

After casting, cubes are dried under relative humidity at
a constant temperature of 27 °C. This indicates that dry-
ing conditions significantly affect the degree of hydra-
tion, gradually increasing the compressive strength of
concrete cubes (Shafiq and Nuruddin 2010).

Measuring concrete strength is crucial to ensure
structural integrity and expedite construction. Two pri-
mary approaches exist for this purpose: non-destructive
evaluation and destructive evaluation. Destructive
methods involve crushing concrete samples to ascertain
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strength but could be more practical for monitoring ex-
tensive reinforced concrete structures. Ivanchev (2022)
explained that the destructive technique provides accu-
rate information on the compressive strength of speci-
mens, but it is more expensive and time-consuming and
sometimes weakens the existing structures. Thus, non-
destructive techniques are preferred for the real-time
monitoring of concrete without damaging the structure.
According to Akca etal. (2021), the non-destructive tech-
nique has more advantages than the destructive tech-
nique, as it can be used multiple times without damaging
the specimens. Among the three frequently utilized non-
destructive methods are the piezoelectric-based moni-
toring approach, the hydration heat-based monitoring
technique, and the ultrasonic-based monitoring method.
According to Hu et al. (2013), piezoelectric-based moni-
toring is highly effective for structural health monitoring
in concrete structures. This method also helps detect any
cracks and voids in the structure by utilizing sensors that
are either surface-bonded or embedded in concrete.
Zhang et al. (2024) explained that the hydration heat-
based monitoring technique is crucial in reducing the
risk of early-age cracking in concrete structures caused
by temperature-induced stress. To prevent this risk, the
main focus is monitoring the concrete mix temperature
before and after pouring. Lorenzi et al. (2020) high-
lighted that ultrasonic-based monitoring methods help
determine the integrity of the material, improve the
quality assurance control during construction, and sup-
port rehabilitation decisions.

Various advanced smart materials, such as shape
memory alloys, piezoelectric materials, and optical fi-
bers, play an essential role in non-destructive tech-
niques. Mavroidis and Pfeiffer (1999) described how
shape memory alloys can regain their original shape af-
ter deformation when exposed to particular tempera-
tures. Shape memory alloys are employed in non-de-
structive testing because of their capacity to change
structural configurations, which makes it possible to
identify flaws and improve the functionality of intelli-
gent structures. According to Wang et al. (2023), piezoe-
lectric materials generate an electric charge in response
to mechanical stress and can conversely induce defor-
mation when an electric field is applied. Due to this dual
property, this material is used in structural health moni-
toring systems as sensors and actuators. This material is
generally used for detecting cracks and voids in struc-
tures; along with this, it can also be used as a vibration
control, energy harvesting, and as an integral component
in smart structures. Kuang and Cantwell (2003) ex-
plained that optical fibers are used in structural health
monitoring due to their sensitivity to strain and temper-
ature changes. Eventually, without compromising the
material's properties, the optical fibers help to detect im-
pact damage and monitor structural integrity. Piezoelec-
tric sensors, particularly those made from lead zirconate
titanate (PZT), are vital for monitoring structural health.
These sensors can be surface-bonded or embedded
within concrete to assess integrity based on imped-ance
or vibration data. PZTs are characterized by high elastic
modulus and brittleness. Modern wireless systems,
whether surface-based or embedded, are increasingly

employed for their straightforward installation and re-
mote accessibility, enabling continuous monitoring of di-
verse structural types. Piezoelectric methods are noted
for their cost-effectiveness, quick responsiveness, flexi-
bility in design, and straightforward integration. In re-
cent years, piezoelectric sensors have found utility in
monitoring concrete strength and detecting damage by
integrating them into the host structure. According to Hu
et al. (2014), piezoelectric sensors can be used for dam-
age detection by embedding the sensors in concrete
slabs with the help of the electromechanical impedance
method. The research demonstrated that correlation co-
efficient deviation and root mean square deviation indi-
ces effectively identify the structural damage. Han et al.
(2020) explained that a piezoelectric sensor can be used
to monitor the strength development of cementitious
materials with the help of the electromechanical imped-
ance technique. The study presented here highlights
how piezoelectric materials find utility in two essential
areas: concrete strength monitoring and identifying
damage within concrete structures.

Chaliorisa et al. (2016) introduced WiAM’s (Wireless
Impedance/Admittance Monitoring System), an innova-
tive real-time structural health monitoring technique.
This system is intended to collect voltage-frequency re-
sponses from a network of piezoelectric sensors strate-
gically placed on different parts of RC structures. To
demonstrate the system's ability to identify damage, the
study tested two flexural RC beams subjected to mono-
tonic and cyclic loading and a shear-critical RC beam
subjected to monotonic loading. The findings showed
WiAM’s capability to detect stiffness degradation and
damage initiation observing impedance and admittance
signature shifts. The results demonstrate that the system
detects the course of damage in reinforced concrete
structures, offering a valuable tool for structural integ-
rity assessment. Chena et al. (2015) outlined using a
wireless sensor network as an alternative to wired data
acquisition systems for monitoring concrete strength.
The methodology employed two smart aggregates: an
actuator to generate high-frequency vibration waves
and a sensor to capture these vibrations within the con-
crete structure. The study relied on two primary wire-
less nodes: the wireless controller, responsible for sens-
ing and recording vibration data, and the sensing signal
conditioner, acting as the wireless coordinator, which
generated the actuation signal needed for the smart ag-
gregate's operation. The software implementation was
carried out in C language. The network coordinator pro-
duced frequencies around 200 Hz, subsequently cap-
tured by an oscilloscope for sine excitation. The study's
results emphasized the advantages of the wireless sys-
tem's embedded design, including reduced system size
and cost, improved robustness, and enhanced flexibility.

Dumoulin et al. (2015) studied initial-stage concrete
monitoring and damage identification using two ap-
proaches. The initial method involved tracking the evo-
lution of P-wave velocity in prismatic moulds using
smart aggregates known as SMAGs. This method helped
assess the hydration process and mechanical property
development of concrete. The second method entailed
tracking damage evolution in three cube specimens, each
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showing cone-shaped failures during pull-out tests. This
method helps the piezoelectric transducers effectively
capture variation in ultrasonic wave propagation, indi-
cating progressive damage. Fani and Basil (2022) devel-
oped a groundbreaking approach called fuzzy linear re-
gression (FLR) to forecast the compressive strength of
lightweight foamed concrete. This novel approach inte-
grated trapezoidal fuzzy numbers into the modelling
process. The study conducted a comparative analysis to
establish the usefulness of the FLR methodology in fore-
casting the compressive strength of lightweight foamed
concrete vs alternative methods such as multivariable
nonlinear regression and various single or hybrid ma-
chine learning models. Therefore, the study validated
that FLR is a reliable alternative to conventional predic-
tion models for lightweight foamed concrete. Feng et al.
(2019) presented the innovative concept of the "smart
aggregate." This pioneering strategy utilized an active
sensing technique that seamlessly incorporated piezoe-
lectric-based transducers. The primary goal was to pro-
vide real-time assessments of early-age concrete
strength evolution across the critical 0 to 28-day period.
To efficiently capture wave responses across the 28-day
curing period, two smart aggregates (SAs) were used.
One SA performed as an actuator, regularly releasing
regulated stress waves, while the second SA served as a
sensor capable of detecting stress waves.

Fotouhi et al. (2017) investigated the feasibility of us-
ing polyvinylidene fluoride (PVDF) as a sensor element
in a passive structural health monitoring (SHM) system.
The study explored the integration of piezoelectric nano-
composites into composite materials, emphasizing their
high durability, flexibility, and improved signal-to-noise
ratio. Their primary focus was on SE70 glass/epoxy lam-
inates used in this sensor system to monitor and assess
damage during indentation tests. The study revealed im-
portant information about the efficacy of PVDF in SHM
for assessing structural integrity. Jerzy S. (2020) exten-
sively examined smart materials in architectural and
civil engineering. The study mainly highlighted integrat-
ing of smart materials into infrastructure for real-time
monitoring, adaptive responses to environmental
changes, and energy-efficient improvements. For exam-
ple, shape memory alloys for adaptive building compo-
nents, PZT sensors for structural health monitoring, and
self-healing concrete for crack repair. This study looked
at the various applications and potential benefits of such
materials in these fields, emphasizing their contribution
to the progress of structural engineering and building
approaches. Kuczma et al. (2021) examined a previous
inquiry into the sustainability of civil infrastructure and
the use of smart materials in civil engineering. The inves-
tigation thoroughly examines how incorporating smart
materials adds to structural sustainability. Li et al.
(2023) proposed a groundbreaking technique for moni-
toring and forecasting at the initial stages of concrete
strength evolution. This method integrates embedded
smart aggregates (SAs) based on electromechanical im-
pedance (EMI) technology and machine learning algo-
rithms. The study uses machine learning models to find
the correlation between the EMI signature and compres-
sive strength. Because of its simplicity, precision, quanti-

tative capacity, and dependability, it stands out for evalu-
ating and predicting concrete compressive strength.

Noori and Narjabadifam (2019) thoroughly examined
a broad spectrum of smart materials and their varied
uses within the building sector. This paper highlighted
the importance of SHM systems by integrating IoT, Al,
and sensor networks. These smart materials contribute
to improve real-time data acquisition, enhance urban
sustainability, reduce maintenance costs, and improve
safety. This insightful analysis offered valuable perspec-
tives into the creative methods employed by these mate-
rials to enrich and revolutionize different facets of con-
struction methodologies. Prayuda et al. (2020) pre-
sented the implementation of a fuzzy logic methodology
for forecasting flexural strength, compressive strength,
and flowability in self-compacting concrete. The study
utilized a fuzzy-logic prediction model and various mix
proportions to estimate the self-compacting concrete
based on key parameters for reducing the need for exper-
imental laboratory testing. Providakis et al. (2014) intro-
duced piezoelectric material for identifying damage in
concrete reinforcement, utilizing the electromechanical
admittance approach. This study presented the labora-
tory experiments on reinforced concrete specimens to ef-
fectively detect changes in structural conditions by mon-
itoring impedance shifts, allowing early identification of
reinforcement deterioration. Roy et al. (2016) evaluated
smart materials and their various uses in modern struc-
tural engineering and building projects. This comprehen-
sive study sheds light on the adaptability and importance
of these new materials in defining the future of building
and infrastructure development. Samadi and Farrokh
(2022) used in-situ experiments and the Adaptive
Neuro-Fuzzy Inference System (ANFIS) to forecast con-
crete's 28-day compressive strength. This ANFIS model
predicted concrete strength using diverse input factors
such as the water-to-cement ratio and the types of fine
and coarse aggregate materials. Saravanan et al. (2017)
presented an innovative technology for evaluating con-
crete strength during the initial stage (3-7 days) and later
stages (beyond 7 days) under conditions of large-scale
sensor deployment. Under crack opening conditions, this
approach detects variations in the EMI signature on PZT-
bonded concrete shear walls. This method helps develop
a relationship between the strength parameter and root
mean square deviation (RMSD).

Sha et al. (2021) demonstrated a compound material
comprising cement, epoxy resin, a curing agent, and en-
hancers. This material was designed to monitor the
structural health of concrete structures by utilizing the
mechanical sensing capabilities of embedded smart pie-
zoelectric (PZT) sensors. This study highlighted that
through a series of experimental tests and numerical
simulations, the sensors can detect strain variations,
progressive deterioration, and damage initiation in con-
crete. Shin et al. (2008) presented using the conventional
EMI sensing technique alongside PZT patches. This
method served to identify and observe the initial devel-
opment. The study uses an active sensing approach,
where PZT sensors generated and received stress waves
within the concrete. By analyzing changes in wave prop-
agation characteristics, the study was able to correlate



Narwade and Jadhav / Challenge Journal of Concrete Research Letters (2025) 16(1) 40-50 43

the sensor data with compressive strength development.
This study concluded that PZT sensors offer a practical
and effective alternative to conventional destructive
testing methods, enabling continuous, in-situ monitor-
ing of concrete curing and early-age strength develop-
ment. Sobczyk et al. (2021) thoroughly analyzed smart
materials in civil engineering and architecture, focusing
on using actuators and sensors. The study explained that
actuator applications such as kinetic structures, self-reg-
ulating facades, and adaptive shading systems demon-
strate how smart materials improve energy efficiency
and indoor environmental quality. Sensor applications
such as environmental sensing, SHM, and occupancy de-
tection contribute to developing of responsive and intel-
ligent buildings. Sun et al. (2020) proposed a computa-
tional simulation method to assess the utility of piezoe-
lectric stress wave analysis for monitoring concrete
strength. This method uses computer simulations to ana-
lyze and determine the effectiveness of concrete strength
monitoring by analyzing stress waves generated by pie-
zoelectric sensors. The study developed a finite element
model to simulate the interaction between piezoelectric
sensors and stress waves in concrete at various curing
stages. The study highlighted the correlation between
wave velocity and amplitude with the progressive in-
crease in concrete strength. The study concluded that the
PZT sensors effectively capture early-age strength devel-
opment trends by indicating a strong relationship be-
tween wave parameters and concrete strength.

Vikram et al. (2023) presented a new piezoelectric
cantilever beam electric sensor for pavement monitor-
ing via the Internet of Things (IoT). This pioneering de-
vice includes a self-powered wireless acceleration sen-
sor to detect vibrations in small and medium-sized
bridges. The study utilizes a PZT sensor to convert me-
chanical vibrations and stress from vehicular movement
into electrical signals, which are then analyzed to assess
pavement conditions. Wang et al. (2010) executed an
empirical study on monitoring the compressive strength
of concrete by integrating embedded piezoelectric lead
zirconate titanate (PZT) transducers with the EMI tech-
nique. The study concluded that as concrete cures and
gains strength, the resonant frequency of the embedded
PZT transducers increases, highlighting the strong cor-
relation between resonant frequency and compressive
strength. Wu et al. (2022) explained a uniaxial piezoelec-
tric (PZT) sensor tailored to address issues linked to
quantifying the output charge of the piezoelectric com-
ponent. This specialized sensor was incorporated into
the concrete framework and situated on its surface to
monitor stress, establishing a relationship with the elas-
tic modulus to establish a correlation. Yang et al. (2020)

developed a method for monitoring concrete's 28-day
age strength by embedding piezoelectric smart aggre-
gates (SA) within glass fiber-reinforced polymer (GRFP)
tube columns filled with concrete. The study proposed
an innovative, non-destructive method for early-age
concrete strength monitoring using power spectral den-
sity and wavelet packet analysis by analyzing the vibra-
tion response of cube specimens. Zhu (2021) thoroughly
analyzed many smart materials' unique properties and
prospective applications. The author concentrated on
the widespread application in civil engineering, high-
lighting its function in architectural innovation,
strengthening structural integrity, and, ultimately, en-
hancing structural safety.

According to Zachariah et al. (2023), ThingSpeak is a
popular and valuable platform for receiving, hosting, and
visualizing sensor data by quickly creating channels. This
ThingSpeak platform facilitates online analysis and pro-
cessing using MATLAB and helps users instantly visualize
data presented by devices. Therefore, this study used
ThingSpeak, a cloud-based IoT analytics platform that fa-
cilitates real-time data visualization and analysis. In addi-
tion, NodeMCU, a low-power microcontroller with built-in
Wi-Fi capability, processes data and transmits it wire-
lessly to the cloud for remote monitoring. NodeMCU is an
open-source loT platform with firmware running on the
ESP8266 Wi-Fi SoC and hardware based on the ESP-12
module. Due to its affordability and user-friendliness, it is
frequently used to create IoT applications with the help of
the Lua programming language. According to Ayeni et al.
(2024), NodeMCU functionality is based on written code,
establishing Wi-Fi connectivity to a predefined network
and managing sensor data. ThingSpeak ensures effective
data transfer from sensors by enabling smooth interac-
tion with microcontrollers like NodeMCU. ThingSpeak, an
IoT-based platform, enables real-time data visualization
by converting the transmitted data into graphical repre-
sentations. ThingSpeak is also helpful for continuous
structural health monitoring applications because it sup-
ports remote access and real-time data logging.

A statistical relationship between two variables is
represented numerically by the correlation coefficient (r
or R), which measures some linear association. These
variables are derived from observed data, commonly re-
ferred to as samples. The correlation values range from
-1 to +1, which indicates the most potent possible corre-
lation, and 0 signifies no correlation between variables.
Schober et al. (2018) highlighted that the most com-
monly used correlation coefficient is the Pearson corre-
lation coefficient, which assesses the linear relationship
between two continuous variables. Table 1 illustrates
how strongly or weakly the variables are associated:

Table 1. Interpreting correlation coefficient values.

ror R (positive/negative values)

Strength or weakness of association between variables

1.0 to 0.90
0.89 t0 0.70
0.69 to 0.40
0.39t0 0.10
0.10 to 0.00

Very strong
Strong
Moderate
Weak
Negligible
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Previous studies primarily focused on conventional
non-destructive testing methods with other integrated
IoT and piezoelectric sensors for real-time monitoring of
concrete strength and damage detection. Additionally,
prior research lacked a well-defined correlation between
amplitude values and concrete strength. In contrast, this
study mainly focused on surface-bonding techniques for
attaching sensors to the cube specimens with wireless
data transmission via NodeMCU and ThingSpeak. This
study combines compressive strength testing usinga CTM
and IoT-based testing, allowing for a direct comparison
between traditional and advanced monitoring techniques
through correlation coefficient analysis. Furthermore,
loT-based testing is used for both concrete strength mon-
itoring and identifying the damage in cube specimens, en-
hancing the reliability of real-time structural assessment.

2. Methodology

This research was thoroughly investigated to monitor
concrete strength and identify structural deterioration us-
ing piezoelectric sensors. The study is based on a single

circuit diagram, as shown in Fig. 1. This circuit comprised
components such as the LM324N operational amplifier,
resistors, and capacitors. The experimental configuration,
illustrated in Fig. 2, encompasses several components: a
waveform generator, a single processing circuit compris-
ing a microcontroller, a Node MCU Wi-Fi module, dual
3.3V power supplies, a PZT sensor, and a laptop. The PZT
sensors are spaced 120 mm from center to center, as
shown in Fig. 3.

This study utilized a pair of PZT sensors measuring 30
mm each. One of these sensors functioned as an actuator,
responsible for relaying input data received from the
waveform generator operating at a frequency of 10 kHz.
Meanwhile, the other sensor served as a receiver, collect-
ing the output data and transmitting it to the microcon-
troller for subsequent processing. Select the ESP8266
board in the NodeMCU interface, then assign a commu-
nication port (COM5) for data collection and transmis-
sion to the ThingSpeak platform. ThingSpeak ensures ef-
fective data transfer from sensors by enabling smooth
interaction with microcontrollers like NodeMCU. There-
fore, ThingSpeak and NodeMCU make it possible to ana-
lyze and understand gathered data effectively.

PZT 13 v
Sensor 1\?\/\9 - out
- NAL
Vin To Micro
1M Controller
A
e 1kQ 3.3kQ

Cube specimen

Waveform generator \[~
(2

Microcontroller

NodeMCU

Fig. 2. Experimental setup.

Fig. 3. The PZT sensor positioning.

For this investigation, M30 grade concrete was em-
ployed. The components utilized in fabricating the cube
specimens were carefully selected to ensure the integ-
rity of the study. These included coarse aggregates (10
mm, 20 mm), fine aggregate (crushed sand), cement
(OPC-53 grade), and water. Table 2 provides an over-
view of the concrete mix proportions specifically de-
signed for M30 grade concrete.

Following the guidelines outlined in IS 456:2000 and
IS 516:1959, nine cube specimens were cast, each stand-
ard size of 150 mm x 150 mm x 150 mm. According to IS
516:1949, a minimum of three specimens were em-
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ployed for each curing period (7t, 14th, and 28t days) to
determine the standard testing requirements of strength
progression. Despite the limited sample size, this ap-
proach ensures a statistically valid representation of
compressive strength trends. Subsequently, the identical
cube specimens, which were used for IoT-based testing
for concrete strength monitoring, underwent testing us-

ing a CTM machine. After these tests, damage detection
was performed through the IoT-based monitoring sys-
tem on cube specimens to analyze variations in the re-
sults obtained from concrete strength monitoring and
damage detection methods. This comparison helps in
evaluating the reliability and effectiveness of loT-based
testing in detecting structural changes.

Table 2. The concrete mix proportion for M30 grade.

Sr. No Item kg/m3 By weight Volumetric mix
1 Cement 405 50 kg 1 bag
2 Fine aggregate Crushed sand 726.9 89.6 kg 57.8 liter
Metal-I 468.2 57.7 kg 38.5 liter

3 Coarse aggregate
Metal-I1 702.3 86.6 kg 59.7 liter
4 Water 182.5 22.5  liter 22.5 liter
5 Admixture (plasticizer) Sikament 4.05 0.5 liter 0.5 liter

3. Result and Discussion

The results from the [oT-based testing were for both
concrete strength monitoring and damage detection for
specific time intervals, including the 7t, 14th, and 28t
days. The results of this investigation are depicted
graphically, illustrating parameters such as amplitude
(V) plotted against time (sec) under the loT-based
method. All the graphs show the total 100 reading output
data obtained from the loT-based testing before CTM
testing over cube specimens.

1.30
1.20
1.10
1.00

Amplitude {V)

0.90
0.80

00:00:00
00:02:43
00:04:58
00:09:28
00:13:44
00:14:41
00:18:08
00:19:44
00:25:13
00:29:23
00:33:09
00:35:36
00:38:34
00:40:38
00:41:49

00:48:22
00:52:32

In Fig. 4, the amplitude data observed on the 7t day
falls within the range of 0.8 to 1.3 V. Similarly, as de-
picted in Fig. 5, the amplitude data for the 14t day
ranges approximately from 1.15 to 1.3 V. Furthermore,
as illustrated in Fig. 6, the amplitude data for the 28t day
spans from approximately 1.22 to 1.3 V. These outcomes
are detailed at specific time intervals, as outlined in Ta-
ble 3, providing amplitude data for monitoring concrete
strength. As shown in Fig. 7, there is a clear increasing
trend in amplitude as the days progress for monitoring
concrete strength.

01:07:12
01:08:18
01:10:44
01:12:11
01:13:38
01:14:35
01:17:26
01:19:52
01:22:13
01:24:15
01:25:45
01:27:28

00
2
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=)
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01:00:22
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01:03:45

Time (sec)

Fig. 4. Amplitude vs. time acquired from loT-based testing before CTM testing on the 7t day.
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Fig. 5. Amplitude vs.
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time acquired from [oT-based testing before CTM testing on the 14th day.
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Fig. 7. Amplitude value comparison from IoT-based testing before CTM testing.

Table 3. Amplitude data from [oT-based testing

before CTM testing.
Amplitude (V)
Days Average Cube 1 Cube 2 Cube 3
7 1.089 1.133 1.074 1.058
14 1.210 1.231 1.182 1.219
28 1.270 1.273 1.250 1.289

In addition to other methods, this study employs a
compressive testing machine (CTM) to quantify the ma-
terial’'s compressive strength on the 7t, 14th, and 28t
days. To validate the findings from the compressive test-
ing machine (CTM), a formula is outlined in IS 456:2000
to compute the target mean strength of concrete. This
mathematical expression is defined in Eq. (1).

fek = fore + 165+ s (1)

50

30 22.868

{N/mm?)

20

10

Compressive strength

where f), is the target average compressive strength at
28th days, and s is the standard deviation (from Table 8
of IS 456:2000)

The calculated target compressive strength for M30
grade concrete, derived from the formula above, is 38.25
N/mm?. The results of CTM testing are visually repre-
sented in Fig. 8 and detailed in Table 4. Consequently, the
findings obtained during this investigation indicate a
compressive strength of 38.113 N/mm? on the 28t day,
which is deemed accurate.

Table 4. Cube compressive strength.

Cube compressive strength (N/mm?)

Days Average Cube 1 Cube 2 Cube 3
7 22.868 22.668 22.512 23.424
14 32.396 32.113 31.892 33.184
28 38.113 37.780 37.520 39.040
38.113
32.396

14
Time (days)

28

Fig. 8. Compressive strength using CTM testing.
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After CTM testing, the damage detection results are
depicted graphically, illustrating parameters such as
amplitude (V) plotted against time (sec) under the IoT-
based method. In Fig. 9, the amplitude data observed on
the 7th day falls within the range of 1.0 to 1.6 V. Similarly,
as depicted in Fig. 10, the amplitude data for the 14t day
ranges approximately from 1.3 to 1.4 V. Furthermore, as
illustrated in Fig. 11, the amplitude data for the 28t day

spans from approximately 1.4 to 1.44 V. Results are de-
tailed at specific intervals, including the 7t, 14th, and
28t days, as presented in Table 5, showing amplitude
data for damage detection after testing the cube speci-
mens under CTM testing. As illustrated in Fig. 12, there
is a clear increasing trend in amplitude as the days pro-
gress for detecting damage in cubes.
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Fig. 12. Amplitude value comparison from loT-based testing after CTM testing.



48

Narwade and Jadhav / Challenge Journal of Concrete Research Letters (2025) 16(1) 40-50

Table 5. Amplitude data from [oT-based testing
after CTM testing.

Amplitude (V)

Days Average Cube 1 Cube 2 Cube 3
7 1.308 1.261 1.344 1.321
14 1.365 1.342 1.368 1.385
28 1.424 1.394 1.407 1.471

To validate the correlation between amplitude and
compressive strength for concrete cubes, Fig. 13 pre-
sents a graphical representation between them with the

38
36
24
32
30
28
26
24
22
20

Compressive strength {N/mm?})

1.089

average data provided in Tables 3 and 4. The blue line
represents the observed data, while the red dotted line
denotes the regression trendline, indicating a positive
correlation. The correlation coefficient (r) suggests that
higher amplitude values correspond to higher compres-
sive strength. Based on the result obtained from the
graph, the correlation of R? = 0.9796 (approximately
0.98) is strongly acceptable for practical use in concrete
strength monitoring. The linear Eq. (2) obtained from
the graph in Fig. 13 is shown below:

y =7.6227 - x +15.881 (2)

where y is the compressive strength (N/mm?2), and x is
the amplitude (V).

38.113

.l

y=7.6227x+15.881
R%=0.9796

1.210
Amplitude (V)

1.270

Fig. 13. Correlation between amplitude and compressive strength.

For comparison purposes, the results obtained from
IoT-based testing for concrete strength monitoring and
damage detection, as shown in Tables 3 and 5, are illus-
trated in Fig. 14. The results indicate an increase in the

1.6
1.4 1.308

1.2 1.089

Amplitude {V)

values for damage detection compared to concrete
strength monitoring on the 7th, 14th, and 28t days. The
difference between both results falls within the range of
approximately 0.15 to 0.2.

1.365 1.424

1.210 1.270
1.0
0.8
0.6
0.4
0.2
0.0
7 14 28

Time (days)

m Concrete strength

B Damage detection

Fig. 14. Comparison between concrete strength and damage detection.

4., Conclusions

A key challenge in the construction industry is the re-
liance on destructive testing methods, which are time-
consuming, labor-intensive, and impractical for real-

time concrete strength and structural health monitoring.
The present study successfully integrates a piezoelectric
lead zirconate titanate (PZT) sensor with an IoT-based
monitoring system, offering a practical, non-destructive
approach for concrete strength monitoring and damage
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detection in concrete structures. The study was con-
ducted on 7t, 14th, and 28t days following standard con-
struction codes. The result demonstrated a strong corre-
lation, R2=0.9796 (approximately 0.98), between ampli-
tude values and compressive strength, confirming the
accuracy and reliability of this non-destructive ap-
proach. The recorded compressive strength of 38.113
N/mm?2 on the 28t day closely aligns with the target
strength of 38.25 N/mm?, confirming the effectiveness of
the monitoring system. Additionally, damage detection
results revealed a consistent increase in amplitude value
post-CTM testing, highlighting structural deterioration.
This study highlights the benefits of integrating PZT sen-
sors with IoT-based wireless data transmission, en-
hanced precision, cost-efficiency, and automation in con-
crete assessment.

For future study, this piezoelectric-based monitoring
system can be extended to large-scale structures such as
beams, columns, and slabs in real-world applications.
For real-time monitoring, some improvements in this
monitoring system are necessary. Artificial intelligence
(AI) and machine learning models can be integrated to
enhance the prediction accuracy of concrete strength
and automate damage classification. Additionally, other
non-destructive methods can be used for a more holistic
evaluation. Future studies should also focus on achieving
more accurate results of correlation coefficients (R?=1)
on the same or different grades of concrete to validate
the system’s reliability further.
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