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Comparative study on the use of quarry waste and river sand
as fine aggregates in pervious concrete performance

Mathuranayagam Arunan @, Daniel Niruban Subramaniam @
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, Navaratnarajah Sathiparan #*

ABSTRACT

ARTICLE INFO

This study examines the use of quarry waste as a partial replacement for coarse ag-
gregate in pervious concrete, aiming to enhance its mechanical strength, permeabil-
ity, and durability while promoting sustainability in construction. Various pervious
concrete mixes were prepared with different levels of river sand and quarry waste
replacements (4%, 8%, and 12%) and tested for compressive strength, flexural
strength, impact strength, permeability, porosity, and abrasion resistance. The re-
sults indicate that quarry waste significantly enhances mechanical properties, with
the 12% replacement mix showing a 49.1% increase in compressive strength (8.04
MPa) compared to the 5.39 MPa of the control mix. Additionally, quarry waste led to
a notable reduction in porosity, reaching 0.318 at the 12% level compared to 0.343
for the control. While both materials reduced permeability, quarry waste maintained
higher values than river sand, with the optimal 8% replacement (Q8) providing a
permeability of 4.77 cm/s, which is 25% higher than the 3.79 cm/s observed for the
R12 river sand mix. Furthermore, quarry waste-based mixes exhibited improved
abrasion resistance, with weight loss as low as 36.7% at 200 revolutions. This study
shows that using 8% quarry waste in concrete results in a 31% strength increase
while keeping its hydrological performance high. It highlights that quarry waste is an
environmentally friendly and cost-effective alternative to river sand, improving both
strength and durability. The findings offer valuable insights into the use of quarry
waste in sustainable construction and lay the groundwork for future research into
optimizing pervious concrete mixes for specific applications.
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1. Introduction

Pervious concrete, also known as porous or perme-
able concrete, is a sustainable construction material
designed to allow water to pass through its intercon-
nected voids, thus reducing surface runoff and pro-
moting groundwater recharge (Tie et al. 2020). Tradi-
tionally, pervious concrete is composed mainly of
coarse aggregates, cement, and limited or no fine ag-
gregates to maintain high permeability. However, the
incorporation of fine aggregates in pervious concrete
has gained attention for its potential to enhance me-
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chanical strength while maintaining balanced hydrau-
lic properties (He et al. 2023). Fine aggregates help fill
voids between coarse particles, leading to a denser
matrix that enhances the load-bearing capacity without
significantly compromising permeability (Khankhaje et
al. 2025). Several studies have investigated the effect
of fine aggregate content on the mechanical and hy-
draulic properties of pervious concrete (Lori et al.
2019). Research has demonstrated that incorporating
controlled amounts of fine aggregate can improve
compressive strength and durability, while excessive
fines may reduce permeability (Elango et al. 2021).
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River sand has been the conventional fine aggregate
used in concrete production worldwide, including per-
vious concrete (Miah et al. 2023). However, the in-
creasing environmental concerns related to the exces-
sive extraction of natural river sand have driven re-
searchers and industry professionals to explore alter-
native materials (Rentier and Cammeraat 2022).
Quarry waste, a byproduct of aggregate production, is
emerging as a promising substitute for natural fine ag-
gregates (Altheeb 2022). Comparable studies using
waste-derived fine aggregates as partial sand substi-
tutes have also shown that appropriate replacement
levels can improve mechanical performance while re-
ducing reliance on natural river sand (Wee Chit et al.
2025). Utilizing quarry waste not only reduces the en-
vironmental footprint associated with sand mining but
also provides a sustainable way to manage industrial
byproducts that would otherwise contribute to landfill
waste  (Gunasekaran and Sathiparan 2024;
Pakkiyachandran and Sathiparan 2025). Quarry waste
possesses several advantages as a fine aggregate in
pervious concrete. Its angular shape and rough texture
improve the interlocking between particles, poten-
tially enhancing the mechanical strength of the con-
crete (Sathiparan et al. 2022). Furthermore, quarry
waste typically exhibits lower silt and clay content
than river sand, which can positively influence the hy-
draulic conductivity of pervious concrete by minimiz-
ing pore clogging (Coughlin et al. 2012). Additionally,
the availability and low cost of quarry waste make it
an economically viable alternative, especially in re-
gions where natural sand resources are becoming
scarce (Sundaralingam et al. 2022).

Several studies have investigated the impact of
quarry waste on the mechanical properties of pervious
concrete. For instance, Sundaralingam et al. (2022)
found that replacing river sand with quarry dust up to
30% by weight improved the compressive strength of
concrete. Similarly, Sruthi Reddy and Sumetha (2024)
observed an enhancement in flexural strength in per-
vious concrete mixes incorporating quarry fines.
These findings suggest that quarry waste can contrib-
ute positively to the structural integrity of pervious
concrete. However, the performance of waste-derived
aggregates remains strongly dependent on their mate-
rial characteristics and replacement level (Samdan et
al. 2024; Niroula and Bhatt 2026). The primary func-
tion of pervious concrete is to allow water infiltration.
Research indicates that the inclusion of quarry waste
can influence the permeability of pervious concrete.
Nune and Dakshina Murthy (2021) reported that re-
placing river sand with quarry dust did not signifi-
cantly affect the permeability of pervious concrete,
maintaining its hydrological performance. However,
Febin et al. (2019) noted that excessive replacement
levels might reduce permeability due to the finer par-
ticle size of quarry dust, which could lead to pore clog-
ging. Durability is a critical factor for pervious con-
crete exposed to various environmental conditions.
Studies have shown that quarry waste can enhance the
durability of pervious concrete. Meisuh et al. (2018)
demonstrated that concrete containing quarry dust
exhibited improved resistance to chemical attacks,

such as exposure to sulfate and acid. Additionally, Al-
Kharabsheh et al. (2022) found that incorporating
quarry fines enhanced the freeze-thaw durability of
pervious concrete, making it suitable for regions with
harsh climatic conditions.

Utilizing quarry waste as a replacement for river
sand in pervious concrete offers significant environ-
mental and economic advantages, consistent with
broader waste-valorization strategies aimed at reduc-
ing natural-resource consumption and supporting
more sustainable construction practices (Unal and
Canbaz 2025, 2026). The use of quarry waste as an al-
ternative aggregate has emerged as a promising strat-
egy for developing sustainable, low-cost concrete that
maintains rigorous performance standards (Hamada
et al. 2023). However, a significant gap remains in the
current body of knowledge regarding the holistic per-
formance of pervious concrete where river sand is re-
placed by quarry waste. Most existing studies focus on
isolated parameters, such as compressive strength or
basic permeability, without systematically evaluating
how these properties interact with durability factors
like impact toughness and abrasion resistance in tan-
dem. Furthermore, the specific influence of quarry
waste's angular geometry on the trade-off between
pore tortuosity and mechanical interlocking in pervi-
ous systems is not fully understood. The study evalu-
ates the mechanical properties (compressive, flexural,
and impact strength), hydraulic performance (perme-
ability), and durability aspects (abrasion resistance) of
pervious concrete mixtures with varying quarry waste
content as a replacement for a portion of the coarse ag-
gregate. The objective is to determine the optimal re-
placement level of quarry waste that can enhance the
strength and durability of pervious concrete without
compromising its essential hydraulic functionality,
consistent with broader sustainable-concrete ap-
proaches that seek to balance environmental benefits
with strength and permeability performance
(Mahmud et al. 2025).

2. Methodology
2.1. Materials

In the present study, the materials selected for the
investigation include Ordinary Portland Cement
(OPC), river sand, quarry waste, and coarse aggre-
gates. Ordinary Portland Cement (OPC) was used as
the primary binding material. It has a bulk density of
1360 kg/m? and a specific gravity of 3.15. The chemi-
cal composition of the OPC mainly consists of SiO,
(20.60%), Al,03 (4.51%), Fe,03 (3.62%), and CaO
(66.55%). For the fine aggregates, both river sand and
quarry waste were used. The river sand was sourced
from the Muthayankattu riverbed in the Northern
Province of Sri Lanka, while quarry waste was ob-
tained from a manufacturing plant in Divulapitiya,
Western Province, Sri Lanka. The particle size distri-
bution of the river sand and quarry waste is given in
Fig. 1, and the physical properties are given in Table 1.
The river sand had a bulk density of 1720 kg/m3 and a
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specific gravity of 2.57, with 95.6% sand content and
0.6% fine content. The quarry waste, on the other
hand, had a bulk density of 1750 kg/m? and a specific
gravity of 2.63, with 85.6% sand content and 7.2% fine
content. Both materials were sieved and sun-dried to
remove impurities, ensuring their suitability for use in
concrete production.

The coarse aggregates used in the study were natu-
ral granite-gneiss rocks, sourced from the Western
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Province of Sri Lanka. These aggregates were sieved to
achieve sizes between 5 mm and 12 mm, making them
suitable for use as coarse aggregates in pervious con-
crete. The coarse aggregates had a bulk density of
1491 kg/m?, a specific gravity of 2.72, and an absorp-
tion rate of 0.20%. Additional tests on these aggre-
gates revealed an aggregate crushing value of 30.5%,
which indicated that they were of adequate quality for
use in concrete production.

Quarry waste

«+— ASTM C33 lower limit
for fine aggregate

1000 10000

Particle size (mm)

Fig. 1. Particle size distribution of the river sand and quarry waste.

Table 1. Physical properties of river sand
and quarry waste.

Properties River sand Quarry waste
Bulk density (kg/m3) 1720 1750
Specific gravity 2.57 2.63
Fineness modulus 2.72 2.96
Gravel (%) 0.8 1.2
Sand (%) 98.6 91.6
Fine (%) 0.6 7.2
Uniformity coefficient (Cu) 4.0 11.4
Coefficient of gradation (Cc) 1.1 1.18

2.2. Mix design

The mix design for the pervious concrete used in
this study is based on a series of pre-determined mix
proportions, and the details of the mix design are sum-
marized in Table 2. The replacement of coarse aggre-
gate with fine aggregates (river sand or quarry waste)
was conducted on a weight-based basis to maintain a
constant total aggregate-to-cement ratio of 4.0 for all
mixtures. As the replacement level of fine aggregate in-

creased (4%, 8%, and 12%), the mass of the coarse ag-
gregate was proportionally reduced. This mix design
ensures that the different proportions of aggregates
contribute to both the structural strength and perme-
ability properties of the concrete. The aggregates,
river sand, and quarry waste used in the mixtures
were thoroughly tested for their physical properties,
ensuring compliance with industry standards for du-
rability and performance.

For the preparation of PC samples, aggregates of
the specified mix were first weighed according to the
designed mix proportions. The cement was added to
the aggregate mixture, followed by the addition of
water based on the water-to-cement ratio of 0.3.
While the w/c ratio was held constant at 0.3, the in-
clusion of higher fine aggregate content, particularly
with quarry waste, increases the total specific surface
area of the mix. This can lead to a reduction in work-
ability, as evidenced by the zero-slump measured for
all pervious concrete samples. A mixing duration of
20 minutes in a 120-liter concrete mixer was em-
ployed to achieve a homogeneous mixture and en-
sure the higher fine content did not compromise ce-
ment paste hydration. The fresh mix was then meas-
ured for slump, which was found to be zero, adhering
to the specifications for PC. After mixing, the mixture
was placed into moulds. Once the mixture was placed
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entirely, the excess was leveled using an iron rod, as ples were demoulded and placed into a water bath to
shown in Fig. 2, and the molds were left undisturbed cure for 28 days, ensuring proper hydration of the ce-
for 24 hours. After this initial curing period, the sam- ment.

Table 2. Quantity of constituents for control and modified pervious concrete mixes (fine aggregate
percentages of 4, 8, and 12% represent the weight-based replacement of the coarse aggregate fraction).

Mix ID Cement Coarse aggregate River sand Quarry waste Water
(kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
Control 389.1 1556.4 - - 116.7
R0O4 389.1 1494.1 62.3 - 116.7
RO8 389.1 1431.9 124.5 - 116.7
R12 389.1 1369.6 186.8 - 116.7
Q04 389.1 1494.1 - 62.3 116.7
Q08 389.1 1431.9 - 124.5 116.7
Q12 389.1 1369.6 - 186.8 116.7

(a) Cleaning and sieving aggregates

(c) Mixing with cement and water

(f) Casting specimens

Fig. 2. Casting procedure of pervious concrete mix.
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To determine the density, porosity, and compres-
sive strength, cubes with dimensions of 100 mm were
used. Flexural bending tests were conducted on beams
with dimensions of 200 mm x 100 mm x 65 mm, and
impact tests were performed on blocks with dimen-
sions of 100 mm x 100 mm x 60 mm. Permeability
tests were conducted using cylindrical specimens
measuring 100 mm in diameter and 150 mm in height.

2.3. Testing
2.3.1. Compressive strength

In accordance with BS EN 12390-3 (2019), the com-
pressive strength of the pervious concrete was evalu-
ated using a universal testing machine (UTM), as illus-
trated in Fig. 3(a). The specimens, castin 100 mm cube
molds and cured under standard conditions, were sub-
jected to a constant loading rate of 1 mm/min until
failure. This controlled loading rate ensures uniform
force application, allowing for an accurate measure-
ment of the material’s compressive strength without
introducing shock loads that could affect the results.
The test was continued until the specimen fractured,
and the maximum load reached at the point of failure
was recorded. The compressive strength was then cal-
culated by dividing the maximum load by the speci-
men's cross-sectional area.

2.3.2. Flexural tensile strength

The flexural bending strength of pervious concrete
specimens was evaluated following ASTM C78/C78M
(2021) as shown in Fig. 3(b). The specimens used for
this test were rectangular beams with dimensions of
200 mm x 100 mm x 65 mm. This test measures the
ability of pervious concrete to resist bending stresses,
a crucial property for applications where the material
is subjected to flexural forces, such as pavements and
sidewalks. The flexural bending test was conducted by
placing the specimen on two supports, ensuring the
beam was centered and properly aligned, and applying
the load at the middle of the span at a constant loading
rate of 1 mm/min. As the load was gradually increased,
the test continued until the specimen fractured or
failed. The flexural strength was calculated using Eq.

(1):

3PL
=5z (1)
where

fris the flexural strength (MPa);

P is the maximum load applied (N);
L is the length of the span (mm);

b is the width of the beam (mm).

2.3.3. Porosity

To measure the porosity of pervious concrete, the
immersion method, as outlined in ASTM C642 (2021),
was followed, as shown in Fig. 3(c). First, the dry
weight of the pervious concrete (Wary) sample was
measured using a balance. This was the weight of the

sample before it was immersed in water. The pervious
concrete sample was then fully submerged in a con-
tainer of water, ensuring that no air was trapped in the
pores. While the sample was fully submerged, it was
weighed again, which was referred to as the apparent
weight (Wsub). The porosity was calculated by Eq. (2).

Porosity = (1 - M) x 100 2)

PwVtotal

where
Wary is the mass of the oven-dried sample (kg);
Whauw is the mass of the sample submerged in water
(kg);
Viotal is the total volume of the specimen (m?), calcu-
lated from the dimensions of the 100 mm cube;
pw is the density of water (approximately 1000

kg/m?).
2.3.4. Permeability

The permeability of the pervious concrete was de-
termined using the falling head method, as outlined in
ASTM D2434 (2022), as shown in Fig. 3(d). This
method is a standard approach for measuring the hy-
draulic conductivity of porous materials. A cylindrical
sample of pervious concrete, with a diameter of 100
mm and a height of 150 mm, was used for testing. The
sample was placed in a permeameter, and its initial
water height was recorded. To ensure the sample was
fully saturated, the concrete was submerged in water,
eliminating any air voids within its pores. The test in-
volved allowing water to flow through the sample and
recording the time taken for the water level to drop
over a known distance. The permeability of the sample
was determined using the falling head formula, given

by Eq. (3).

a-L h
K=2tmn (h—;) 3)
where:
K is the hydraulic conductivity (permeability) of the
sample;
ais the cross-sectional area of the standpipe (water
column);

L is the length of the specimen (150 mm);

A is the cross-sectional area of the pervious con-
crete specimen (calculated using its diameter of
100 mm);

t is the time taken for the water level to drop;

h1 and hz are the initial and final water heights, re-
spectively.

2.3.5. Impact strength

The impact strength of pervious concrete speci-
mens was assessed using a modified protector ham-
mer dropping test. This test was adapted from
Azevedo et al. (2019) as shown in Fig. 3(e). The test
measures the material’s toughness and its ability to
absorb impact energy without failure. For the impact
strength test, the specimen was placed on a flat, stable
surface to receive the impact load. The test utilized a
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protector hammer dropped from an initial height of
100 mm, with the height gradually increased in 20 mm
increments until failure occurred. The hammer was re-
leased from a fixed height, and the specimen was mon-
itored for visible signs of cracking, fracture, or com-
plete failure upon each drop. The number of drops and
the corresponding height at which failure occurred

(d) Permeability test

were recorded during the test. The impact energy (IE)
was computed by Eq. (4) (Ismail et al. 2019).

IE = Y mgh (4)

where m = 4.5 kg (protector hammer weight); g =9.81
m/sZ%; and h = drop height in m.

(e) Impact resistance test

Fig. 3. Testing setup for different tests conducted on pervious concrete specimens.

2.3.6. Abrasion resistance

The abrasion resistance of the pervious concrete
specimens was evaluated using the Los Angeles Abra-
sion Value (LAAV) method, as outlined in ASTM C1747

(2013). For this test, the specimens were prepared in
the form of 100 mm cubes. The samples were sub-
jected to the abrasion test by rotating them in the
LAAV, with the number of revolutions set at 50, 100,
150, and 200 revolutions. After each set of revolutions,
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the weight of the specimens was measured. The
weightloss was then calculated to determine the abra-
sion resistance. The weight loss percentage was calcu-
lated using Eq. (5):

(Initial weight—Final weight)

Weight loss = x 100 (5)

Initial weight

This test simulates the wear and tear that pervious
concrete may undergo in real-world conditions, such
as high-traffic areas or exposure to abrasive forces.
The results help assess the material's durability and
suitability for applications where resistance to degra-
dation is essential.

2.4. Statistical Analysis

Data are presented as mean * standard deviation
(SD). The normality of distribution and equality of var-
iances were confirmed using Shapiro-Wilk and
Levene’s tests, respectively. Differences between
groups (3 per group) were analyzed using a one-way
analysis of variance (ANOVA) followed by Tukey’s HSD
post-hoc test for multiple comparisons. The relation-
ship between two variables was evaluated using Pear-
son’s correlation coefficient. All statistical calculations
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were performed using IBM SPSS Statistics (Version
26.0). A p-value of less than 0.05 was considered sta-
tistically significant.

3. Results and Discussion
3.1. Density

Fig. 4 illustrates the density variation of various
pervious concrete mixes. The control mix had a den-
sity of 1612 kg/m3>. When river sand was used as a re-
placement for coarse aggregate, the density increased
with the percentage of river sand replacement. The R4
mix exhibited a slight increase in density to 1620
kg/m?3, and the R8 mix had a density of 1632 kg/m?. As
the river sand replacement reached 12% (R12), the
density increased further to 1649 kg/m?. These in-
creases in density suggest that river sand, being finer
than coarse aggregate, contributes to a more compact
packing of the concrete particles, reducing the voids
and leading to a denser structure. The finer texture of
river sand fills the gaps between the larger aggregates,
improving the overall packing efficiency of the con-
crete mix.

Quarry waste J
y=0.1599x2 + 1.3342x + 1612 L7
R*=0.974 e

River sand
y =0.1404x2+ 1.3612x + 1612

L R?=0.9996

@ River sand

A Quarry waste
--=-Poly. (River sand)

= = Poly. (Quarry waste)

8 12

Replacement level (%)

Fig. 4. Density variation for different pervious concrete mixes.

Similarly, the mixes with quarry waste replacement
showed a progressive increase in density as the per-
centage of quarry waste increased. The Q4 mix had a
density of 1622 kg/m?, which was slightly higher than
the control mix. At 8% quarry waste replacement (Q8),
the density rose to 1630 kg/m?, and at 12% quarry
waste replacement (Q12), the density increased to
1652 kg/m?3, the highest among all mixes. The angular
and irregular shape of quarry waste particles leads to
better interlocking and a denser packing structure,

which results in a significant increase in the overall
density of the concrete mix (Pakkiyachandran and
Sathiparan 2025). The higher density observed with
quarry waste replacement suggests that the material’s
angular particles fit together more efficiently, reducing
void spaces and improving the compactness of the con-
crete (Sukkarak et al. 2025). When comparing river
sand and quarry waste replacements, it is evident that
quarry waste results in a slightly higher density than
river sand, particularly at higher replacement levels.
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3.2. Porosity

Fig. 5 illustrates the porosity variation of several
pervious concrete mixes. The control mix had a poros-
ity of 0.343, which serves as the baseline for conven-
tional pervious concrete. For the mixes with river sand
replacement, the porosity decreased slightly as the
percentage of river sand increased. The R4 mix had a
porosity of 0.336, while the R8 and R12 mixes had po-

rosities of 0.332 and 0.328, respectively. These de-
creases in porosity suggest that the finer particles of
river sand fill voids more efficiently than coarse aggre-
gates, resulting in a denser packing of the particles and
areduction in the overall porosity.

The finer nature of river sand helps to create a more
compact structure, reducing the amount of void space
between particles and making the concrete less po-
rous.
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Fig. 5. Porosity variation for different pervious concrete mixes.

In contrast, the mixes with quarry waste replace-
ment showed a more significant reduction in porosity.
The Q4 mix had a porosity of 0.325. As the proportion
of quarry waste increased to 8% (Q8) and 12% (Q12),
the porosity continued to decrease to 0.321 and 0.318,
respectively. Quarry waste, due to its angular shape,
contributes to a denser packing of particles compared
to rounded aggregates. The angular particles interlock
more effectively, resulting in fewer voids and a denser
concrete structure, which leads to a reduction in po-
rosity (Gunasekaran and Sathiparan 2024). This pat-
tern demonstrates that quarry waste is more effective
than river sand in reducing porosity.

When comparing the effects of river sand and
quarry waste replacements, it is clear that both mate-
rials reduce porosity, but quarry waste replacement
leads to a more substantial decrease. The angular na-
ture of quarry waste particles creates a more compact
packing structure, which significantly reduces the void
spaces in the concrete (Islam 2023). On the other
hand, river sand, while it reduces porosity, does so to
alesser extent due to its finer, yet less angular, nature.
This reduction in porosity can enhance the mechanical
properties of the concrete, such as strength, but may
also decrease its permeability, which is a crucial char-
acteristic for stormwater management. Thus, a bal-
ance between strength and permeability must be care-

fully considered when designing pervious concrete
mixes for specific applications.

3.3. Compressive strength

Fig. 6 illustrates the variation in compressive
strength with different levels of replacement of river
sand and quarry waste. The control specimen exhib-
ited the lowest compressive strength at 5.39 MPa,
while specimens with sand additions showed progres-
sive increases in strength corresponding to the per-
centage of sand replacement. Both river sand and
quarry waste improved the compressive strength of
the pervious concrete. For river sand, the compressive
strength increased from 5.84 MPa (for 4%) to 7.27
MPa (for 12%), representing approximately a 35% in-
crease over the control specimen. Quarry waste speci-
mens exhibited a similar trend, with compressive
strength increasing from 6.75 MPa (for 4%) to 8.04
MPa (for 12%), representing a nearly 19% increase
compared to the control.

The strength improvement can be attributed to the
partial filling of voids between the coarse aggregates
by fine particles from the sand. This reduces the over-
all porosity and enhances the particle packing den-
sity within the matrix. The finer particles also con-
tribute to better interlocking between cement paste
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and aggregates, leading to improved load transfer
and resistance under compression (Hong etal. 2023).
At each corresponding replacement percentage,
quarry waste specimens consistently exhibited
higher compressive strength than those with river
sand. For example, at a 12% replacement rate, Q12
showed 8.04 MPa compared to 7.27 MPa for R12. This
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difference is likely due to the angularity and surface
texture of quarry waste particles, which provide im-
proved mechanical interlock and bonding with the
cement paste compared to the smoother and more
rounded river sand particles. Additionally, quarry
waste may have fewer impurities, resulting in a
stronger cement matrix.
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Fig. 6. Compressive strength variation for different pervious concrete mixes.

3.4. Flexural strength

The flexural strength test results shown in Fig. 7 in-
dicate an increase in the flexural performance of per-
vious concrete specimens when river sand and quarry
waste are incorporated into the mix compared to the
control specimen containing only cement and coarse
aggregate. The control specimen exhibited the lowest
flexural strength of 1.17 MPa. With the addition of
river sand, flexural strength improved progressively
from 1.20 MPa at 4% replacement to 1.40 MPa at 12%
replacement, representing an approximate 20% in-
crease over the control. Similarly, specimens with
quarry waste exhibited increased flexural strength, al-
beit with less pronounced variation, ranging from 1.29
MPa (for 4%) to 1.33 MPa (for 12%). The enhance-
ment in flexural strength can be attributed to the fine
particles’ role in filling the voids between coarse ag-
gregates, resulting in a denser and more homogeneous
matrix. This improved packing reduces stress concen-
trations and microcracking under bending loads,
thereby increasing resistance to flexural failure.

At lower sand replacement levels (4% and 8%),
quarry waste specimens exhibited higher flexural
strength than river sand specimens, likely due to the
angular shape and rough texture of quarry waste,
which enhances mechanical interlock and bond
strength within the cement matrix. However, at the

highest replacement level (12%), the river sand speci-
men surpassed the quarry waste specimen in flexural
strength. The observed behavior stems from varia-
tions in particle size distribution and packing density
at elevated fines contents. Specifically, the spherical
geometry of river sand likely optimized workability
and stress distribution under flexure. While increased
sand content generally improved flexural strength by
reducing porosity and enhancing matrix cohesion, this
trend was most pronounced in river sand specimens.
Conversely, the marginal gains in quarry waste sam-
ples suggest a threshold beyond which additional fines
provide diminishing returns for flexural performance,
a trend also observed in other waste-modified ce-
mentitious systems, where performance may peak at
an optimum replacement level and decline beyond it
(Turan et al. 2025).

3.5. Impact strength

The impact strength test results for the pervious
concrete specimens, shown in Fig. 8, demonstrate mi-
nor variations with the addition of river sand and
quarry waste compared to the control specimen,
which consists only of cement and coarse aggregate.
The control specimen showed an impact strength of
117.99 ]. The addition of river sand at 4% and 8% lev-
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els slightly increased the impact strength to 119.48 |
and 118.49 ], respectively. In contrast, a 12% replace-
ment showed a marginal decrease to 116.49 ], which
is slightly below the control. Quarry waste specimens

4% replacement, followed by a decrease at higher
percentages. Overall, the impact strength values re-
mained relatively stable across all mixes, with only
minor differences within a narrow range (approxi-

exhibited a maximum impact strength of 124.46 ] at mately +6 ]).
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Fig. 7. Flexural strength variation for different pervious concrete mixes.
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Fig. 8. Impact strength variation for different pervious concrete mixes.

Impact strength reflects a material’s ability to ab-

sorb energy under sudden loading or shock (Nurul
Fazita et al. 2019). The slight impact strength changes
with sand addition suggest that fine particles do not
significantly change the toughness or energy absorp-

tion capacity of the pervious concrete matrix. Quarry
waste's angular and rough particle texture may im-
prove particle interlock and energy dissipation under
impact at low sand contents, explaining the slightly
higher Q4 value. As sand content in-creases, matrix
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brittleness or the reduction of large, interconnected
pores that dissipate impact energy may reduce impact
strength. The smoother particle surface of river sand
specimens may result in less mechanical interlock
than quarry waste, resulting in only slight impact re-
sistance improvements (Ji et al. 2013). Given the ag-
gregate-to-cement ratio (4.0) and low water-to-ce-
mentratio (0.3), the cement paste is expected to be rel-
atively dense. However, the inherent porosity of pervi-
ous concrete plays a significant role in impact re-
sistance. Fine sand addition partially fills voids, which
can increase density but may also reduce the con-
crete's ability to deform plastically under impact,
thereby balancing the overall impact strength.

The absence of notable enhancement in impact re-
sistance, despite the rise in density, can be ascribed to
the opposing effects of fine aggregate incorporation.
The incorporation of fillers improves the load-bearing
capacity of the matrix, yet concurrently elevates the
brittleness of the concrete structure. In traditional
pervious concrete, the elevated porosity facilitates en-
ergy dissipation via internal voids during abrupt load-
ing events. The infusion of fine particles into these
voids enhances the rigidity of the matrix, thereby con-
straining its plastic deformation and energy absorp-
tion capabilities. Thus, the structural advantages of
heightened density are counterbalanced by a decrease
in the material's intrinsic toughness, resulting in con-
sistent impact values across all mix varieties.

3.6. Permeability

Increasing the sand content from 4% to 12% pro-
gressively enhanced the compressive strength in both
types of sand. The higher fine content reduces the size
and connectivity of large voids typical in pervious con-
crete, thus increasing strength. However, it is essential
to maintain a balance, as excessive fines can reduce
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permeability, a key performance criterion for pervious
concrete. The permeability test results for pervious
concrete specimens incorporating river sand and
quarry waste are shown in Fig. 9. The control speci-
men exhibited the highest permeability at 6.12 cm/s.
However, as river sand and quarry waste replaced the
coarse aggregate at varying percentages, permeability
decreased in both cases. For river sand replacement
(R4, R8, and R12), the permeability values were 5.63
cm/s, 4.69 cm/s, and 3.79 cm/s, respectively. Simi-
larly, for quarry waste replacement (Q4, Q8, and Q12),
the permeability values were 5.76 cm/s, 4.77 cm/s,
and 3.98 cm/s, respectively.

The observed reduction in permeability with in-
creasing replacement percentages can be attributed to
the finer particle size and smoother texture of river
sand compared to coarse aggregate (Santhosh et al.
2021). River sand tends to fill the voids between larger
particles, leading to a denser concrete structure with re-
duced porosity. This results in a significant reduction in
the flow of water through the concrete (Zhou et al.
2024). Additionally, river sand has a larger surface area,
which enhances the bond with the cement paste, con-
tributing further to the reduction in permeability. In
contrast, the use of quarry waste, although effective in
reducing permeability, exhibited slightly higher perme-
ability values at equivalent replacement levels when
compared to river sand. Quarry waste consists of angu-
lar, irregularly shaped particles that, while increasing
the surface area and enhancing packing density, do not
fill the voids as effectively as river sand (Dinh et al.
2022). As a result, the water flow paths in concrete con-
taining quarry waste tend to be more interconnected,
allowing for higher permeability than in river sand re-
placements. However, as the percentage of quarry
waste increased, permeability decreased, indicating
that higher replacement levels still lead to improved
water resistance, albeit at a slower rate than river sand.
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Fig. 9. Permeability variation for different pervious concrete mixes.
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Pore tortuosity and connectivity explain why
quarry waste mixes have lower porosity but higher
permeability than river sand. Pervious concrete per-
meability depends on void volume and flow path effi-
ciency. The angular and irregular geometry of quarry
waste particles creates a highly interconnected 'skele-
ton'. These particles interlock to reduce porosity but
prevent a tortuous path. River sand's rounded shape
allows particles to sit closer in the pores' throat, in-
creasing water channel tortuosity and decreasing con-
nectivity. Even with fewer total voids, the quarry
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waste matrix allows water to infiltrate more directly
and easily.

3.7. Abrasion resistance

Fig. 10 illustrates the pervious concrete specimens
after a specific number of revolutions. The abrasion re-
sistance test results, presented in Fig. 11, indicate the
durability of pervious concrete specimens when sub-
jected to varying percentages of river sand and quarry
waste, as shown by the weight loss percentage.

150 Rev.

200 Rev.

Fig. 10. Pervious concrete specimens after a specific number of revolutions.
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Fig. 11. Weight loss due to abrasion for different pervious concrete mixes.

The control specimen showed the highest weight
loss percentage at each revolution stage. The weight
loss increased from 20.4% at 50 revolutions to 50.7%
at 200 revolutions. The addition of river sand and
quarry waste to the mix resulted in a decrease in abra-
sion loss, demonstrating improved abrasion re-
sistance with the incorporation of fine aggregates. For
river sand specimens, the weight loss percentages de-
creased from 18.7% (for 4%) at 50 revolutions to
42.8% (for 12%) at 200 revolutions. Quarry waste
specimens also showed lower abrasion losses com-
pared to the control, with Q4 exhibiting the best per-
formance at 14.1% at 50 revolutions and 36.7% at 200
revolutions. The reduction in abrasion loss with in-
creasing river sand content can be attributed to the
finer, well-rounded particles that help achieve a
denser matrix. This enhances particle interlock and
improves the cohesion of the cement paste with the ag-
gregates, providing better resistance to wear and tear.
At higher river sand contents, the reduction in weight
loss is most notable, suggesting that higher fine aggre-
gate content contributes to better packing and im-
proves the overall abrasion resistance of the pervious
concrete.

The effects of sand addition become more evident
as the number of revolutions increases. At 50 revolu-
tions, the weight loss for both river sand and quarry
waste specimens is slightly lower than the control, but
this reduction becomes more pronounced with higher
revolutions. At 200 revolutions, river sand specimens
(R12) show significant reductions in abrasion loss,
which suggests that sand addition enhances the con-
crete’s long-term durability and resistance to mechan-

ical wear. Quarry waste specimens also show a reduc-
tion in abrasion loss, but the improvement is not as
significant as that in the river sand specimens. Quarry
waste particles tend to be angular and rough, which
enhances the bond between the aggregates and the ce-
ment paste (Nedeljkovi¢ et al. 2021); however, this
may also increase internal friction and surface wear.
Despite this, even a 4% replacement with quarry
waste significantly improves abrasion resistance com-
pared to the control specimen. Quarry waste speci-
mens, while performing better than the control at all
stages, do not show as significant a reduction in abra-
sion loss as the river sand specimens, especially at
higher sand contents. This can be attributed to the an-
gular nature of the quarry waste particles, which,
while providing strong bonding, may not contribute as
effectively to reducing internal voids or achieving op-
timal cohesion at higher percentages.

3.8. Statistical analysis

The correlation analysis of various properties of
pervious concrete is shown in Fig. 12. The results re-
veal significant trends in how changes in one property
influence the others, which can guide the optimization
of pervious concrete mixes for various applications. The
density of pervious concrete plays a crucial role in de-
termining several of its properties. A strong negative
correlation between density and permeability (-0.97)
indicates that denser concrete tends to have lower per-
meability, likely due to reduced pore space and better
particle packing. Additionally, density is positively
correlated with both compressive strength (r = 0.90)
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and flexural strength (r = 0.84), suggesting that denser
concrete mixtures exhibit superior load-bearing and
bending capabilities. However, the negative correlation
between density and impact strength (-0.50) indicates
that denser concrete might be less able to absorb impact
energy, likely due to its brittleness.

Porosity, which measures the void spaces within
the concrete, is another critical factor affecting perme-
ability and strength. The positive correlation between
porosity and permeability (r = 0.65) suggests that as
porosity increases, the material's ability to allow wa-
ter to flow through it also increases. In contrast, poros-
ity is strongly negatively correlated with compressive
strength (-0.93) and flexural strength (-0.77), which
is consistent with the idea that more voids in the con-
crete lead to a weaker structure. The relationship be-
tween porosity and impact strength is weak (-0.20),
suggesting that porosity has little effect on the materi-
al's ability to resist impacts. However, porosity and
weight loss due to abrasion resistance show a positive
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correlation (0.79), indicating that higher porosity
could reduce resistance to surface wear, potentially
due to a rougher texture that resists abrasion.

The permeability of pervious concrete is another
critical property, with a strong negative correlation
with compressive strength (-0.85) and flexural
strength (-0.84). This suggests that higher permeabil-
ity, which typically indicates lower density and more
voids, results in reduced mechanical strength. Inter-
estingly, permeability is positively correlated with im-
pact strength (0.55), possibly because concrete with
higher permeability can better absorb and dissipate
impact energy. The correlation analysis reveals the in-
tricate relationships between the physical and me-
chanical properties of pervious concrete. The findings
highlight the importance of carefully balancing den-
sity, porosity, and permeability to optimize the perfor-
mance of pervious concrete, particularly in applica-
tions that require both high water permeability and
structural strength.
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Fig. 12. The correlation analysis of various properties of pervious concrete.

The ANOVA results from Tables 3 and 4 of the study,
which examine the effects of river sand and quarry
waste on pervious concrete, provide critical insights
into the relationship between aggregate type and re-
placement levels, as well as various concrete proper-
ties. Table 3 analyzes the statistical significance of re-

placement levels of different aggregates, with p-values
indicating the strength of their effects on properties.
Forriver sand, significant effects are observed on com-
pressive strength and flexural strength at higher re-
placement levels, with p-values as low as 4.5E-04 and
3.8E-07, suggesting that increased river sand content
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leads to enhanced strength properties. However,
properties such as density and porosity are less signif-
icantly affected, with p-values higher than the conven-
tional threshold for statistical significance (0.05). Fur-
thermore, impact resistance and abrasion show no sig-
nificant variation with changes in the river sand re-
placement level, as evidenced by consistently high p-
values. In contrast, quarry waste exhibits a more pro-

nounced impact on compressive and flexural
strengths, with p-values as low as 3.5E-04, particularly
at higher replacement levels. QS also significantly in-
fluences porosity at the lower replacement levels, with
p-values as low as 0.001. However, similar to river
sand, the effect of QS on impact resistance and abra-
sion is minimal, with p-values indicating no significant
impact on these properties.

Table 3. Summary of statistical analysis of results for aggregate replacement level.

Dispersion of values be-

Dispersion of values be-

Dispersion of values be-  Dispersion of values be-

tween 0 & 4% tween 4 & 8% tween 8 & 12% tween 0,4, 8 & 12%
p-value Sign. p-value Sign. p-value Sign. p-value Sign.
gﬁr Density 0.229 X 0.075 X 0.005 v 8.7E-06 v
Porosity 0.108 X 0.266 X 0.414 X 0.008 v
Compressive strength 0.111 X 0.011 v 4.5E-04 v 3.8E-07 v
Flexural strength 0.430 X 0310 X 0.030 v 0.001 v
Impact strength 0.823 X 0.881 X 0.815 X 0.980 X
Permeability 7.7E-06 v 5.4E-09 v 1.4E-10 v 1.2E-21 v
Abrasion resistance 0.200 X 0.031 v 0.096 X 0.001 v
Quarry  Density 0.068 X 0.119 X 1.3E-04 v 3.2E-07 v
waste
Porosity 0.001 v 0317 X 0.407 X 1.2E-05 v
Compressive strength 3.5E-04 v 0.228 X 0.002 v 4.5E-08 v
Flexural strength 0.009 v 0.269 X 0.699 X 0.001 v
Impact strength 0.753 X 0.881 X 0.900 X 0.988 X
Permeability 2.1E-04 v 4.1E-08 v 2.4E-07 v 1.4E-18 v
Abrasion resistance 2.7E-04 v 0.003 v 0.916 X 0.001 v
Sign.: Statistical significance of the effect of the replacement level of different aggregates.
Table 4. Summary of statistical analysis of results for the aggregate type (river sand and quarry waste).
Dispersion of values Dispersion of values Dispersion of values
between 4% between 8% between 12%
p-value Sign. p-value Sign. p-value Sign.
Density 0.537 X 0.695 X 0.365 X
Porosity 0.011 v 0.022 v 0.037 v
Compressive strength 0.005 v 0.038 v 0.002 v
Flexural strength 0.053 X 0.167 X 0.127 X
Impact strength 0.881 X 0.881 X 0.842 X
Permeability 0.083 X 0.158 X 0.004 v
Abrasion resistance 3.3E-04 v 0.020 v 0.974 X

Sign.: Statistical significance of the effect of the type of aggregate for a particular replacement level.

Table 4 focuses on the statistical significance of the
type of aggregate for specific replacement levels. The
analysis reveals that, at all replacement levels, both
river sand and quarry waste significantly affect com-
pressive strength, with quarry waste showing a
stronger and more consistent impact. Quarry waste
also exhibits a marked effect on porosity, especially at
the lower replacement levels, while the effect of river
sand on this property is less consistent. The influence
of both river sand and quarry waste on flexural

strength is significant at certain levels; however, nei-
ther aggregate exhibits a strong, consistent effect
across all levels. Impact resistance remains largely un-
affected by either type of aggregate, with p-values in-
dicating no significant differences at any replacement
level. Additionally, while both aggregates influence
abrasion resistance at lower replacement levels (4%
replacement), their impact diminishes at higher levels,
suggesting that the effects on abrasion resistance may
not be as robust at higher replacement levels.
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The results show that both river sand and quarry
waste have a significant impact on the properties of
pervious concrete, particularly in terms of compres-
sive strength and porosity. Quarry waste, in particular,
shows a more consistent and substantial impact on
strength and durability properties compared to river
sand. These findings suggest that quarry waste could
be a more effective alternative to traditional aggre-
gates, particularly in enhancing the strength and dura-
bility of pervious concrete. Conversely, while river
sand can improve compressive strength at higher re-
placement levels, its impact on other properties, such
as porosity and impact resistance, is less pronounced.
These insights are valuable for practitioners designing
concrete mixtures, as the choice of aggregate and its
replacement level can have significant implications for
the performance of pervious concrete in various appli-
cations.

3.9. Practical applications

The findings of this study provide a framework for
utilizing quarry waste in sustainable infrastructure
development. Given that the pervious concrete mixes
incorporating quarry waste demonstrated improved
mechanical strength and superior abrasion resistance
compared to traditional river sand mixes, several
practical applications are identified:

e Sustainable Urban Drainage Systems (SuDS): The
high permeability maintained at the 8% replace-
ment level (4.77 cm/s) makes this material ideal for
stormwater management in urban areas to reduce
surface runoff and promote groundwater recharge.

e Pedestrian and Light-Traffic Pavements: Due to the
enhanced flexural strength and significantly im-
proved resistance to mechanical wear (abrasion),
these mixes are well-suited for sidewalks, cycling
paths, and residential driveways.

e Low-Speed Parking Areas: The nearly 31% increase
in compressive strength at the optimal 8% quarry
waste level suggests that the material can reliably
support light vehicular loads without compromis-
ing its primary hydrological function.

e Cost-Effective Eco-Construction: In regions where
natural river sand is scarce or environmentally pro-
tected, utilizing locally available quarry waste of-
fers an economically viable and environmentally
friendly alternative for large-scale permeable pav-
ing projects.

4. Conclusions

This study examined the potential of quarry waste
as a replacement for river sand in pervious concrete,
with a focus on mechanical strength, permeability, and
durability. The key findings of the research are as fol-
lows:

e The inclusion of quarry waste significantly im-
proved the compressive strength, flexural strength,
and impact strength of pervious concrete, particu-
larly at higher replacement levels. Quarry waste
demonstrated superior performance compared to

river sand, particularly in compressive strength,

where it showed a nearly 49% improvement over

the control mix.

o The use of quarry waste led to a notable decrease in
porosity and an increase in density, contributing to
a more compact and durable concrete structure.
Quarry waste, with its angular shape, enhances the
interlocking of particles, resulting in higher packing
efficiency compared to river sand.

e While both river sand and quarry waste caused a
reduction in permeability, quarry waste demon-
strated a slightly higher permeability than river
sand at equivalent replacement levels. However,
both materials maintained satisfactory hydrologi-
cal performance, which is crucial for stormwater
management.

e Quarry waste-based pervious concrete exhibited
enhanced abrasion resistance, indicating better
performance in high-traffic or mechanically de-
manding environments. The improvement in abra-
sion resistance was more prominent with quarry
waste than with river sand, further highlighting its
durability advantages.

Based on the comprehensive evaluation of mechan-
ical and hydraulic properties, this study identifies an
8% replacement of coarse aggregate with quarry
waste as the optimal mix design. This replacement
level (Q8) achieves a significant enhancement in com-
pressive strength (approximately 31% over the con-
trol) and improved abrasion resistance without exces-
sively compromising the infiltration capacity of the
concrete. Although the 12% replacement level yielded
the highest strength, the 8% level maintains a superior
permeability-to-strength ratio, ensuring the material
remains highly effective for stormwater management
applications while providing the necessary structural
durability for pedestrian and light-traffic pavements.

While this study provides valuable insights, several
areas remain unexplored that could further enhance
the understanding of the role of quarry waste in pervi-
ous concrete. Future research should focus on:

e Further studies are needed to assess the long-term
performance of pervious concrete with quarry
waste, particularly under varying environmental
conditions such as freeze-thaw cycles, sulfate expo-
sure, and chemical attacks.

e Research should focus on determining the optimal
proportion of quarry waste and river sand replace-
ment for different application scenarios to balance
mechanical strength and permeability. Advanced
modeling techniques could aid in predicting the
performance of pervious concrete mixes based on
aggregate properties and mix proportions.

e The environmental impact of quarry waste as a re-
placement for river sand should be further explored
through lifecycle assessments (LCA), considering
factors such as energy consumption, carbon emis-
sions, and water usage in production processes.

e Investigating the performance of quarry waste-
based pervious concrete in extreme weather condi-
tions (e.g., high rainfall, temperature fluctuations)
would provide crucial insights for its application in
varying climates.
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By focusing on these areas, future research can re-
fine pervious concrete technologies, making them
more efficient, sustainable, and adaptable to a wide
range of construction needs.
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1. Introduction

However, the durability performance of alternative or

Workability, strength and durability are the basic re-
quirements of concrete. Due to the scarcity of natural ag-
gregates, cementitious composites have been explored
using various alternatives. RA, slag sand, ore tailing etc.,
have been investigated as substitute to conventional ag-
gregate. More broadly, the valorization of industrial
waste streams in construction materials can reduce
landfill disposal and natural-resource consumption
while supporting circular-economy objectives (Urbanek
and Anto$ 2026; Unal and Canbaz 2026). The strength
criteria of cementitious composites have been estab-
lished using alternate aggregates as partial substitution
to conventional aggregates.

RA-based composites requires detailed exploration. The
durability of composites such as mortars and concrete is
evaluated by carbonation, exposure to acidic and alka-
line environments, efflorescence, deterioration due to
surface wear, thermal resistance and alkali aggregate re-
actions.

Advancements in concrete technology have led to the
development of self-compacting, non-segregating and
highly workable composite known as self-compacting
concrete (SCC). Ozawa et al. (1992) developed a vibra-
tion-free SCC. This workability SCC mitigates formation
of honey comb and voids in the composite (Mehta and
Monteiro 2014). SCC of grade M40 containing 20% RA
(fine and coarse) resulted in an increase in compressive
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and split tensile strength by 5% and 1%, respectively
(Vinay Kumar et al. 2017). As the recycled concrete ag-
gregate content was increased in SCC, the strength de-
creased (Guo et al. 2020; Verian et al. 2018). However,
blending cement with mineral admixture such as fly ash,
silica fumes and slag from 50 to 75%, improves the
strength properties (Guo et al. 2020). Such improve-
ments are also sensitive to the type and dosage of min-
eral admixtures (Shaheen et al. 2025). Low impurity sur-
face treated RA or those sourced from the precast con-
crete industry are suitable for producing workable and
durable SCC (Verian et al. 2018; Santos et al. 2019).

Nomenclature

Oc Compressive strength
ADF Acid durability factor

BPV Binder paste volume

CA Coarse aggregate

CRA Coarse recycled aggregate
FA Fine aggregate

GGBFS Ground granulated blast furnace slag
GSA Granulated slag aggregates
MK Metakaolin

MS M sand

NCA Natural coarse aggregate
NFA Natural fine aggregate
OPC Ordinary portland cement
RA Recycled aggregate

ScC Self-compacting concrete
WA Water absorption

ZI-LL Zone I lower limit

ZI-UL Zone I upper limit

ZII-LL Zone Il lower limit

ZII-UL Zone Il upper limit

Substituting sand with steel and foundry slag in con-
crete resulted in increased compressive strength and
comparable flexural strength (Olonade et al. 2015;
Sharma et al. 2017). Slag with properties similar to M-
sand can be used as a substitute for fine aggregate
(Thomas et al. 2019). The use of copper slag as a substi-
tute for NFA resulted in a 10% increase in SCC perfor-
mance (Gupta and Siddique 2020). The compressive
strength increased by 21% when iron slag was used as
fine aggregates in SCC, with a denser internal structure
noted from SEM (Singh and Siddique 2016; Pham et al.
2024; Deepak et al. 2024; Khoman and Owaid 2026). Uti-
lization of oxidizing and reducing slag obtained during
manufacture of stainless steel can be used as a replace-
ment to conventional aggregate and cement respec-
tively. Using oxidizing slag as fine and coarse aggregate
substitutes and cement blended with 30% reducing slag
increased the viscosity of the mix while yielding compa-
rable compressive strength (Sheen et al. 2016). SCC
made with blended cement and slag sand resulted in a
14 - 29% reduction in compressive strength (Vageesh et
al. 2026; Bala et al. 2025).

Fly ash, and silica fume blended cement based con-
crete with 40% RA of M40 grade exhibited improved re-
sistance to water absorption and chloride penetration
than that of equivalent concrete (Poongodi et al. 2021).

Blending 10% steel slag with Portland cement for SCC
with RA exhibited superior durability in aspects of chlo-
ride penetration and carbonation resistance (Pan et al.
2019). Replacing 25% of the coarse recycled concrete
aggregate had no impact on durability properties of SCC.
The increased substitution of fine RA significantly de-
creased the resistance to chloride permeability (Sasa-
nipour and Aslani 2020).

Effects of mineral admixtures, RA and GSA on the per-
formance of SCC have been reported by the various re-
searchers. However, research on their combination of
mineral admixture and alternate aggregates and its in-
fluence on SCC remains limited. Thus, the current re-
search focuses on investigating the combined influence
of cement blended with two mineral admixtures, GSA as
fine aggregate and CRA as a partial substitute to natural
coarse aggregate, on the performance of SCC with an em-
phasis on the durability of SCC.

2. Research Significance

The performance of SCC is influenced by attributes
such as aggregate type and its physical and engineering
properties. The existing literature reveals the need for
further research to holistically understand the suitability
of alternate aggregate and its influence on properties of
SCC. In this context, the current study investigates the
combined influence of three parameters, blended ce-
ment, GSA as fine aggregate and CRA as a partial substi-
tute for NCA. A detailed experimental investigation was
carried out on the fresh, hardened and durability prop-
erties of SCC. Durability studies report the behavior of
SCC exposed to acidic environment. Through experien-
tial investigations, this study explores the suitability of
CRA and GSA as an alternate source of aggregate in de-
velopment of SCC.

3. Materials and Methodology

The constituent materials used in the current study
were 53 grade ordinary Portland cement (OPC), ground
granulated blast furnace slag (GGBFS) and metakaolin
(MK) as binders. M-Sand (MS) and Granulated Slag ag-
gregates (GSA) were used as fine aggregate, and Coarse
recycled aggregate (CRA) was used as a partial substi-
tute for NCA. The alternate fine and coarse aggregates
used in the study are presented in Fig. 1.

A polycarboxylate ether-based superplasticizer (SP)
was used as a water-reducing agent. The properties of
constituent materials were evaluated according to the
Bureau of Indian Standards, and the results are pre-
sented in Table 1 and Table 2.

GSA and MS were categorized as Zone I and Zone Il
fine aggregates as per IS 383 (2016). The grain size dis-
tributions of MS and GSA are shown in Fig. 2. It can be
noted from the figure that the grain size distribution of
GSA presented improved gradation compared to MS,
leading to improved packing of GSA. The particle size
corresponding to 60%, 30% and 10% finer by weight,
viz., D60, D30 and D10 of GSA were greater than that of
MS.
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Fig. 1. Alternate aggregates: (a) GSA; (b) CRA.

Table 1. Physical and chemical properties of binders.

Properties OPC GGBFS MK Ref
Specific gravity 3.02 2.87 2.73 IS 2720-3-1 (1980)
Bulk density (kg/m?) 1447 - - 1S 4031-11 (1988)
_Tg Fineness (%) 4 7.2 34 1S 4031-1 (1996)
E’ Normal consistency (%) 34 - - IS 4031-4 (1988)
Setting time (min) tnitial i } - 1S 4031-5 (1988)
Final ~ 600 - -
Ca0 (%) 64 3623 0.4-1.0
$i05 (%) 21 35.82 60-66
5 Ak0: (%) 16.98 30-33
E Fe:0s (%) 4 0.71 1
S Tio, (%) - . 2
MgO (%) 3 8.02 0.2-0.8
K0, Naz0 (%) 0.5-1.3 - 0.5-1.2

Table 2. Physical properties of aggregates.

Fine aggregate

Coarse aggregate

Properties NS GSA NeA CRA Ref
Specific gravity 2.66 2.62 2.75 2.43 IS 2386-3 (1963)
Density (kg/m3) 1611.0 1449.5 1478.5 1308 IS 2386-3 (1963)
Fineness (%) 2.93 3.41 - - IS 383 (2016)
WA (%) 1.12 0.44 1.0 2.75 IS 2386-3 (1963)
Abrasion value (%) - - 18.7 35.2 IS 2386-4 (1963)
Impact value (%) - - 12.1 33.2 IS 2386-4 (1963)
Crushing value (%) - - 16.6 30.2 IS 2386-4 (1963)

3.1. Mix proportions and specimen details

An M30 grade SCC mix was designed with a propor-
tion of 1:2.19:1.75 (Binder: FA: CA) as per IS 10262
(2019). A detailed flow-chart of the criteria’s considered
in the mix design is presented in Fig. 3. As per EFNARC
(2002), the total voids, that is, air content considered in
the mix design of SCC was 2% of the total volume. The
binder was composed of 64.5% cement, 34.5% GGBFS
and 0.6% MK (Vinay Kumar et al. 2017). The water-to-
binder ratio and SP dosage were maintained at 0.43 and
0.7% respectively. Two series of SCC mixes were devel-

oped using MS and GSA as fine aggregate. In both series,
NCA was partially substituted by CRA from 20% to 35%
at an incremental rate of 5%. The fine and coarse aggre-
gate compositions in SCC mixes are presented in Table 3.
The aggregate to cement ratio was maintained at 3.94
with a binder paste volume (BPV) of 0.35. A total of ten
mixes were investigated and the SCC mix proportions
are presented in Table 3. The fresh properties namely
slump flow, V-funnel, L-box, U-box, and J-ring test, were
evaluated as specified by EFNARC (2002). The hardened
properties of SCC constituted of evaluating compressive
strength and durability tests.
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Fig. 2. Grain size distribution of MS and GSA.

Table 3. Mix designation, aggregate composition and mix proportions.

Mix Aggregate composition (%) Mix proportions (kg/m3)
Series
No Id MS GSA NCA CRA OPC GGBS MK MS GSA NCA CRA
1 MSO 100 - 100 0 2784 1503 2.6 945.7 - 753.6 0
2 MS20 100 — 80 20 2754 148.7 25 9355 — 596.4 149.1
1 3 MS25 100 - 75 25 274.6 1483 25 933.0 - 557.7 1859
4 MS30 100 - 70 30 2739 1479 25 930.5 - 519.1 2224
5 MS35 100 - 65 35 273.2 1475 2.5 928.0 - 480.8 258.8
6 GSAO0 - 100 100 0 278.6 1505 2.6 - 946.5 754.2 0.0
7 GSA20 - 100 80 20 275.6 1488 2.5 - 936.3 5969 149.2
2 8 GSA 25 - 100 75 25 2749 1484 25 - 933.7 5581 186.0
9 GSA 30 - 100 70 30 2741 1481 25 - 931.3 519.5 222.6
10 GSA35 - 100 65 35 2734 1477 25 - 928.8 481.2 259.0
Note: Mix Id indicates the type of fine aggregate and CRA content as coarse aggregate.
Ex: Mix Id MS20 indicates SCC made with 100% MS, 20% CRA and 80% NCA.
5 N\
Standard deviation Mean target strength
(5 MPa) (38.25 MPa)
J
Entrapped air
consideration (2%)
( > )
Calculation of <
| free water-to-binder ratio (0.43)
g
‘ Iteration
A o
Workability evaluation
by varying SP dosage (0.7%)
Total powder Fine aggregate Coarse aggregate
content fraction fraction
(OPC + GGBS + MK) (945.65 kg/m?) (753.61 kg/m?)

Fig. 3. Flowchart of mix design criteria.
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The performance of SCC was investigated by testing
cubes of size 150 mm x 150 mm x 150 mm in accordance
with various standards (EFNARC 2002; IS 516: Part 1:
Sec 1 2021; IS 15658 2021; ASTM C642-13 2013; IS
4456-1 1967). Cubes cast for all mixes were cured in ac-
cordance with IS 1199: Part 5 (2018). The cubes were
cured for two intervals, 28 and 56 days to investigate the
influence of curing duration on characteristics of SCC.
Three samples were cast for each property and curing
duration.

The acid attack resistance of SCC was evaluated by im-
mersing cubes in 5% sulfuric acid. Three cubes of each
mix were immersed in acid solutions for 56 days after 28
days of water curing. The pH of the acid solution was
monitored using an electrode-based pH meter with an
accuracy of +0.01 pH. The acid solution was stored in a
shaded room with the temperature variation of 27+1.5
°C. The samples immersed in acid were observed for the
development of efflorescence. Degradation of concrete is
influenced by acid concentration. The solution was re-
newed after 30 days to eliminate the neutralization of
acid by leaching of alkaline compounds. To ensure con-
sistent degradation, specimens were cleaned to remove
deposited salts, loose and disintegrated particles and re-
immersed in fresh solution. The water permeability was
assessed as per IS 3085 (1965). Permeability was as-
sessed by measuring the depth of water penetration in
samples subjected to a hydrostatic pressure of 0.5 MPa
for three days.

The degradation resistance of SCC was evaluated by
Acid Durability Factor as presented in Eq. (1).

Acid Durability Factor (ADF) = “2% (1)
@ | e Min — - — Max
825 M-Sand — —=GSA

Slump flow (mm)
~
[\
431

|

|

\
\

625 t t t
0% 10% 20% 30% 40%
CRA (%)
@ [ - Min — - — Max
M-Sand — — -GSA
1.2

HZ/Hl

0.6 t t t
0% 10%  20%  30%  40%
CRA (%)

where S; is the relative strength at N days (%), N is the
number of days of exposure, and M is the number of days
of total test duration.

4. Results and Discussion
4.1. Fresh properties of SCC

The fresh properties of SCC mixes containing CRA and
GSA were within the prescribed limits according to EF-
NARC guidelines. The use of CRA improved the worka-
bility of SCC for both series, with MS-based SCC perform-
ing marginally better than SCC made with GSA. The lim-
iting slump flow and V-funnel time ranges from 650 to
800 mm and 8 to 12 seconds, respectively for SCC.

M-sand based SCC exhibited marginally higher slump
flow values than GSA based SCC with an increase in CRA
content. In contrast, with an increase in CRA dosage, M-
Sand based SCC attained modestly lower flow time vary-
ing from 6 seconds to 10 seconds as compared to GSA
based SCC, which varied from 10 to 12 seconds, suggest-
ing slower flow or higher viscosity impeding spread.
Figs. 4(a-b) presents the workability based on the slump
and V-funnel tests. The variation in workability of MS
and GSA mixes containing CRA was less than 2% and 6%
for slump and V-funnel test, respectively. The workabil-
ity of SCC was also ascertained using the L-box and J-ring
tests, as shown in Figs. 4(c-d). A stable L-box and J-ring
test results were observed for both mixes when the CRA
content varied 0 to 25% respectively. However, at higher
dosage of CRA, WA characteristics of CRA, resulted in-
creased L-box and J-Ring test values.

— - — Max
— —-GSA

) | e Min

Time (seconds)
=
(=)

6 t t t
0% 10% 20% 30% 40%
CRA (%)
@ | Min — - — Max
M-Sand — —-GSA
18
_ 15 ¢ //
£
= /
< 12 + /
T
= 9
6 t t t
0% 10% 20% 30% 40%
CRA (%)

Fig. 4. Workability characteristics of SCC: (a) Slump; (b) V-Funnel; (c) L-box test; (d) J-Ring test.
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4.2. Hardened properties of SCC

Cubes samples were tested for compressive strength
and water absorption after 28 and 56 days of curing. A
total of 120 samples were cast to evaluate various prop-
erties. The water permeability and influence of acid at-
tack were evaluated after 28 and 56 days of curing, re-
spectively. Table 4 presents the test results of SCC sam-
ples. The Influence of CRA content, curing duration and
WA of aggregate on compressive strength and water ab-
sorption of SCC is presented in Fig. 5.

The hardened properties of series-2 SCC with NCA
substituted by CRA up to 20% were better than those
made with MS. Series-2 SCC exhibited 1.90-7.22%
higher compressive strength than series-1 SCC. A similar
observation was noted by Gupta and Siddique (2020).

Further increment in CRA dosage resulted in 4.5-13.1%
reduced compressive strength for GSA based SCC. Ac-
cording to Sasanipour and Aslani (2020), when 25% of
NCA was substituted by CRA, compressive strength of
SCC decreased by 32%. The loss of compressive strength
was less than 10% for series-1 and series-2 SCC with
CRA dosages of 25% and 20% for samples tested at 28
and 56 days respectively.

An increase in curing duration resulted in latent
strength gain of 7.3% and 3.27% lowered strength loss
as compared to 28 days cured samples. Use of GSA re-
sulted in 4.0 to 13.2% improved strength for extended
curing duration. This late age strength gain is attributed
to presence mineral admixture in binder composition
and lower water absorption of GSA. The variation in loss
of compressive strength is shown in Figs. 5(a-b).

Table 4. Mechanical and durability properties of SCC.

Mix oc (MPa) WA (%) Water Mass Acid treatment for 56 days
Sl . 1 28 CovV 56  CoV 28 56 permeability  loss oc  CoV ocloss ADF
(day) (%) (day) (%) (day) (day) (mm) (%) (MPa) (%) (%) (%)
1 MSO 35.2 1.4 36.3 1.2 1.1 0.5 22.1 1.0 35.1 2.4 3.1 96.9
2 MS20 34.1 1.5 35.2 1.2 1.6 0.9 22.8 1.3 33.8 2.5 4.0 96.0
1 3 MS25 32.8 1.8 34.4 1.3 1.9 1.1 23.6 1.7 32.7 2.8 5.1 94.9
4 MS30 306 21 317 15 21 1.5 24.2 1.9 29.7 32 6.1 93.9
5  MS35 278 26 298 18 2.3 1.8 24.8 24 276 42 7.5 92.5
6  GSAO 359 14 389 11 0.2 0.2 219 0.4 379 12 2.6 97.4
7  GSA20 351 15 365 1.2 0.5 0.4 224 0.5 352 15 3.4 96.6
2 8 GSA25 29.1 1.6 32.7 1.2 0.8 0.7 23.2 0.5 31.1 1.6 4.7 95.3
9 GSA30 27.4 1.8 30.2 1.4 0.9 0.8 23.7 0.5 28.5 1.8 5.6 94.4
10  GSA35 24.2 2.0 27.4 1.5 1.0 0.9 24.5 0.6 25.5 2.0 6.9 93.1

Note: CoV - coefficient of variation.

Incorporation of CRA also increased the WA of the
hardened sample. Maximum WA of the SCC made with
MS and GSA was lower than the limiting value of 6% (IS
15658 (2021)). The WA of MS based SCC mixes were 2.3
to 4.8 times higher than that of GSA based SCC. This in-
creased WA of SCC is due to the absorption characteris-
tics of MS, NCA and CRA. WA characteristics of the ag-
gregate fraction were found to vary from 1.07 to 1.34%
and 0.69 to 0.96% when the fine aggregate was MS and
GSA respectively. This increased WA of aggregate frac-
tion prompted increase in WA of SCC. As the curing du-
ration was doubled from 28 to 56 days, WA of SCC was
reduced by 22 to 56% and 11 to 30% for series-1 and
series-2 SCC mixes respectively. An increased CRA con-
tent (30 and 35%) and curing duration (28 to 56 days)
indicated unit increase in WA of SCC. The influence of
CRA content and curing duration on WA of SCC mixes is
shown in Fig. 5(b). WA of aggregate fraction viz., fine
and coarse aggregates was influenced by intrinsic ab-
sorption characteristics of aggregates and was found to
affect compressive strength and WA of SCC. Increase in

WA of aggregate resulted a decrease in compressive
strength and increase in WA of SCC as illustrated in Figs.
5(c-d).

Water penetration depth of NCA based SCC via., per-
meability test ranged from 21.9 mm (GSAO0) to 22.1 mm
(MSO0). It is interesting to note that GSA based SCC ex-
hibited increased resistance to water penetration com-
pared to series-1 SCC. The coefficient of determination
of the percentage of permeability was 0.99. Water pen-
etration increased with increment in CRA content, as
presented in Fig. 6(a). This is due to porous nature and
water absorption capacity of CRA. Increase in permea-
bility of SCC was noted for every 5% increment in CRA
dosage. Maximum water permeability was 24.8 mm, ob-
served for SCC mix MS35. Considering the depth of the
sample viz., 150 mm, permeability varied from 14.73 to
16.53% and 14.60 to 16.33% for MS and GSA based SCC
respectively as illustrated in Fig. 6(b) with coefficient of
determination being of the order 0.98 to 0.99. The coef-
ficients of variation of compressive strength, water ab-
sorption and permeability were less than 5%.
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Fig. 5. Influence of CRA content, curing duration and WA of aggregate on: (a) CRA vs Loss of o;
(b) CRA vs water absorption of SCC; (c) WA of aggregate versus oc; (d) WA of aggregate versus WA of SCC.
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Fig. 6. Influence of CRA on permeability of SCC: (a) Compared with MS0 and GSAO; (b) Compared to depth of cube.

4.3. Effect of acid attack on concrete

SCC samples were immersed in a 5% acidic solution
for 56 days. Exposure of SCC cubes to the acid solution
did not affect the colour. However, disintegration and
scaling were noted in cubes, as shown in Figs. 7(a-b). The
cementitious paste around the surface of the specimen
was completely disintegrated (pitting of concrete) ex-
posing the central core as indicated in Fig. 7(c). The de-
composition of alkaline compounds was predominantly
observed in MS-based SCC mixes. The SCC containing
GSA exhibited improved resistance to external sulfate at-
tack compared to those made with MS. Samples made
with GSA exhibited mild efflorescence at the edges of
sample with minimal visual distortion as shown in Fig.
7(d).

The weight loss of GSA based SCC immersed in an acid
solution for 56 days was found to vary from 0.41 to 0.56%
when CRA was varied from 0 to 35%. However, for MS-
based SCC, the loss of mass was 2.41 to 4.27 times higher
than that of GSA based mixes at similar CRA contents.

The variation in compressive strength of SCC im-
mersed in an acid solution was also explored. It can be
noted from Table 4 that the compressive strength of SCC
decreased when exposed to an acidic environment due
to decomposition of calcium hydroxide (C) and calcium
silicate hydrate (C-S-H). This loss of strength was meas-
ured as the difference of compressive strength of sam-
ples cured in water and samples immersed in acid, as
presented in Eq. (2).

Loss of o,

= Ocwater cured — PCimmersed in acid (2)
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Fig. 7. Effect of acid exposure on SCC:
(a) Disintegrated concrete; (b) Scaling; (c) Pitting - MS56; (d) Efflorescence - GSA56.

It can be noted from Table 4, that series-2 SCC exhib-
ited lower loss of strength than series-1 SCC. As the CRA
content varied from 0% to 35%, the loss of strength of
series—1 and series-2 SCC varied from 1.1 to 2.2 MPa and
1.0 to 1.9 MPa, respectively.

The effect of acid exposure on the performance prop-
erties of SCC is shown in Fig. 8. As compared to water-
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cured samples, acid exposed SCC resulted in a progres-
sive reduction in compressive strength from 2.60 to
7.52%. The experimental investigations indicated that
series-2 SCC exhibited higher resistance to loss of
strength than series-1 SCC as shown in Fig. 8(a). The
acid durability factor (ADF) of series-2 SCC outper-
formed series-1 SCC as shown in Fig. 8(b).
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Fig. 8. Performance variation of SCC due to acid exposure:
(a)Effect of acid attack on strength and mass loss; (b) Influence of CRA on strength loss an ADF.

4.4. Microstructure of SCC

In comparison to various SCC mixes explored, utiliza-
tion of GSA in SCC exhibited improved performance, with
28-day compressive strength of the order of 35 MPa.
Topographic analysis of SCC was performed using SEM,
for specimens cast with GSA containing 0 and 20% CRA,
namely, GSAO and GSA20 at two magnification levels of
3.00 pm and 10.00 pm as presented in Fig. 9.

The microstructure of samples indicated presence of
ettringite (E), void spaces, a clear spread of calcium sili-
cate hydrate (C-S-H) gel and calcium hydroxide (C) as
presented in Fig. 9(a).

An increased ettringite formation and low-density
sample was observed in SCC with the use of CRA as a par-
tial substitute to NCA as shown in Fig. 9(b). The Interfa-
cial Transition Zone (ITZ) of SCC with NCA indicated
dense bonding with aggregate and lower porosity as pre-
sented in Fig. 9(c). Utilization of CRA in SCC exhibited in-
creased porosity due to increased voids as shown in Fig.
9(d).

GSA20 SCC was more porous than that of GSAO SCC
which also contributed in an increase in water absorp-
tion. This was noticed with increase in permeability and
water absorption from 21.9 mm to 22.4 mm and 0.23 to
0.54% respectively, when CRA utilization was varied
from 0 to 20%.
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Fig. 9. SEM micrographs: (a) GSAO at 3 um; (b) GSA20 at 3 pm; (c) GSAO at 10 um; (d) GSA20 at 10 um.

5. Conclusions

The current study explores the suitability of GSA and
CRA in development of SCC. Performance of SCC was in-
vestigated for compressive strength, water absorption,
permeability and acid attack. A 5% sulfuric acid solution
was used to evaluate the resistance of SCC subjected to
aggressive environment. The variables governing prop-
erties of SCC namely, water to binder ratio and SP dosage
were maintained constant at 0.43 and 0.7%, respectively.
the Binder paste volume and aggregate to cement ratio
was 0.35 and 3.94 respectively. Based on experimental
investigations the following conclusions were drawn.

Workability of both SCC series were within the limits
prescribed by EFNARC. The variation in workability of
MS and GSA mixes containing CRA was found vary from
0% to 6%.

e Use of CRA resulted in reduced performance of SCC.
Loss of compressive strength was less than 10% for
series-1 and series-2 SCC incorporating CRA contents
of 25% and 20%, respectively. Curing duration re-
sulted in an increase in compressive strength by 3.4 to
7.3% and 8.4 to 13.2% for MS and GSA-based SCC, re-
spectively.

e Water absorption of CRA-based SCC made with MS and
GSA was less than the limiting value of 6%. Comparable
permeability was observed in SCC mixes with 20%
CRA. Maximum permeability of 24.8 and 24.5 mm was
observed for mixes MS35 and GSA35, respectively.

e Acid attack resulted in decomposition of alkaline
compounds with reduction in weight by series-1 and
series-2 SCC by 2.39% and 0.56%, respectively. Com-
pressive strength also reduced from 1.1 to 2.2 MPa
and 1.0 to 1.9 MPa for MS and GSA based SCC, respec-
tively. The GSA-based SCC exhibited improved perfor-
mance compared to the MS-based SCC.

The current research indicates that GSA can be used
as a substitute for MS in development of SCC, when the

properties of GSA and MS are comparable. The perfor-
mance of SCC improved with the utilization of GSA as fine
aggregate and 20% NCA replaced with CRA, promoting a
sustainable approach for SCC production.
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and superoxide radicals, along with improved charge separation facilitated by sur-
face hydroxyl groups and oxygen vacancies, played a key role in enhancing photo-
catalytic performance. Overall, the findings demonstrate that optimizing both TiO,
loading and coating architecture provides an effective strategy for improving the
photocatalytic efficiency of cement-based materials. The proposed double-layer TiO,
coating system offers significant potential for developing self-cleaning, environmen-
tally responsive construction materials for urban applications.
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1. Introduction

Rapid urbanization and industrial growth have led to
a significant increase in environmental pollution, espe-
cially in densely populated areas, where emissions from
transportation, industrial processes, and construction
activities accumulate on building surfaces. These pollu-
tants, including nitrogen oxides (NOy), volatile organic
compounds (VOCs), and particulate matter, not only

worsen environmental quality but also pose serious
risks to human health and the durability and appearance
of building materials (Wei et al. 2023b). The durability
of cementitious materials is likewise sensitive to chemi-
cally aggressive environmental exposure (Al-Safi et al.
2025). Conventional pollutant removal strategies in-
clude mechanical surface cleaning (Pacheco-Torgal
2014), chemical washing with detergents or oxidizing
agents (Chen and Poon 2009; Fujishima etal. 2008), and
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physicochemical processes such as adsorption (Rashed
2013) and filtration (Shannon et al. 2008). However,
these approaches are often energy-intensive, require re-
peated application, and may generate secondary pollu-
tion, thereby underscoring the need for more sustaina-
ble and passive solutions. This broader sustainability
objective is consistent with current construction-mate-
rial research emphasizing resource efficiency, waste
valorization, and reduced environmental impact
(Mahmud etal. 2025; Turan etal. 2025; Unal and Canbaz
2025b, 2026; Wee Chit et al. 2025). In this context, pho-
tocatalytic technologies have emerged as a promising
approach for environmental cleanup, enabling the
breakdown of organic and inorganic pollutants through
light-triggered reactions without the need for addi-
tional chemicals (Arif et al. 2026). As part of advanced
oxidation processes (AOPs), photocatalysis relies on
the generation of highly reactive species that convert
pollutants into less harmful or inert substances. This
makes it particularly suitable for long-term, low-
maintenance applications in the built environment
(Zhang et al. 2024).

In recent years, photocatalytic materials have been in-
creasingly integrated into functional surfaces to impart
self-cleaning properties, particularly in environments
where persistent pollutant accumulation poses signifi-
cant environmental and aesthetic challenges. In this con-
text, photocatalysis is recognized as an effective and sus-
tainable strategy within advanced oxidation processes
(AOPs), enabling the degradation of resistant organic
contaminants that are often not efficiently removed by
conventional treatment methods (Shamim et al. 2026).
The self-cleaning concept refers to a material's ability to
autonomously decompose and remove surface-bound
pollutants under UV irradiation, thereby minimizing the
need for external cleaning interventions. This approach
is particularly relevant for cementitious materials ex-
posed to urban pollution, where the accumulation of or-
ganic and inorganic contaminants can adversely affect
both surface appearance and long-term performance.
Therefore, incorporating photocatalytic materials such
as TiO, into construction materials has emerged as a
promising strategy for developing multifunctional sys-
tems capable of environmental remediation and passive
surface maintenance (Paiu et al. 2025).

The self-cleaning behavior of TiO,-coated surfaces is
generally attributed to two complementary mecha-
nisms: photocatalytic degradation and photo-induced
hydrophilicity. Under UV irradiation, TiO, generates re-
active oxygen species that oxidize and decompose or-
ganic contaminants adsorbed on the surface (Singh et al.
2026). Simultaneously, UV exposure induces a transition
toward a superhydrophilic surface state, reducing the
water contact angle and enabling water to spread uni-
formly across the surface (Kumar et al. 2025). This pro-
cess facilitates the removal of degradation products and
residual contaminants through a washing effect, pre-
venting their accumulation on the material surface. The
synergistic action of these two mechanisms significantly
enhances the long-term self-cleaning efficiency of TiO,-
based systems (Shareef et al. 2026).

Titanium dioxide (TiO;) is one of the most extensively
studied photocatalysts due to its chemical stability, non-

toxicity, cost-effectiveness, and strong oxidative capabil-
ity under ultraviolet (UV) irradiation (Zhang et al. 2024;
Liang et al. 2025). When TiO,, is exposed to photons with
energy equal to or greater than its band gap, electrons
are excited from the valence band to the conduction
band, resulting in the formation of electron-hole (e~ /h*)
pairs that initiate a series of redox reactions on the cat-
alyst surface (Wang et al. 2026). These photogenerated
charge carriers subsequently interact with adsorbed
oxygen and water molecules, leading to the formation
of various reactive oxygen species (ROS), including hy-
droxyl radicals (¢OH), superoxide radicals (¢0,7), sin-
glet oxygen (*0;), and hydrogen peroxide (H,0,).
These species play a critical role in degrading organic
pollutants. Among them, hydroxyl radicals are highly
reactive and non-selective, whereas non-radical spe-
cies, such as singlet oxygen, possess longer lifetimes
and can promote more selective oxidation pathways
under specific conditions (Wang et al. 2026; Qi et al.
2025). The generation, distribution, and reactivity of
these ROS are strongly governed by the physicochemi-
cal properties of the photocatalyst, including its band
structure, charge-carrier dynamics, and surface charac-
teristics, which ultimately determine the overall photo-
catalytic efficiency (Liang et al. 2025; Majeed et al.
2025).

In recent years, the integration of TiO, into cementi-
tious materials has attracted significant attention as an
effective strategy for developing multifunctional con-
struction materials with self-cleaning and air-purifying
capabilities. These systems enable the degradation of at-
mospheric pollutants, such as nitrogen oxides (NOy), and
organic contaminants directly on building surfaces,
thereby improving urban air quality (Bahsi et al. 2022;
Yan et al. 2025). The photocatalytic performance of such
materials is primarily governed by material-specific pa-
rameters, including TiO, dosage, particle size, disper-
sion, and the microstructural characteristics of the ce-
ment matrix, which control the exposure of active sites
and the accessibility of pollutants (Mostafa et al. 2023).
The dosage-dependent influence of nano-TiO, on poros-
ity and mechanical response has also been demonstrated
in cementitious composites (Srivastava et al. 2025). Fur-
thermore, although increasing TiO, content generally
enhances photocatalytic activity, an optimum threshold
is often observed, beyond which performance may de-
cline due to particle agglomeration, light scattering, and
reduced UV penetration (Adebanjo et al. 2024). In addi-
tion to dosage, the spatial distribution of TiO, within the
cementitious matrix and the porosity of the material play
a critical role in facilitating mass transfer and enhancing
pollutant-surface interactions (Zhang et al. 2024; Ha-
midi and Aslani 2019). These findings emphasize that
optimizing both material composition and microstruc-
tural design is essential to achieving efficient, sustaina-
ble photocatalytic performance in cement-based sys-
tems.

In addition to TiO, dosage and material composition,
the method of photocatalyst incorporation and the thick-
ness of the applied layer are crucial factors in determin-
ing the overall photocatalytic performance of cementi-
tious systems. Previous studies have shown that surface-
based applications, in which the photocatalyst is concen-



Samdan et al. / Challenge Journal of Concrete Research Letters (2026) 17(3) 250-261 252

trated near or on the exposed surface, provide signifi-
cantly higher utilization efficiency than bulk incorpora-
tion methods, primarily due to improved light accessibil-
ity and direct contact with pollutants (Si et al. 2021;
Seremak et al. 2023). Furthermore, the design of multi-
layer systems has attracted increasing attention, as dou-
ble-layer configurations with a TiO,-rich top layer have
been reported to enhance photocatalytic activity by
maximizing active surface exposure while maintaining
the structural integrity of the substrate (Jin et al. 2023).
In this context, coating thickness is also a critical param-
eter influencing photocatalytic efficiency. While increas-
ing the thickness of TiO,-based films or coatings can en-
hance photocatalytic activity by providing more active
sites, excessive thickness can reduce light penetration
and hinder efficient charge transfer, thereby limiting
overall performance (Gomez-Monsivais et al. 2026).
These findings indicate that achieving an optimal bal-
ance between coating thickness, catalyst distribution,
and layer configuration is essential for maximizing pho-
tocatalytic efficiency. Despite these advances, a system-
atic comparison of coating configurations (e.g., single-
versus double-layer systems) and varying TiO, dosages
under controlled, comparable conditions remains lim-
ited in the existing literature, particularly for cement-
based photocatalytic surfaces. In light of the above con-
siderations, this study aims to provide a systematic, ap-
plication-oriented evaluation of TiO,-based photocata-
lytic coatings applied to cementitious surfaces by exam-
ining the combined effects of coating configuration and
TiO, dosage under controlled experimental conditions.
Unlike many previous studies that focus on either mate-
rial composition or overall photocatalytic performance,
this work adopts a comparative approach, investigating
single- and double-layer coating systems with varying
TiO, contents. Furthermore, a cavity-type experimental
configuration was employed to confine the pollutant so-
lution within a defined volume in direct contact with the
coated surface, enabling a more controlled assessment
of mass transfer, interfacial interactions, and diffusion
limitations. This approach allows a more realistic repre-
sentation of practical application conditions while
maintaining experimental consistency. The photocata-
lytic performance of the developed systems was evalu-
ated using methylene blue (MB) and Rhodamine B (Rh-
B) degradation, and the results were analyzed through
pseudo-first-order kinetic modeling to elucidate the in-
fluence of coating design and TiO, loading on degrada-
tion behavior.

2. Materials and Methods
2.1. Materials

In this study, a pozzolanic cement conforming to TS
EN 197-1 standard, classified as CEM IV/B (P-Q) 32.5 N,
was used for specimen production. The cement con-
sisted of Portland clinker, trass, calcined pozzolan, and
gypsum, and its chemical and physical properties are
presented in Table 1. In this study, type F fly ash was
used. The chemical properties of the fly ash produced at
the Tungbilek Thermal Power Plant are given in Table 2.
Natural aggregates were used as fine and coarse frac-
tions. The fine aggregate (0-4 mm) and coarse aggregate
(4-22.4 mm) were obtained from the Sakarya River lo-
cated in Bilecik, Tiirkiye. The physical properties and
granulometric distribution of the aggregates are given in
Table 3. A polycarboxylate ether-based high-range wa-
ter-reducing admixture (BASF MasterGlenium 51) was
used as a superplasticizer to improve workability. The
properties of the superplasticizer are summarized in Ta-
ble 4. Tap water was used for mixing, and its chemical
composition is provided in Table 5. The concrete mix
proportions and water-to-cement (w/c) ratio are pre-
sented in Table 6, with a w/c ratio of 0.35 used in all mix-
tures. Cubic specimens measuring 15 x 15 x 15 cm were
produced. To simulate a confined reaction environment,
hollow cavities 5 cm in diameter and 10 cm high were
created within the specimens during casting. All mix-
tures were prepared in accordance with the procedures
specified in TS EN 196-1. The mortar mixtures were pre-
pared using a laboratory pan mixer to ensure uniform
and homogeneous mixing of all constituents, including
cement, aggregates, water, and admixtures. After cast-
ing, the specimens were cured in water at 20 + 2 °C for
28 days. Following curing, the specimens were dried
under laboratory conditions. A total of 48 specimens
were prepared for the experimental study. Each condi-
tion was evaluated in triplicate to ensure repeatability.
The upper surfaces of the specimens were partially
treated with MB and Rh-B solutions, while the internal
cavities were filled with the same solutions to enable
controlled photocatalytic testing. The specimen config-
uration was illustrated in Fig. 1(a). The TiO, used in this
study was supplied by Detsan Chemical Company. The
photocatalyst had a specific surface area of 85 + 10 m?/g,
an average particle size of 15-25 nm, and anatase phase
purity = 99%.

Table 1. Physical and chemical properties of cement.

Physical properties

Chemical content (%)

Density (g/cm3) 2.85

Blaine (m2/g) 4800-5300
Compressive 2.day 28.day
Strength (MPa) 9.5-13.0 34.0-38.0
Setting time Initial Final

(min) 180-220 230-280

Ca0 32.0-42.0 MgO 1.3-2.0
Si02 33.0-37.0 Naz20 0.8-1.2
Al;03 8.0-11.0 SOs3 2ol/=822
Fe203 2.6-3.0 K20 0.8-1.10
LOI 3.0-5.0 Cl 0.02-0.05
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(a)

Table 2. Chemical properties of fly ash.

Chemical content (%)

Si0 58.59 Ca0 443

ALLO3 21.89 MgO 1.41

Fe203 9.31 LOI 0.59
S+F+A 89.79 Pozzolanic 89.40

Table 3. Physical properties of aggregates.

7

Sieve size (mm) 22.4 16 11.2 8 4 2 1 0.5 0.25  0.125
Granulometry (%) 100.0 88.4 73.8 63.5 44.6 32.8 247 163 11.2 7.4
0-4 mm 1.44

Unit weight (kg/dm3)

4-22.4 mm 1.56

Table 4. Properties of NGSP.
Density Alkaline Chlorine
(kg /amne) (%) (%) Structure
1.082-1.142 <3 <0.1 poly carboxylic ether

Table 5. Chemical analysis of tap water.

pH 7.28 S0+ 70 Clr 43
Hardness (Fr°) 32 NO3* 7.5 NHs* <0.05
Turbidity (NTU) 0.10 Al <0.012 Mn" <0.0007

Conductivity (uS/cm) 664 Fe* <0.0075 *mg/L

Table 6. Mix proportions.

Cement water  fine aggregate  coarse aggregate NGSP /

(kg/m3)  /cement /cement /cement cement
300 0.35 2.96 3.68 0.01
(b) ‘ UV Light ’

»

B

[ TiO; coating

Concrete specimen

. ]

Fig. 1. (a) Schematic representation of the concrete specimens and coating configurations;
(b) Schematic illustration of the UV-assisted photocatalytic experimental setup.

2.2. Photocatalytic test

The photocatalytic efficiency of the TiO,-coated con-
crete samples was assessed by measuring the break-
down of MB and Rh-B solutions upon exposure to ultra-

violet (UV) light. The experiments were structured to
maintain controlled interaction between the pollutant
solution and the photocatalytic surface. Before irradia-
tion, solutions of MB and Rh-B were prepared at specific
concentrations and placed into cavities created in the
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concrete samples. In addition to the cavity setup, the up-
per surfaces of the specimens were exposed to MB and
Rh-B solutions, while the internal cavities were filled
with the corresponding dye solutions to ensure con-
sistent contact between the pollutant and the photocata-
lytic surface and to enable the simultaneous evaluation
of surface-based and confined reaction scenarios. A UV
light source was utilized to trigger photocatalytic reac-
tions. The lamp emitted light in the UVA (315-400 nm)
and UVB (280-315 nm) spectra, with power outputs of
13.6 W and 3.0 W, respectively. The light source was set
approximately 50 cm above the specimen surface to en-
sure uniform irradiation. The irradiance at the sample
surface was approximately 0.5-0.8 W/m? at a distance
of 50 cm, based on the lamp specifications and the in-
verse-square law governing irradiance as a function of
distance. All tests were performed under laboratory con-
ditions at room temperature, in an environment shielded
from natural light to prevent external interference. A
schematic representation of the experimental setup, in-
cluding the UV light source and specimen positioning, is
shown in Fig. 1(b). At predetermined time intervals (0,
12, 24, 36, and 48 hours), samples were collected from
the cavity region to monitor the degradation process.
The concentration changes of MB and Rh-B were moni-
tored using a Thermo Scientific GENESYS 150 UV-Vis
spectrophotometer. Absorbance (A) measurements
were performed at the characteristic wavelengths of 664
nm for MB and 553 nm for Rh-B. Quartz cuvettes (10 mm
path length) were used for all measurements. Distilled
water was employed as the blank solution for baseline
correction. Each measurement was conducted in tripli-
cate to ensure repeatability and reliability of the results.
Calibration curves were established for both dyes prior
to analysis, and concentrations were determined from
the corresponding absorbance-concentration relation-
ships.

The effectiveness of photocatalytic degradation was
determined by the reduction in concentration relative to
the initial value. To quantitatively evaluate the reaction
kinetics, the degradation data were examined using a
pseudo-first-order kinetic model, which is widely used
in heterogeneous photocatalytic systems. The Kkinetic
rate constants were derived from the linear relationship
between In(Co/C:) and irradiation time, where C, de-
notes the initial concentration, and C: denotes the con-
centration at a given time. A total of 48 independent
specimens were prepared and tested, including four
TiO, concentrations (5, 10, 15, and 20 wt%), two coating
configurations (single-layer and double-layer), two dye
systems (MB and Rh-B), and three replicates per condi-
tion to ensure experimental repeatability. Error analysis
was conducted based on the standard deviation of tripli-
cate measurements (n = 3). The low variability observed
in the data indicates a high level of experimental preci-
sion and reliability.

2.3. Preparation of TiO; coatings

TiO, coatings were applied to the surfaces of the
cured concrete samples using a manual spray deposition
method. Before applying the coatings, the specimens'
surfaces were cleaned and dried in a laboratory setting
to remove dust and loosely bound particles, ensuring

proper adhesion between the coating and the substrate.
TiO, suspensions were prepared by mixing the photo-
catalyst powder in distilled water at different weight
percentages (5, 10, 15, and 20 wt%). The selected TiO,
loading range (5-20 wt%) was determined based on lit-
erature values for photocatalytic coatings applied to ce-
mentitious materials. This range was chosen to ensure
sufficient photocatalytic activity while avoiding exces-
sive particle agglomeration, light shielding, and reduced
UV penetration at higher loadings. Additionally, this
range allows the identification of an optimal catalyst
dosage and provides a practical balance between perfor-
mance and material applicability (Hamidi and Aslani
2019; Adebanjo et al. 2024).

The suspensions were mixed thoroughly using mag-
netic stirring before application. The coating process
employed a handheld spray device with a small reservoir
and a standard nozzle. The TiO, suspension was sprayed
onto the specimen surfaces from approximately 20 cm
away to achieve uniform coverage. The spraying was
performed manually under controlled laboratory condi-
tions, with consistent application time and the same
preparation methods for all specimens. Two different
coating setups were tested: single-layer and double-
layer systems. In the single-layer setup, one spray appli-
cation was applied to the concrete surface. In the double-
layer setup, the first layer was applied and left to dry at
ambient laboratory conditions (25 * 2 °C) for about 2
hours before the second layer was applied. After com-
pleting the coating process, all specimens were kept un-
der the same laboratory conditions (25 = 2 °C) for 24
hours.

3. Result and Discussion

The photocatalytic performance of TiO,-coated con-
crete surfaces was evaluated by measuring the degrada-
tion of MB and Rh-B under UV irradiation (Figs. 2 and 3).
A continuous decrease in absorbance values at the char-
acteristic wavelengths of MB and Rh-B was observed
over time, indicating effective photocatalytic degrada-
tion of the dye molecules. This reduction in absorbance
reflects the progressive breakdown of various structures
within the dye molecules, confirming the catalytic activ-
ity of TiO, under UV irradiation.

The observed degradation behavior can be attributed
to the generation of reactive oxygen species (ROS), such
as hydroxyl radicals (¢OH) and superoxide radicals
(#027), which are produced upon UV-induced excitation
of TiO, Singh and Soundappan 2026). These highly re-
active species attack the dye molecules adsorbed to the
concrete surface, leading to bond cleavage and subse-
quent transformation into smaller, less harmful com-
pounds (Chong et al. 2010). The consistent decrease in
absorbance over time during irradiation demonstrates
that the photocatalytic process is sustained and effective
under the applied experimental conditions. Furthermore,
the results confirm that the TiO,-coated surfaces exhibit
clear self-cleaning functionality, with degradation of or-
ganic pollutants occurring directly at the material surface
without the need for external chemical agents. This be-
havior is consistent with previous studies on photocata-
lytic construction materials (Chen and Poon 2009).
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Fig. 2. The effect of exposure time on the photocatalytic activity of
double layers of TiO2-coated self-cleaning concrete (MB).
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Fig. 3. The effect of exposure time on the photocatalytic activity of
double layers of TiOz-coated self-cleaning concrete (Rh-B).

The normalized concentration profiles (C:/Cy) of MB
and Rh-B in contact with single- and double-layer TiO,-
coated concrete surfaces are presented in Fig. 4. A clear
decreasing trend in Ct/C, values was observed over time
for all samples, indicating progressive photocatalytic
degradation of both dyes. However, the extent of degra-
dation strongly depended on both TiO, dosage and coat-
ing configuration.

For single-layer applications, increasing the TiO, con-
tent from 5% to 20 wt% resulted in a noticeable reduc-
tion in normalized concentrations for both MB and Rh-B,
demonstrating that higher catalyst loading enhances
photocatalytic activity by increasing the availability of
active sites. In contrast, double-layer systems exhibited
significantly lower final C:/C, values than single-layer
systems at the same TiO, dosage. This trend is consistent
with previous studies, which show that increasing cata-
lystloading improves degradation efficiency up to an op-
timum level due to increased active sites and enhanced
generation of reactive oxygen species (ROS) (Atal et al.
2024; Bendjama and Hamdaoui 2025). This enhance-
ment is attributed to higher surface exposure of TiO,, im-

proved light absorption, and more efficient charge-car-
rier utilization, leading to increased ROS generation and
faster degradation kinetics (Bendjama and Hamdaoui
2025; Ahouari et al. 2024). The difference between sin-
gle- and double-layer configurations was more pro-
nounced at higher TiO; loadings, suggesting that coating
architecture plays a critical role in determining photo-
catalytic efficiency. In double-layer systems, the TiO,-
rich top layer likely provides improved exposure to UV
irradiation and more effective interaction with pollutant
molecules, leading to accelerated degradation kinetics.
Moreover, photocatalytic degradation of organic dyes
generally follows pseudo-first-order kinetics, with the
apparent rate constant increasing as catalyst accessibil-
ity and surface activity improve (Sharma et al. 2023; Gao
et al. 2024). Additionally, the improved distribution of
TiO, at the surface enhances mass transfer and reduces
diffusion limitations, further contributing to the ob-
served performance improvement. Such enhancements
facilitate the transport of pollutants to active sites and
improve overall reaction efficiency in heterogeneous
photocatalytic systems (Bendjama and Hamdaoui 2025).



Samdan et al. / Challenge Journal of Concrete Research Letters (2026) 17(3) 250-261

256

1.0
0.8
=
Y 06
o
o
—
o 0.4
g Single layer- 5%-TiO2
0.2 - Single layer-10%-TiO2
Single layer-15%-TiO2
Single layer-20%-TiO2 (@
0.0 T T T T
0 10 20 30 40 50
Time. h
1.0
0.8 1
g 06 4
B
@]
2 04
=
Single layer- 5%-TiO2
0.2 1 Single layer-10%-TiO2
Single layer-15%-TiO2
Single layer-20%-TiO2 (o)
0.0 T T T T
0 10 20 30 40 50
Time. h

1.0
0.8 A
3
= 0.6 1
@]
g
=
m 0.4 4
7}
= Double layer- 5%-TiO2
0.2 1 Double layer-10%-TiO2
Double layer-15%-TiO2
Double layer-20%-TiO2 (b)
0.0 T T T T
0 10 20 30 40 50
Time, h
1.0
0.8 1
..
o064 0 e Tl
% 0.6 ®...
5 &
. "
A 04
=
0.2 4 @ Double layer- 5%-TiO2
Double layer-10%-TiO2
Double layer-15%-TiO2 d
0.0 Double layer-20%-TiO2 (d)
0 10 20 30 40 50
Time, h

Fig. 4. Effect of single- and double-layer 5, 10, 15, and 20% TiO2-coated self-cleaning concrete
on the normalized concentration (C:/Co) concentration of:
(a) Single-layer TiOz in MB; (b) Double-layer TiOz in MB; (c) Single-layer TiOz in Rh-B; (d) Double-layer TiOz in Rh-B.

As shown in Fig. 4(a,b), for MB, the normalized con-
centration decreased from 1.00 to 0.71 for the 5% single-
layer TiO,-coated surface and further to 0.60 for the 20%
single-layer coating, confirming the positive effect of in-
creasing TiO, dosage. In the double-layer configuration,
the normalized concentration decreased more signifi-
cantly, from 1.00 to 0.60 at 5% TiO, and to 0.40 at 20%
TiO,, demonstrating enhanced photocatalytic perfor-
mance due to increased surface-active sites and im-
proved catalyst distribution.

A similar trend was observed for Rh-B, with the nor-
malized concentration decreasing from 0.63 to 0.45 as
the TiO, content increased in single-layer coatings (Fig.
4(c)). In double-layer systems (Fig. 4(d)), the normalized
concentration decreased more sharply, reaching 0.45 at
5% TiO, and 0.23 at 20% TiO,. These results clearly in-
dicate that both increasing TiO, loading and adopting a
double-layer coating strategy significantly enhance pho-
tocatalytic degradation efficiency. A similar increase in
self-cleaning performance with increasing TiO, content
has also been reported under artificial-light exposure
(Unal and Canbaz 2025a). Overall, the results demon-
strate that both TiO, dosage and coating configuration
are key parameters governing photocatalytic efficiency,
with double-layer coatings at higher TiO, concentrations
exhibiting the most effective degradation behavior for
both MB and Rh-B solutions. This behavior indicates an
optimal TiO, loading, beyond which further increases do
not yield proportional improvements in photocatalytic
performance. Furthermore, the differences observed be-
tween MB and Rh-B degradation behaviors can be at-

tributed to variations in molecular structure, adsorption
characteristics, and interaction with reactive oxygen
species.

Fig. 5(a-d) shows the degradation efficiency of MB
and Rh-B solutions in contact with single-layer and dou-
ble-layer TiO,-coated surfaces at different concentrations
under UV irradiation. The degradation efficiency is calcu-
lated by Eq. (1), where Ay and A; represent the initial and
residual dye absorbance at time 0 and ¢, respectively.

Degradation efficiency (%) = (A‘)A;At) x 100 (1)
0

Figs. 5(c) and 5(d) were used to evaluate the photo-
catalytic degradation of concrete surfaces coated with
single- and double-layer TiO, against Rh-B. As observed
in the experimental results, the degradation efficiency of
both dyes increased progressively with irradiation time,
a typical behavior of photocatalytic systems driven by
the continuous generation of reactive species under UV
exposure (Saefumillah et al. 2025). The results showed
that the double-layer TiOz-coated surface had signifi-
cantly higher degradation efficiency than the single-
layer application. The 20% double-layered surface
achieved 77.4% Rh-B degradation within 48 hours, while
the single-layered surface achieved only 55% photocata-
lytic degradation efficiency. Similar results were obtained
with MB. The double-layer coating and the high-TiO2-sur-
face showed the highest MB photocatalytic degradation
after 48 hours. On the 20% single-layer-coated surface,
MB degradation was 40.50%, whereas on the double-
layer surface, the efficiency was 52.12%.
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Fig. 5. The degradation efficiency of MB and Rh-B solutions
with single- and double-layer 5, 10, 15, and 20% TiO2-coated self-cleaning concrete:
(a) Single-layer TiOz in MB; (b) Double-layer TiOz in MB; (c) Single-layer TiO2 in Rh-B; (d) Double-layer TiOz in Rh-B.

This improvement is due to the increased number of
active photocatalytic sites and better surface exposure in
double-layer systems, which enhance light absorption
and produce more reactive oxygen species (ROS), ulti-
mately speeding up the degradation reaction (Adaileh et
al. 2025; Saefumillah et al. 2025). Under UV light, TiO2
produces active oxygen species that react with Rh-B mol-
ecules adsorbed on the cement surface, thereby mediat-
ing photocatalytic degradation. These reactive species,
especially hydroxyl radicals (¢OH), superoxide radicals
(0O2¢7), and photogenerated holes (h*), control the pho-
tocatalytic degradation process as photogenerated
charge carriers react with adsorbed oxygen and water to
produce highly oxidative species capable of breaking
down complex dye molecules into smaller intermediates
and ultimately mineralized products. (Ramesh et al.
2024).

The degradation mechanism of Rh-B involves a series
of photoinduced reactions, including chromophore
cleavage, N-deethylation/demethylation, and subse-
quent mineralization into simpler inorganic compounds,
as extensively reported for TiO,-based photocatalytic sys-
tems. (Sleiman et al. 2007). A similar degradation path-
way can be assumed for MB, in which ROS attack the dye's
conjugated structure, leading to stepwise degradation
and eventual mineralization (Saefumillah et al. 2025).

Increasing the concentration and number of layers of
TiO, molecules coated on the surface results in more ac-
tive TiO, molecules per unit surface under UV light,
forming more oxygen species and degrading more MB

and Rh-B. However, it is well known that excessive cata-
lyst loading can lead to particle agglomeration and light
scattering, which can hinder effective photon penetra-
tion and reduce photocatalytic efficiency beyond an op-
timum level, as morphological characteristics and inter-
facial interactions significantly influence charge transfer
and catalytic performance (Yuqin Wei et al. 2023a).

Co _ 1. 40 _
ll’lc—t—ll’lA—t—Kapp‘t (2)

The rate constant (Kapp) for the photocatalytic reac-
tion was evaluated using a pseudo-first-order kinetic
model, as described by Eq. (2). This model is widely ap-
plied in heterogeneous photocatalysis and reflects the
proportional relationship between degradation rate and
pollutant concentration at low concentrations (Kadem et
al. 2025). The kinetic model is expressed as In(Cy/Ct) =
Kappt, where Cy and C: represent the initial and instanta-
neous concentrations, respectively, and Kapp is the appar-
ent rate constant. C: and A represent the pollutant con-
centration and absorbance at time ¢, respectively, while
Co and A, denote the initial concentration and absorb-
ance at the beginning of the experiment. The kinetic
properties are displayed in Table 7. These parameters
were used to evaluate the photocatalytic degradation be-
havior and kinetic performance of TiO,-coated concrete
surfaces. Figure 6 shows a strong linear correlation be-
tween In(Cy/C:) and time for both pollutants, confirming
that the photocatalytic degradation process follows
pseudo-first-order kinetics, a common behavior in TiO,-
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based photocatalytic systems at low pollutant concen-
trations.

Error analysis was conducted based on the standard
deviation of triplicate measurements (n = 3). The exper-
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imental error associated with concentration measure-
ments was relatively low, with standard deviations typi-
cally ranging from +0.3 to 0.8 ppm, indicating high pre-
cision in the UV-Vis measurements.
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Fig. 6. The pseudo-first-order kinetics model graphs
for single- and double-layer TiOz-coated self-cleaning concrete at 5, 10, 15, and 20%:
(a) Single-layer TiOz in MB; (b) Double-layer TiOz in MB; (c) Single-layer TiOz in Rh-B; (d) Double-layer TiOz in Rh-B.

Fig. 6 shows a strong linear correlation between
In(Co/Ct) and time for both pollutants, indicating that the
photocatalytic degradation follows pseudo-first-order
kinetics, a common behavior in TiO,-based photocata-
lytic systems at low pollutant concentrations (Sharma et
al. 2023; Kadem et al. 2025). The photocatalytic reaction
of coated surfaces against MB showed increases in the
Kapp value of 16.46% and 34.88% for single- and double-
layer applications, respectively, when the TiO2 concen-
tration in the coatings was increased from 5% to 20%
wt%. The rate of photocatalytic degradation of concrete
surfaces against Rh-B was significantly influenced by
TiO2 concentration. An increase in TiOz concentration
from 5% to 20% wt% resulted in degradation rate in-
creases of 85.98% and 65.69% for single- and double-
layer applications, respectively. These results clearly
show that increasing the TiO, loading increases the ap-
parent reaction rate by increasing the number of active
sites and enhancing surface-pollutant interactions
(Adaileh et al. 2025). These surface hydroxyl groups play
a crucial role in photocatalytic reactions by acting as ac-
tive sites for the generation of hydroxyl radicals (¢OH),
while photogenerated electrons reduce oxygen to form

superoxide radicals (O,¢7). These reactive oxygen spe-
cies are primarily responsible for attacking dye mole-
cules, inducing their oxidative degradation, and promot-
ing their mineralization (Bhattacharyya et al. 2025).
More TiO, particles increase the density of surface hy-
droxyl groups, which serve as active sites for photocata-
lytic reactions, facilitating the generation of reactive ox-
ygen species. These hydroxyl groups enhance interfacial
charge transfer processes and promote the formation of
highly oxidative species responsible for dye degradation.
Additionally, surface defects and oxygen vacancies im-
prove charge separation efficiency by trapping photo-
generated electrons and suppressing electron-hole re-
combination (Yuqin Wei etal. 2023b). Consequently, the
lifetimes and availability of charge carriers are extended,
leading to higher apparent rate constants (Kapp) and en-
hanced photocatalytic degradation performance, partic-
ularly in double-layer systems with higher TiO, loading
(Xing et al. 2023). These findings clearly demonstrate
that the synergistic effect of increased TiO, loading and
optimized coating architecture significantly enhances
both the kinetics and overall efficiency of photocatalytic
degradation processes.
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Similarly, the standard deviation of the apparent rate
constants (Kapp) was 20.0001 to +0.0005 h™*, demon-
strating low variability and high consistency among rep-
licate measurements. The statistical reliability of the ki-

netic analysis was confirmed by low standard deviation
values and high correlation coefficients (R? ~ 0.98-0.99),
indicating strong agreement with the pseudo-first-order
kinetic model.

Table 7. Pseudo-first-order kinetic model constants (Kapp) of single- and double-layer 5, 10, 15, and 20 wt%
Ti0,-coated self-cleaning concrete for MB and Rh-B. Values are reported as mean * standard deviation (n = 3).

MB

Rh-B

Kapp (h1)

R? Kapp (h) R?

Single coated

%5 TiO2 0.0080 +0.0001 0.993 0.0103 +0.0002 0.993
%10 TiO: 0.0081 +0.0001 0.996 0.0126 + 0.0002 0.988
%15 TiO2 0.0091 £ 0.0001 0.996 0.0130 £+ 0.0002 0.992
%20 TiO2 0.0093 +0.0002 0.995 0.0169 + 0.0003 0.985
Double coated

%5 TiO2 0.0086 +0.0001 0.985 0.0107 +0.0001 0.997
%10 TiO2 0.0115 +0.0001 0.98 0.0126 +0.0003 0.992
%15 TiO2 0.0111 +0.0001 0.991 0.0149 +0.0002 0.992
%20 TiO2 0.0088 +0.0001 0.995 0.0200 + 0.0005 0.991

Kapp values were calculated from the linear regression
of In(Co/Ct) versus time. All measurements were per-
formed in triplicate (n = 3), and the results are presented
as mean * standard deviation to ensure repeatability and
statistical reliability. The low standard deviation values
and high R? coefficients confirm the statistical reliability
and repeatability of the kinetic analysis.

4. Conclusions

In this study, the photocatalytic performance of TiO,-
coated concrete surfaces was systematically evaluated
with respect to coating configuration and catalyst load-
ing using MB and Rh-B as model pollutants. The results
clearly demonstrated that both TiO, dosage and coating
architecture play a decisive role in governing photocata-
lytic efficiency and degradation kinetics.

The normalized concentration profiles and degrada-
tion efficiency results revealed that increasing TiO, con-
tent from 5% to 20 wt% significantly enhanced photo-
catalytic performance. In particular, double-layer coat-
ings consistently exhibited superior activity compared
to single-layer systems, achieving up to 77.4% degrada-
tion for Rh-B and 52.12% for MB after 48 h of UV irradi-
ation. This improvement was attributed to the higher
surface availability of TiO,, improved light utilization,
and enhanced interaction between the catalyst surface
and pollutant molecules.

Kinetic analysis confirmed that the degradation pro-
cess follows pseudo-first-order kinetics, with higher ap-
parent rate constants (Kapp) observed at increased TiO,
loadings and in double-layer configurations. The en-
hancement in reaction rates was directly associated with
increased active site density and improved charge-car-
rier dynamics.

From a mechanistic perspective, the improved perfor-
mance of TiO,-coated surfaces was attributed to the gen-
eration of reactive oxygen species (ROS), such as hy-
droxyl and superoxide radicals, and to enhanced charge
separation facilitated by surface hydroxyl groups and ox-
ygen vacancies. These factors collectively contributed to
reduced electron-hole recombination and increased
availability of reactive species responsible for pollutant
degradation.

This study primarily focuses on the photocatalytic
performance of TiO,-coated concrete surfaces rather
than the mechanical or physical characterization of the
concrete substrate. Therefore, the results should be in-
terpreted in the context of surface functionality.

Overall, the findings demonstrate that optimizing
both TiO; loading and coating configuration provides an
effective strategy for improving the photocatalytic effi-
ciency of cement-based materials. These findings are
consistent with previous studies (Hamidi and Aslani
2019; Maury-Ramirez et al. 2024) demonstrating thatin-
creasing TiO, loading and optimizing coating configura-
tion significantly enhance photocatalytic efficiency by
improving active-site accessibility, light utilization, and
charge-carrier dynamics in cementitious materials. The
developed double-layer TiO, coating system shows
strong potential for practical applications in self-clean-
ing and environmentally responsive construction mate-
rials, particularly for the removal of organic pollutants in
urban environments.

Future studies should focus on optimizing TiO, load-
ing, evaluating coating thickness, and investigating
long-term durability, adhesion strength, and environ-
mental stability under real service conditions to enable
practical implementation of photocatalytic concrete
systems.
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ABSTRACT

ARTICLE INFO

Pervious concrete is produced by utilising cement, coarse aggregate, and water. In-
dustrial or agricultural waste products contribute significantly to environmental
problems, such as air pollution and carbon dioxide emissions. Therefore, these waste
products should be reused or recycled within construction or infrastructure activi-
ties to reduce their impacts on the environment. To address environmental prob-
lems, this study investigates an agricultural waste product, particularly rice husk
(RH), in order to replace natural coarse aggregate in pervious concrete. This research
addresses the research gap of employing unprocessed RH as a direct coarse aggre-
gate replacement in pervious concrete. Its novel contribution is the empirical identi-
fication of a suitable replacement percentage that balances environmental waste val-
orisation with the preservation of structural integrity. Pervious concrete was pre-
pared with a proportion of 1:3 (cement to coarse aggregate) and a water-cement ra-
tio of 0.5, with RH replacing coarse aggregate by weight at 2%, 4%, 6%, and 8%. This
study aims to investigate the potential of RH as a partial aggregate replacement by
producing pervious concrete and assessing its behaviour. Two main experimental ac-
tivities were conducted: RH surface morphology and elemental analysis, as well as
analysis of compressive strength of pervious concrete cubes at 7, 28, and 40 days,
with a total of 45 specimens. The design standards for determining the compressive
strength were in accordance with BS EN 12390-3. The results indicated that the spec-
imen with 2% RH replacement exhibited the highest compressive strength among all
specimens, achieving 13.4 MPa at 7 days, 16.3 MPa at 28 days, and 18.0 MPa at 40
days. Overall, the compressive strength of pervious concrete decreased as the pro-
portion of coarse aggregate replaced by RH increased. Therefore, it can be concluded
that RH has the potential to replace coarse aggregate at proportions of less than 4%
in pervious concrete based on the testing.
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1. Introduction

The rapid expansion of impermeable urban surfaces

has markedly disturbed natural hydrological cycles, re-

This section provides a brief discussion on pervious
concrete, problem statement, rice husk (RH), RH as both
a cement and aggregate replacement, and coarse aggre-
gate replacement in pervious concrete. Additionally, this
section addresses the objective of the study.
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sulting in heightened stormwater runoff, groundwater
depletion and frequent waterlogging. For mitigating and
addressing these environmental challenges, pervious
concrete has emerged as a critical component of sustain-
able infrastructure. Pervious concrete is categorised as a
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special concrete produced using cement or binder,
coarse aggregate, and water, either without or with min-
imum use of sand. It contains a high volume of air voids
or porosity, allowing water to flow or penetrate. Pervi-
ous concrete is also referred to as water-permeable con-
crete, porous concrete, or no-fines concrete, and is com-
monly used in pavement applications. Shende et al.
(2019) highlighted the use of pervious concrete in pave-
ment construction, which typically helps to replenish
groundwater and reduce waterlogging; however, such
pavements are unsuitable for heavy loads. Due to its low
compressive strength, pervious concrete is typically em-
ployed in sidewalks, low-load parking areas, pathways,
and driveways. Kovac and Sicakova (2018) reported that
impermeable surfaces, especially concrete surfaces, hin-
der natural water movement through the surface and
underlying soil during heavy rainfall, resulting in water
runoff, stormwater accumulation, and snow melting. Ac-
cording to Lo etal. (2021), pervious concrete is classified
as green infrastructure for managing stormwater runoff
in urban environments, with compressive strengths
ranging from 2.8 to 28 MPa in cube shape. Talsania et al.
(2015) highlighted concerns regarding the ease with
which pervious concrete disperses stormwater com-
pared to conventional concrete, the restoration of
groundwater that eliminates the need for retention
ponds or other stormwater management systems, and
the costs associated with manufacturing pipe systems.
According to previous research, pervious concrete is
gaining popularity as it is more durable, flexible, and less
expensive to build and maintain.

Agricultural waste products, such as crop residues
and animal waste from husbandry, are a major source of
waste products in developing countries or those with ag-
riculture-based economies. Most countries in the Associ-
ation of Southeast Asian Nations (ASEAN), including Ma-
laysia, Thailand, and Vietnam, are well known for their
agricultural sectors, which employ various technologies
that contribute to national income. However, waste man-
agement processes in these countries are still lacking.
Typically, these waste products are either incinerated or
deposited in certain dumpsites or landfills for disposal.
The burning of agricultural waste causes numerous
problems, such as human health problems, as well as
emissions of carbon dioxide (CO.), toxic chemicals, and
nitrogen oxides. Sahoo et al. (2021) noted that rice har-
vesting requires a large area for disposal, while burning
this waste leads to air and soil pollution. Chabi et al.
(2018) reported that producing concrete using agricul-
tural waste products has garnered considerable interest
and awareness, as these materials are renewable and
generate lower CO, emissions. Currently, the primary
goal of innovation, invention, and research in building
and construction materials is to promote the use of ma-
terials that enhance energy efficiency and environmen-
tal performance, such as locally sourced renewable ma-
terials.

Rice husk (RH) is a by-product of rice milling, consist-
ing of the shells produced during paddy husking, and is
classified as agricultural waste. Winarno (2019) stated
that RH, also known as rice hull, has a hard surface com-
posed of lignin and silica, which protects the seed during
its growth. Due to its structural arrangement of silica-

cellulose and its non-biodegradable nature, RH exhibits
several benefits, including resistance to flaring or smoul-
dering (Chabannes et al. 2014). Additionally, RH has a
wide range of applications, such as thermal insulation,
fuel production, removal of phenols from water, and ab-
sorption of pigments, heavy metal ions, and dyes from
wastewater (Chen et al. 2018). Rice husk is used in con-
crete or mortar as a cement replacement when pro-
cessed into ash; however, there is limited information
regarding the use of RH as a replacement for fine or
coarse aggregate. In general, RH is processed by burning
at a certain temperature to produce small, fine particles.
The production of RH has increased in line with popula-
tion growth in ASEAN countries. Nowadays, many re-
searchers have studied RH as a biomass resource and a
cement replacement in concrete. Patil et al. (2020) re-
ported that RH had not previously been utilised in con-
crete manufacturing and described RH as a dried, thin
coating covering rice seeds. Chabannes et al. (2014)
noted that the utilisation of raw RH in concrete without
prior burning is considered a research limitation. In ear-
lier research, Chabannes et al. (2016) added whole raw
RH with other materials, such as lime-based binders, in
concrete.

Rice husk undergoes various processes to alter its
shape, colour, and condition, using a grinder and furnace
to produce rice husk ash (RHA). The ash is ground and
burned at high temperatures, approximately 900-1,000
°C, to produce RHA with a high presence of silicon diox-
ide (SiO,). Rice husk ash is used as a partial or full re-
placement for cement in concrete, and is sometimes
combined with other waste products as a blended mate-
rial for cement replacement or as other concrete compo-
nents, such as aggregate replacement. The ash is also uti-
lised as a cement replacement in various types of con-
crete. Rattanachu et al. (2020) discussed the use of RH
ground to cement size and replaced 20-50% cement by
weight with the ground RH in concrete, followed by the
determination of strength and chloride penetration
depth. Reddy et al. (2021) evaluated the comprehensive
strength properties at 7 and 28 days of concrete age, es-
pecially compressive, tensile, and flexural strength, by
incorporating RHA as a partial cement replacement in
proportions of 5%, 7.5%, 10%, 12.5%, and 15%, along
with the addition of a superplasticiser.

Rice husk ash is used as a cement replacement and is
combined with other waste products, such as agricul-
tural waste and industrial waste. Shende et al. (2019) as-
sessed the compressive strength and permeability of
pervious concrete using RHA as a partial cement replace-
ment at 8% and 10%, in addition to glass fibre content of
0%, 0.2%, 0.4%, and 0.6%. Maryoto and Sudibyo (2019)
noted that approximately 2.825 million tons of RH are
produced annually in Indonesia, which are usually used
for producing bricks and lightweight concrete. Rice husk
contains about 90% SiO,, with the remaining percent-
ages comprising other chemicals such as ferric oxide, al-
uminium oxide, and calcium oxide (Maryoto and Sudibyo
2019). Chetan and Aravindan (2020) tested the com-
pressive and tensile strength of concrete using RHA as a
partial cement replacement at proportions of 0%, 5%,
10%, 15%, and 20%, together with robo sand as a sand
replacement. Based on their observation, the compres-
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sive and tensile strength increased by 3.12% and 5.63%,
respectively, when using 10% RHA as a cement replace-
ment for 28 days. Varadharajan et al. (2020) investigated
concrete made with RHA as a partial cement replace-
ment with proportions of 0-20%, marble waste powder
(MWP) as a partial sand replacement with proportions
of 0-30%, and hooked steel fibre (HSF) at 1.5% by
weight of cement to determine its mechanical proper-
ties. They reported that the concrete prepared with 15%
RHA, 30% MWP, and 1.5% HSF achieved optimal me-
chanical performance.

Rice husk is used as an aggregate replacement in nor-
mal or specialised concrete, either in the form of RHA or
RH in various shapes or conditions. Fernandes et al.
(2019) reported the compressive strength of concrete
containing glass foam pellets as a partial replacement for
coarse aggregate at 10%, 20%, and 30%, produced using
RHA, soda-lime glass waste, and calcium carbonate,
which was measured at 3, 7, 28, 56, and 90 days. Saman-
taray et al. (2016) found that concrete strength in-
creased when incorporating 10-30% RHA as a partial
fine aggregate replacement, but decreased when using
40-50% RHA. Obilade (2014) investigated the use of RH
as a sand replacement in concrete by weight and volume
at 0%, 5%, 10%, 15%, 20%, and 25%, utilising a mix de-
sign ratio of 1:2:4. The study showed that a 5% sand re-
placement by both weight and volume yielded the high-
est compressive strength of the concrete. Winarno
(2019) studied RH with particle widths of 2-4 mm, a
maximum length of 10 mm, and a density of 690 kg/m?
as a sand replacement in concrete blocks, with Portland
cement-to-RH weight ratios of 0.67-2.00. The literature
consistently demonstrates that RHA enhances concrete
performance due to its high silica content and poz-
zolanic activity at replacement percentages up to 20%.
In contrast, the use of raw RH waste presents a more
strict structural limitation, generally restricted to 5% or
less due to its lower density and inferior bonding prop-
erties.

Several studies have investigated pervious concrete
with coarse aggregate replacement for producing sus-
tainable materials, improving mechanical properties,
and reducing the environmental impact. The coarse ag-
gregate replacement materials can be divided into two
groups: industrial waste and agricultural waste. Two
types of coarse aggregate (limestone with an angular
shape (size of 6.35 mm) and pea gravel with a rounded
shape (size of 9.54 mm)) were used to produce pervious
concrete (Torres et al, 2020). Lopez et al. (2019) re-
ported the physical and mechanical properties of pervi-
ous concrete made using high-density polyethylene pel-
lets as a partial coarse aggregate replacement, with var-
ious sizes and ratios. Chen et al. (2024) studied the
crushing morphology, durability, and strength of pervi-
ous concrete using corn cob as a coarse aggregate re-
placement at 0%, 25%, 50%, 75%, and 100%, and deter-
mined that 50% replacement yielded the best compres-
sive strength at 28 and 50 days of curing. Supit and Pri-
yono (2022) evaluated the effect of using polyethylene
terephthalate plastic waste as a 5% coarse aggregate re-
placement, with sizes of 5-10 mm and 10-20 mm, across
three mix proportions (cement-aggregate ratios of 1:2,
1:3, and 1:4). Wang et al. (2024) evaluated the compres-

sive strength and effective porosity of pervious concrete
made with recycled coarse aggregate of different grad-
ings (5-15 mm, 15-20 mm, and 20-25 mm) and water-
cement ratios (0.4, 0.45, and 0.5). Tijani et al. (2022) re-
ported on the production of pervious concrete using sor-
ghum husk ash as a cement replacement and palm kernel
shell as a coarse aggregate replacement at 20%, 40%,
60%, 80%, and 100% by weight, noting that 20% and
40% of palm kernel shell replacements met the required
minimum compressive strength of 2 N/mm? Torres et
al. (2020) highlighted the production of pervious con-
crete with high compressive strength by considering
several factors, such as specimen compaction, type and
size of coarse aggregate, water-cement ratio, and the use
of superplasticiser.

The current literature reveals considerable variation
in the optimal replacement percentage, ranging from 5%
to 50%, highlighting the sensitivity of pervious concrete
to the distinct morphology and chemical properties of
different waste materials. This inconsistency suggests
that a strategy or approach is unfeasible, as the struc-
tural performance of the mixes depends entirely on the
specific physical properties of the selected industrial or
agricultural by-product. This study addresses the re-
search gap concerning the limited exploration of raw or
unprocessed agricultural waste as a direct alternative to
mineral coarse aggregates in pervious concrete, given
that most existing literature focuses on processed ashes
rather than the bulk physical husk. Although pervious
concrete is conventionally optimised for high void con-
nectivity using gravel, there is a lack of empirical data
about the impact of the cellular morphology and organic
surface of RH on the mechanical structure of certain mix
designs. The novel contribution of this study is the iden-
tification of a specific percentage of RH as gravel re-
placement, establishing a precise baseline for waste val-
orisation that balances environmental mitigation with
functional load-bearing requirements. The main objec-
tive of this study was to produce pervious concrete with
partial coarse aggregate replacement using RH and de-
termine the behaviour of pervious concrete, especially
its compressive strength. Besides, the objective is to de-
termine an accurate baseline for the replacement per-
centage that balances environmental waste valorisa-
tion with the functional demands of compressive
strength.

2. Material Preparation and Experimental Setup

The methodology of this study is divided into two
parts: the production of pervious concrete and the eval-
uation of its behaviour.

2.1. Materials and characteristics

This study utilised RH, with the chemical composition
data referenced from a previous study. The RH was
stored in a plastic sack for 3 months prior to use. It was
then cleaned to remove dirt, dust, and foreign matter
that could weaken the bonding between the RH and
other concrete materials. Chabi et al. (2018) reported
that the size of RH ranged between 1 and 4 mm, and siev-



Mohd Sani et al. / Challenge Journal of Concrete Research Letters (2026) 17(3) 262-277 265

ing was conducted using a 1-mm sieve to remove impu-
rities, such as sand, silt, and clay. The chemical composi-
tion of RH was observed and compared with ground
RHA, raw RHA, ordinary Portland cement, and natural
aggregate from previous studies, as shown in Table 1.
This initial comparative study is important to identify
the major chemical components to avoid adverse effects
on concrete behaviour. Additionally, the incorporation
of both raw RH and its ash derivatives (RH) is scientifi-
cally essential to demonstrate the substantial chemical
transformation that occurs during thermal processing

which directly informs the focus of the study on raw
waste valorisation. The comparison of key chemical
compositions is illustrated in Fig. 1. Shang et al. (2024)
reported the elemental content of RH as follows: carbon
(C) 35.42%, nitrogen (N) 0.36%, hydrogen (H) 5.34%,
and oxygen (0) 58.88%. Rice husk is an organic, carbon-
based material whose surface consists of complex cellu-
lose and silica, which can chemically inhibit the setting
of cement. Ordinary Portland cement is a reactive binder
based on lime, while natural aggregates are stable min-
erals like silica or limestone.

Table 1. Chemical composition of RH in different conditions.

Chemical Rice husk Ground rice huskash ~ Raw rice husk ash Ordinary portland Natural aggregate
emica
. (Mareya et al. (Rattanachu et al. (Alomayri et al. cement (Alyami et (Shariati et al.

composition (%)

2023) 2020) 2021) al. 2023) 2023)
Silicon dioxide (Si02) 1391 93.5 96.70 22.75 19.42
Aluminium oxide (Al203) 0.04 0.2 0.30 5.58 0.83
Iron oxide (Fe203) 0.04 0.4 1.26 3.87 0.55
Calcium oxide (Ca0) 0.36 0.9 0.57 59.94 31.12
Sulphur trioxide (SO3) 0.07 0.2 - 2.14 0.03
Magnesium oxide (MgO) 0.07 0.4 0.27 2.32 9.64
Sodium oxide (Naz0) 0.01 - 0.05 0.86 0.98
Potassium oxide (K20) 1.19 3.3 0.45 0.75 1.19
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Fig. 1. A comparison study on the importance of chemical composition.
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Although the synthesis of strength-giving silicates in
Portland cement requires a precise calcium oxide (Ca0)
concentration of 60% to 65%, raw RH and gravel are
chemically unable to replenish this lime content due to
their minimal calcium profiles. The suitability of RH in
pervious concrete is determined by its physical geome-
try and silica-rich surface which offer a lightweight, po-
rous scaffold that increases the chemical binding energy
of the cement paste without participating in the primary
hydraulic reaction, rather than by its role as a chemical
donor. Calcium oxide, sometimes referred to as lime, has
the ability to increase strength and reduce cracking. The
percentage differences in CaO content between RH and
ground RHA, raw RHA, ordinary Portland cement, and
natural aggregate are 60%, 36.84%, 99.40%, and
98.84%, respectively. Secondly, an important chemical
in cement is Si0,, commonly known as silica, which helps
to impart strength. However, an excess of silica can affect
the setting time of cement. The SiO, content of RH was
recorded as 85.12%, 85.62%, 38.86%, and 28.37% when
compared to ground RHA, raw RHA, ordinary Portland
cement, and natural aggregate, respectively. Although
RH has a low SiO2 content of 13.91%, the comparison
study indicates that post-combustion of SiO2 concentra-
tions increases to over 90%, transforming the function
of the material from a physical aggregate replacement to
a reactive pozzolanic binder. By presenting this profile,
the data provides a necessary chemical justification for
the research gap. It highlights that while processed RHA
is chemically optimised for cementitious reactivity, the
RH employed in this study functions under a different
mechanical mechanism, thus requiring a separate inves-
tigation of its performance as a coarse aggregate replace-
ment. The chemical composition of SiO, is reported to
have the lowest percentage compared to that of other
specimens. Thirdly, Al,03;, or alumina, facilitates the
rapid setting of cement. The combination of RH, aggre-
gate, and ordinary Portland cement is suitable within the
range of 2-8%. The comparative percentage of RH rela-
tive to other specimens ranges from 80% to 99%. Chen
et al. (2018) reported that the chemical composition of
RH varies depending on weather patterns, geography,
and fertilisers used during paddy cultivation. Observa-
tions indicate that the ash component of RH has a high
SiO, content, making it suitable as a source for silicon
compounds. Rice husk is appropriate for use as an addi-
tive or aggregate replacement in concrete because its
chemical composition, especially CaO and SiO,, is suffi-
cient and not excessively high. The chemical composition
of RH provides a critical baseline for its utilisation as a
coarse aggregate replacement. This comparison is also es-
sential because RH acts as a physical filler that reduces the
overall density and thermal conductivity of the mix. A
thorough understanding of its elemental makeup is neces-
sary to balance the trade-off between the resulting struc-
tural voids in the concrete and its compressive strength.

In this study, RH was analysed using scanning elec-
tron microscopy (SEM) to determine its surface mor-
phology, and energy-dispersive X-ray spectroscopy
(EDS) was employed to carry out elemental analysis. The
SEM and EDS analyses were conducted using a thermal
field emission scanning electron microscope at an accel-
erating voltage of 20 kV, providing the necessary beam

energy for high-resolution morphological imaging and
characteristic X-ray excitation. Samples were prepared
by mounting them on aluminium stubs and sputter-coat-
ing to ensure surface conductivity. Morphological analy-
sis was conducted in secondary electron mode, with
magnifications ranging from 100x to 5,000x at a work-
ing distance of approximately 14.5 mm. The EDS map
sum spectrum was utilised to quantify elemental distri-
bution, providing a chemical depth of field that comple-
ments the structural insights obtained from SEM micro-
graphs alone. Chabannes et al. (2014) noted that RH con-
tains very small pores with a size less than 0.1 um, and
from the SEM images, RH with appropriate shape and size
could be used as aggregates or fibres in concrete. Chabi et
al. (2018) reported that SEM observations revealed a high
concentration of silica on the surface of RH grains. Sub-
sequently, RH was tested for its physical properties, in-
cluding density, void content, and sieve size, before be-
ing used in the mixing process of pervious concrete.

2.2. Mix design and specimen preparation

Pervious concrete was produced using gravel (coarse
aggregate), RH, cement, and water, as shown in Fig. 2.
The proportion of cement to gravel (coarse aggregate) in
the pervious concrete was 1:3, with a water-cement ra-
tio of 0.5. The coarse aggregate used in the concrete mix
was well graded with a size below 20 mm. For pervious
concrete, a water-cement ratio of 0.5 is often considered
high, where numerous designs range from 0.27 to 0.35.
Outside this range, the paste may possess sufficient flu-
idity to flow off the gravel and RH, which accumulate at
the bottom of the mould and form an impermeable layer.
A cement-gravel ratio of 1:3 and a water-cement ratio of
0.5 are commonly chosen as they offer the best compro-
mise between strength and paste thickness required to
coat the gravel without blocking voids. The mix is de-
signed and formulated to achieve a target theoretical
void ratio of 22%, where pervious concrete is normally
designed for a void content of 18-35% (Obla 2010) and
15-30% (Firouzi et al. 2012). The void content in pervi-
ous concrete is determined by the synergistic interaction
among aggregate structure, material composition, and
paste rheology. The utilisation of larger, consistently
graded aggregates creates the primary skeletal frame-
work for open pores, while the 1:3 mix design ensures
sufficient cementitious paste to cover these particles
without obstructing the established air channels. Fur-
thermore, the selection of the cement-gravel ratio of 1:3
is based on studies by Malayali and Chokkalingam
(2018) and Abd Rahman et al. (2019).

Rice husk replaced the coarse aggregate by weight at
proportions of 2%, 4%, 6%, and 8%, with one specimen
without RH serving as a control mix. A complete descrip-
tion is provided in Table 2. These percentages are com-
monly used in exploratory studies as they represent low
to moderate replacement levels, allowing for gradual ob-
servation of the effects on strength, bonding, and void
connectivity, while minimising the risk of mixture insta-
bility or excessive clogging. The replacement of gravel
with RH was carried out on a weight-to-weight basis to
ensure a consistent mass-cement ratio and to improve
precision during batching. The approach was chosen to
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reduce errors associated with the bulking effect of or-
ganic materials, which often causes volumetric measure-
ments to be inconsistent under varying moisture condi-
tions. Regarding the achievement of the required com-
pressive strength, weight-based mixing is more accurate
than volume-based mixing. This is because the latter
method can be affected by changes in material density
and compaction, whereas the former method guarantees
consistent material proportions. Finally, the decision to
replace coarse aggregate by weight is based on the stud-

ies by Singh and Singh (2020), Supit and Priyono (2022),
and Bhujel et al. (2025), which used lightweight materi-
als in pervious concrete. Although the RH replacement is
based on weight percentage, the volumetric implications
of the density mismatch have been thoroughly deter-
mined. The density ratio between coarse aggregate and
RH is approximately 15, and a 2% replacement by
weight results in a 19.6% increase in solid volume, lead-
ing to a measurable increase in void ratio and a decrease
in packing density.

Table 2. Mix design information and description.

Sz el TesertEem Coarse aggregate Rice husk Cement Water
(kg/m?) (kg/m?) (kg/m3%)  (kg/m?)
RHO (control) Mix without rice husk (RH) 1050 0
RH2 Mix with gravel replacement of 2% by weight of RH 1029 21
RH4 Mix with gravel replacement of 4% by weight of RH 1008 42 350 175
RH6 Mix with gravel replacement of 6% by weight of RH 987 63
RH8 Mix with gravel replacement of 8% by weight of RH 966 84

This study provides a direct evaluation of the impact
of low-density organic fibres on the overall mechanical
properties and density of pervious concrete mixes by
maintaining uniform weight across all mixes. To achieve
a homogeneous mix, the gravel and cement were thor-
oughly mixed before adding RH and water to the mixer
to prevent segregation. This study deliberately omits su-
perplasticiser to establish a baseline performance for a
simplified 1:3 mix design intended for low-tech applica-
tions and also to evaluate the fundamental behaviour of
the cement-aggregate bond. Fig. 3(a) shows the mixing
process before the addition of water, while Fig. 3(b) il-
lustrates the completed mixing process. The fully mixed
specimen, which was mixed for approximately 8-10 min,

was placed in a concrete mould of 100 mm x 100 mm x
100 mm and compacted using a vibrating table for 3 s.
The specimen was then left at room temperature for
rapid hardening, as shown in Fig. 4. After removal from
the mould, the cube specimen was placed in a curing
tank for 7, 28, and 40 days. Lastly, the cube specimen was
tested to determine the compressive strength of the per-
vious concrete in accordance with BS EN 12390-3
(2019).

A total of 45 specimens were prepared across all
mixes for the compressive strength test. Fig. 5 illustrates
the hardened cube specimens with 8% RH. A clear
flowchart of the material preparation and experimental
setup activities is illustrated in Fig. 6.

Fig. 2. The basic ingredient of pervious concrete with RH.
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Fig. 5. The cube specimen with 8% of RH in pervious concrete.
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Fig. 6. The material preparation and experimental setup flowchart.

3. Results and Discussion

This section is composed of four parts: surface mor-
phology and elemental analysis of RH, physical proper-
ties of RH, water absorption of hardened pervious con-
crete, and compressive strength of hardened pervious
concrete.

3.1. Surface morphology and elemental
analysis of rice husk

In this section, SEM micrographs were used to study
the surface morphology of RH, with high-resolution im-
ages providing a comprehensive report on the examina-
tion of the RH surface. Nevertheless, it is acknowledged
that EDS analysis offers more insights into the surface
material compared to SEM analysis. The SEM micro-
graph of the RH surface was recorded and illustrated in
Fig. 7, exhibiting properties similar to the study of Narat-
tha et al. (2024). From the observation, the curved re-
gion on the RH surface was detected, exhibiting wavy,
furrowed, and conical borders. Furthermore, the surface
displays well-organised micro-bumps, while the outer-
most layer is irregular, featuring a highly ridged struc-
ture along with protrusions that contribute to frictional
properties. Consequently, the surface of RH, character-
ised by a combination of bumps and voids, is very suita-
ble for being filled with coarse aggregate to create a
strong surface upon the hardening of the concrete.

Fig. 8 presents the EDS elemental analysis for the RH
surface, and the major elements recorded are tabulated
in Table 3. Across the four locations, the major elements
with high percentages are 0 (42-52%), Ca (13-27%),

and C (11-32%). Conversely, the major elements with
low percentages are potassium (K, 0-1.2%), iron (Fe, 0-
1.4%), and aluminium (Al, 0-2.0%). The percentage dif-
ferences between the highest experimental values and
the data from Sudhir et al. (2024) are 2.42% for O,
74.61% for Si, 85.07% for C, and 17.28% for K. Similarly,
the percentage differences between the lowest experi-
mental values and the data from Sudhir et al. (2024) for
0, Si, C,and K are 19.99%, 90.31%, 56.93%, and 23.58%,
respectively. The surface morphology analysis helps de-
termine the bonding and packing of RH particles within
the pervious concrete structure, while the elemental
analysis verifies material consistency and identifies fac-
tors potentially affecting durability. These assessments
ensure that RH is an appropriate and reliable replace-
ment for gravel.

3.2. Physical properties of rice husk

The physical properties of RH, particularly the den-
sity, void content, and sieve size, were analysed and re-
ported in this section. The density of RH was determined
to be 140 kg/m?>. This value was compared with densi-
ties reported in previous studies, including those by
Sreesvarna et al. (2019) with 14.29% difference, Yuzer
et al. (2013) with 12.86% difference, and Chabannes et
al. (2014) with 26.29% difference. An explicit evaluation
of material density differences was performed by com-
paring RH with several other low-density coarse aggre-
gate replacements documented in the literature such as
raw corn cobs (Chen et al. 2024), unmodified bamboo
(Wang et al.,2024), and oil palm kernel shell (Khankhaje
et al. 2016). The density of RH is approximately 7.16%
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less than that of raw corn cobs, indicating that both ma-
terials are within a comparable lightweight range. In
contrast, RH has a significantly greater density gap com-
pared to unmodified bamboo, which is around 65%
denser than RH, and oil palm kernel shell which is
roughly 78.66% denser than RH. These comparisons
highlight that, among often examined agricultural or bi-
omass-based aggregates, Rh is situated at the lowest end
of the density spectrum. This underscores the importance
of properly addressing volumetric equivalence, packing

behaviour and mix proportioning when replacing RH in
concrete mix. The void content of RH was measured to be
85.83%. The sieve size of RH is presented in Table 4. The
highest percentage retained corresponds to a sieve pan
size of 2.00 mm, and the highest percentage passing cor-
responds to a sieve pan size of 300 pm. The fineness
modulus of RH was calculated as 3.31, classifying it as a
coarse material. The fineness modulus affects concrete
mix design by reducing workability, enhancing strength
potential, and reducing blending and shrinkage.

r
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Fig. 7. The surface morphology of rice husk with 200 um, 50 um, and 5 pm.
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Fig. 8. EDS elemental analysis graph for the RH surface in four locations.
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Table 3. The major element from the EDS elemental analysis graph.

Element Weight Weight Weight Weight Wf-:‘ight (%)
(%) (%) (%) (%) (Sudhir et al. 2024)

Oxygen, 02 52.38 51.23 42.95 51.18 53.68
Silicon, Si 9.54 6.02 9.31 3.64 37.57
Calcium, Ca 19.01 27.84 13.25 25.19 -
Aluminium, Al 1.47 2.08 0.79 1.45 -

Carbon, C 15.12 11.40 32.89 18.54 491
Potassium, K 1.20 0 0.81 0 1.06

Iron, Fe 1.28 1.44 0 0 -

Table 4. The sieve size analysis of the rice husk.

Sieve pan size

Percentage retained (%)

Percentage passing (%)

100
100
51.28
61.54
92.31
94.87

5.00 mm 0
3.35mm 0
2.00 mm 48.72
1.18 mm 38.46
600 pm 7.69
300 um 5.13
150 um 0
75 um 0
0 0

100
100
100

3.3. Weight and water absorption of hardened
pervious concrete

Table 5 presents the average amount of water that
pervious concrete can absorb at atmospheric pressure,
along with the average weight of the specimens. The re-
lationship between specimen type and weight is illus-
trated in Fig. 9. The specimen weight decreased as the
percentage of RH in pervious concrete increased, as pre-
viously noted, since RH is lighter than coarse aggregate.
The percentage weight differences are as follows: 3.04%
(between RHO and RH2), 8.70% (between RHO and
RH4), 16.09% (between RHO and RH6), and 20.87% (be-
tween RHO and RH8). The weight percentage difference
between the highest and lowest values, comparing RH2
and RH8, is 18.39%. The line graph in Fig. 9 shows a clear
and consistent inverse relationship between specimen
type and corresponding weight. The weight steadily de-
creased from approximately 2.3 kg for RHO to about 1.8
kg for RH8. The high coefficient of determination (R%)
value of 0.9841 indicates that the linear regression
model provides a good fit for the observed data points,
reflecting a strong linear trend.

In the previous study, the percentage of water absorp-
tion increased with the increase of RH proportion due to
its high water-absorption capacity. In addition, the water
absorption percentages of all specimens are relatively
low because pervious concrete typically facilitates the
movement of water through its solid body and is charac-
terised by a porous structure. The percentage differ-
ences in water absorption between RHO and RH2, RH4,

RH6,and RH8 are 13.27%, 27.94%. 43.84%, and 59.42%,
respectively. The relationship between water absorption
and the pervious concrete specimens is shown in Fig. 10.
Water absorption values vary by approximately 53.21%
between RH8, which has the highest absorption, and
RH2, which has the lowest absorption. Furthermore, the
percentage difference in water absorption between RH2
and RH4 is 16.91%, and between RH2 and RH6 is
35.24%. According to Golewski (2023), normal concrete
with water absorption of 4-6% is considered to have ex-
cellent durability, while normal concrete with water ab-
sorption below 5% is regarded as high quality. This
study uses water absorption exclusively to observe the
moisture uptake behaviour associated with RH rather
than to assess durability. Pervious concrete, unlike nor-
mal concrete, features substantial interconnecting voids,
rendering conventional durability standards unsuitable.
The increasing absorption values indicate the high po-
rosity of RH and its effect on the internal moisture ab-
sorption of the mix rather than a lack of durability. Based
on the water absorption values, RH8 is classified as hav-
ing good durability, and all specimens are classified as
good quality. In conclusion, when considering the rela-
tionship between weight and water absorption, the
weight of the specimen decreases as the percentage of
water absorption increases. Fig. 10 illustrates an R?
value of 0.9968, indicating an almost perfect fit of data
and suggesting that the modification represented by the
RH specimen systematically enhances capillary action or
increases the internal surface area available for water re-
tention.
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Table 5. The weight and water absorption of every specimen.

Specimen Weight (kg) Water absorption (%)
RHO 2.30 1.96
RH2 2.23 2.26
RH4 2.10 2.72
RH6 1.93 3.49
RH8 1.82 4.83
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Fig. 9. The relationship of weight and the specimens of coarse aggregate replacement.
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Fig. 10. The relationship of water absorption and specimens with different amounts of coarse aggregate replacement.

3.4. Compressive strength of hardened
pervious concrete

The compressive strength and maximum load of the
pervious concrete specimens for 7, 28, and 40 days were
recorded and presented in Table 6. Both compressive
strength and maximum load increased with curing age,
reflecting the strength development of pervious con-

crete from its initial to mature state. All specimens ex-
hibited lower compressive strength and maximum load
compared to RHO, the control mix. The highest compres-
sive strength values at 7, 28, and 40 were observed in
RH2, while the lowest values were recorded for RHS8.
When comparing the highest and lowest compressive
strength values, reductions of 81.21% at 7 days, 84.08%
at 28 days, and 83.80% at 40 days were noted. Relative
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to the control mix, the early compressive strength (7
days) of RH2, RH4, and RH6 was 10.07%, 34.23%, and
60.40%, respectively. At the mature age of 28 days, the
percentage differences in compressive strength between
the control mix and other specimens were 18.91% for
RH2, 38.81% for RH4, and 70.15% for RH6. Fig. 11 illus-

trates the relationship between compressive strength
and curing age of pervious concrete. Based on the re-
sults, a 2% replacement is identified as the optimum
value when compared with other replacement percent-
ages in terms of the compressive strength of pervious
concrete.

Table 6. The compressive strength and maximum load of pervious concrete for 7 days, 28 days, and 40 days.

Maximum Compressive Maximum Compressive Maximum Compressive
Specimen load (N) strength (MPa) load (N) strength (MPa) load (N) strength (MPa)
7 days 28 days 40 days
RHO 148.80 14.9 201.23 20.1 216.3 21.6
RH2 133.70 13.4 163.00 16.3 180.2 18.0
RH4 98.26 9.8 123.30 12.3 124.0 12.4
RH6 58.69 5.9 60.47 6.0 61.25 6.1
RH8 27.83 2.8 31.82 BY 34.97 3.5
25

|
|/ o RHO

e=fll= RH2
RH4
=== RH6
RH8

Compressive strength (MPa)

0 7

28 40

Curing age (days)

Fig. 11. The relationship of compressive strength and curing age for pervious concrete specimens.

If the relationship between compressive strength and
specimens is examined with respect to curing age, as
shown in Fig. 12, the compressive strength values for RH6
and RH8 are close to each otherat 7, 28, and 40 days. Thus,
pervious concrete with reasonable compressive strength
is suitable for replacing coarse aggregate with RH atlevels
below 4%. Moura et al. (2021) reported that the compres-
sive strength of pervious concrete using waste glass pow-
der as a cement replacement by mass ranged from 11.1 to
23.0 MPa, which is within the standard of the compressive
strength for pervious concrete (4-28 MPa) for cube spec-
imens, and exceeds the Brazilian and American Concrete
Institute standard of 20 MPa. However, according to
Moura etal. (2021), all specimens met the standard except
for the RH8 specimen. The compressive strength of pervi-
ous concrete decreased as the percentage of coarse aggre-
gate replacement increased for all curing ages. This is be-
cause using a high percentage of RH for substituting
coarse aggregate affects the bonding among RH, coarse
aggregate, and cement, whereas using a low percentage of
coarse aggregate results in poor compressive strength.

The failure pattern of the high RH utilisation in pervious
concrete specimens differs from that of normal concrete,
as shown in Fig. 13. Normal concrete generally demon-
strates a brittle, clean fracture characterised by well-de-
fined cracks due to its dense matrix and strong aggregate
interlock. Conversely, the RH specimens exhibit irregular,
crumbly and fibrous disintegration after testing, with
loose RH particles and poorly bonded regions. This behav-
iour demonstrates the low density, porous structure and
insufficient stiffness of the RH specimen which disrupts
the aggregate framework and reduces load-transfer effi-
ciency. The figure shows a specimen after being tested or
compressed, demonstrating that it is not brittle, unlike the
control mix. Although it is well known that adding or re-
placing RH in pervious concrete may reduce compressive
strength due to its lightweight and porous nature, this
study is important not only to confirm this trend but also
to determine the degree of reduction, understand the in-
fluence on pore structure, and identify the optimum re-
placement level that balances compressive strength with
enhanced sustainability or material efficiency.
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Fig. 12. The compressive strength values according to curing age.

Fig. 13. Photographs of the specimens after testing.

The study specifically concentrated on the structural
integrity and material durability phases to determine the
maximum gravel replacement limit of RH that preserves
the mechanical properties and functionality. The focus on
compressive strength is essential because RH, as an or-
ganic material, tends to weaken the interfacial transition
zone, whereas water absorption serves as an initial indi-
cator of the microporosity of the material. Furthermore,
the study primarily examined the waste valorisation po-
tential of agricultural by-products as a replacement for
coarse aggregate. Although porosity and permeability are
essential metrics for pervious concrete, these properties
will be optimised in future phases after determining the vi-
able mix proportions. Rice husk shows potential as a sus-
tainable alternative in pervious concrete; however, its ef-
fectiveness is limited to replacement levels below 4%, as
higher concentrations cause a significant reduction in
compressive strength due to inadequate mechanical bond-
ing between the organic fibres and the cement matrix.

4. Conclusions

From the experimental activity and analysis, the fol-
lowing comprehensive conclusions can be drawn:

e The surface morphology analysis demonstrates that
RH is suitable for replacing coarse aggregate due to its
rough surface texture, which is irregular and wavy ra-
ther than smooth. Moreover, elemental analysis re-
vealed that RH has three major elements: O, Ca, and C.

o The weight of pervious concrete decreases as the per-
centage of RH, which is used as a coarse aggregate re-
placement, increases; while the water absorption of
the pervious concrete increases with higher RH con-
tent. The water absorption of pervious concrete re-
mains relatively low because water easily seeps
through the porous solid parts of the concrete.

e The compressive strength of the pervious concrete
decreases as the proportion of coarse aggregate re-
placed by RH increases. Additionally, the percentage
difference in compressive strength at 28 days be-
tween the control mix and the other specimens ranges
from 18% to 70%. Thus, pervious concrete containing
2% RH as a replacement for coarse aggregate exhibits
the highest compressive strength at 7, 28, and 40
days. Therefore, RH2 is classified as a potential re-
placement for coarse aggregate in the production of
pervious concrete.

By limiting the study to the compressive strength and
water absorption of pervious concrete, other physical
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and mechanical properties should also be tested to ob-
tain comprehensive data. Several adjustments and fur-
ther chemical processes are required (e.g., the addition
of a superplasticiser) to improve the water absorption
and compressive strength of the pervious concrete. Fur-
thermore, the potential of RH as a replacement for con-
crete materials, especially as an aggregate in specialised
concrete, should be studied and investigated. Finally, fu-
ture studies should expand upon the preliminary find-
ings regarding mechanical properties by incorporating
standardised porosity and permeability tests to compre-
hensively evaluate the hydraulic performance of RH-in-
tegrated pervious concrete.
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1. Introduction

Concrete is one of the most extensively utilized artifi-
cial materials in the world because of its strength, dura-
bility, and resilience, as well as its formability into any
shape, which has significantly boosted its popularity and
is projected to drive a 30 billion-tonne direct material
demand per annum (Miller and Moore 2020; Monteiro et
al. 2017). Since concrete production accounts for nearly
8% of worldwide human-induced greenhouse gas (GHG)
emissions and 3% of global energy consumption, as-
sessing anticipated mitigation approaches in this sector
is vital for creating low- or zero-carbon emission path-

ways (Miller et al. 2016; Monteiro et al. 2017). In 2019,
the building sector accounted for 36% of total energy de-
mand and 38% of total COz emissions, ranking among
the top three energy-intensive sectors and a key contrib-
utor to both direct and indirect carbon emissions. In re-
sponse to increasing public anxiety about global warm-
ing and the role of GHGs in worsening it, scientists have
investigated various innovative COz capture and storage
(CCS) options in various structures (UNEP 2022; Wani et
al. 2023). Approximately 5-7% of universal COz emis-
sions are attributed to the extensive use of OPC concrete,
making it essential to develop sustainable concrete by
modifying existing materials and re-evaluating their

* Corresponding author. E-mail address: rashed.civil@hstu.ac.bd (M. R. Haque)

ISSN: 2548-0928 / DOI: https://doi.org/10.20528/cjcrl.2026.1135


mailto:rashed.civil@hstu.ac.bd
https://doi.org/10.20528/cjcrl.2026.1135
https://cjcrl.challengejournal.com/
https://orcid.org/0000-0002-5945-8193
https://orcid.org/0009-0009-0254-5825
https://orcid.org/0009-0004-1245-8112
https://orcid.org/0009-0008-0738-8569
https://creativecommons.org/licenses/by/4.0/

Hagque et al. / Challenge Journal of Concrete Research Letters (2026) 17(3) 278-292 279

uses (Hamouda et al. 2020; He et al. 2019; Wani et al.
2024), with waste valorization increasingly emphasized
as ameans of conserving natural resources and reducing
the environmental burden of construction materials
(Mahmud et al. 2025; Unal and Canbaz 2025, 2026). At
the microscopic scale, concrete is a heterogeneous mate-
rial containing voids that confer porosity, increasing the
likelihood of physical and chemical assaults that can de-
grade concrete and further corrode the steel reinforce-
ment (Turner and Collins 2013; Wani et al. 2024). More-
over, concrete can be moulded into any desired shape; it
is functionally and aesthetically more admissible
(Bhushal et al. 2025; Haque et al. 2021). Concrete aggre-
gates are generally derived from natural rocks, but now
in Bangladesh, natural rock deposits are very scarce and
not available everywhere. Due to the scarcity of natural
aggregate, availability, and low-cost brick aggregates are
commonly utilized in Bangladesh, which may result in
overall cost effectiveness. Similar waste-derived aggre-
gate substitution strategies have been investigated to re-
duce reliance on natural resources while maintaining
satisfactory material performance at appropriate re-
placement levels (Wee Chit et al. 2025). Due to having a
weight range of 1,121-1,922 kg/m?, brick chips may be
utilized as lightweight aggregate (MaleSev et al. 2010;
Uddin et al. 2017). However, brick chip (BC) concrete
usually exhibits lower strength and often undergoes du-
rability issues (Afroz et al. 2015; Basak et al. 2024;
Haque etal. 2021). Thus, the study on the dynamic appli-
cation of BC in the construction sector is very significant
from a Bangladeshi perspective. Among all concrete
components, aggregates account for about 75% of the
concrete body and impart greater volumetric stability
and improved durability compared to hydrated cement
paste (Rashid et al. 2012; Mimi et al. 2023). Crushed
brick concrete is conventionally used in the construction
of reinforced cement concrete (RCC) pavements, cul-
verts and bridges, and is fit for six-story buildings (Ali et
al. 2022; Mansur et al. 1999). Additionally, the density of
concrete made with brick chips has been recorded to be
considerably less than that of concrete made with stone
aggregate (Rashid et al. 2008). In the feasibility study
concerning the complete or partial volumetric substitu-
tion of stone aggregate with brick chips in concrete, this
research aims to examine the characteristics of concrete
made with mixed aggregates (Hasan et al. 2007;
Bhowmik and Pal 2022). Using brick chips as an alterna-
tive to stone aggregates in a building structure can sub-
stantially decrease dead load on columns and the foun-
dation. Thus, the substitution (partially or entirely) of
stone chips with brick chips could result in cost savings.
Concrete has often been found to be a sustainable choice
for various structures, from domestic to industrial build-
ings, bridges, and foundations. Moreover, concrete's
structural integrity provides additional safeguards
against earthquakes and extreme weather. Azunna and
Ogar (2021) investigated the properties of concrete with
partial replacement of stone chips with burnt brick
waste and found that compressive strength increases
from 0% to 20% burnt brick waste, but decreases as the
percentage of over-burnt brick waste increases. Joshi
(2020) explored the use of over-burnt brick as a coarse
aggregate in concrete, comparing its properties with nat-

ural stone aggregates, revealing that burnt brick aggre-
gates performed comparably well, with compressive
strengths of 24.9 MPa at a w/c ratio of 0.45 at 28 days,
slightly higher than natural stone aggregates in similar
conditions. Apebo et al. (2014) studied the use of over-
burnt brick bats as coarse aggregates. Their results indi-
cated that compressive strength increased when up to
20% of coarse aggregate was replaced with brick bats.
Lonth et al. (2018) examined the mechanical properties
of concrete containing brick chips. Their study revealed
a46% decrease in cylindrical compressive strength. This
indicates that 25% of the virgin aggregate in concrete
can be substituted without altering the mix design. Ra-
shid et al. (2012) investigated the effects of replacing
natural stone chips with crushed clay-brick aggregate in
concrete. The results reveal that replacing stone with
brick aggregate lowers compressive strength by 33%.
Habib et al. (2022) emphasized the benefits of internal
curing in concrete mixes with partial brick chip replace-
ment. By utilizing different proportions of brick chips
(e.g., 50%, 75%, and 100%), the study found that curing
conditions like 7-WP (seven days underwater with poly-
thene cover) and 3-WP (three days underwater with pol-
ythene cover) improved the compressive strength of
brick chip-based concrete. Chen et al. (2019) highlighted
the potential of recycled clay brick aggregate (RBA) con-
crete for sustainable construction. Studies indicate that
RBA improves internal curing, significantly enhancing
compressive strength at 14 days, especially at replace-
ment ratios between 40% and 60%. Optimal results
show a 20-28% gain at 28 days. More recent findings
also indicate that recycled brick aggregate can retain ac-
ceptable mechanical performance at moderate replace-
ment levels, whereas higher replacement ratios may lead
to more pronounced strength reductions (Niroula and
Bhatt 2026).

The study on the effects of replacing natural stone ag-
gregate with crushed clay-brick chips in concrete found
that replacing stone with brick chips reduced the unit
weight by 14.5%. Dwivedi (2017) investigated the prop-
erties of concrete with burnt brick chips and C&D waste.
The study supported the viability of burnt bricks as an
eco-friendly alternative, particularly in light-load appli-
cations. Rashid et al. (2012) inspected the effects of re-
placing natural stone aggregate with crushed clay-brick
chips in concrete, suggesting that mixed aggregates can
provide structural benefits, such as lower dead load, par-
ticularly in areas where natural aggregates are scarce.
Proposed methods for estimating the mechanical char-
acteristics of mixed-aggregate concrete are presented.
Daniel (2025) explored the properties of concrete with
partial substitution of stone chips with burnt bricks and
reported a high-water absorption rate of 12-20% by
mass.

Despite the growing interest in sustainable construc-
tion materials, the utilization of brick aggregates in
structural concrete remains limited due to concerns re-
garding their mechanical and durability performance.
However, brick chips have the potential to provide an al-
ternative coarse aggregate, particularly in regions where
natural stone chips are scarce or where large quantities
of brick waste are generated from demolition activities.
Therefore, a comprehensive understanding of the fresh
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and hardened properties of brick chips concrete is nec-
essary to evaluate its suitability for structural applica-
tions, such as non-structural elements and lightweight
construction. In this study, concrete mixtures incorpo-
rating different proportions of brick chips (0%, 20%,
40%, 60%, 80%, and 100%) as a replacement for stone
chips were evaluated. The workability, unit weight, me-
chanical properties, and water absorption characteris-
tics of concrete were experimentally assessed and com-
pared with those of normal concrete. The outcome of this
research is intended to provide insights into the feasibil-
ity of using brick chips as a sustainable aggregate mate-
rial in concrete production and to contribute to the en-
hancement of more sustainable construction practices.

2. Materials and Methodology
2.1. Raw materials

In this study, Portland cement has been utilized as the
binding agent. Specifically, PREMIER Cement, a Portland

cement, has been utilized and originates from the town
of Dinajpur. Fine aggregates are small-sized filler mate-

rials used in construction. In this study, sand is treated
as a fine aggregate. The maximum size of stone chips is
determined by the nature of the work. This study em-
ployed locally available stone chips of a maximum size of
19 mm. The aggregates were washed to eliminate dust
and grime, then dried to a saturated surface-dry (SSD)
condition. This study employed brick chip aggregates
from Dinajpur's brick field, conforming to ASTM C33
(2023), with a nominal maximum brick chip size of 19
mm. The raw materials utilized in this study are pre-
sented in Fig. 1; the gradation curves of sand, stone and
brick chips are displayed in Fig. 2; and the physical prop-
erties are depicted in Table 1.

2.2. Mixing and preparation

Workability tests were performed for each concrete
mix in accordance with ASTM C 143/C143M (2026). In
this study, the volumetric substitution of stone chips
with brick chips examined was 0%, 20%, 40%, 60%,
80% and 100%, while all other parameters remained
constant. The quantities of materials required per m3 to
produce 25 MPa grade concrete with different brick per-
centages are specified in Table 2.

(a) Cement

Fig. 1. Raw materials utilized in this study.
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Fig. 2. Gradation curve of sand, stone and brick chips.
Table 1. Physical characteristics of raw material used in this study.
Coarse aggregate
Physical properties Fine aggregate
Stone chips Brick chips

Bulk specific gravity (SSD)
(ASTM C127 2025; ASTM €128 2025) 2.70 2.78 2.18
Water absorption (%)
(ASTM C127 2025; ASTM €128 2025) 3.14 Ol 8.90
Fineness modulus
(ASTM C136 2015) 2 Shic e
Unit weight (kg/m?) 1590 1545 1135

(ASTM C29 2023)

Table 2. Concrete mix proportion used in this study.

Mix ID Cement Sand Brick chips Stone chips Water
MO 388 772 0 1031.0 185.1
M20 388 772 206.2 824.8 185.1
M40 388 772 412.4 618.6 185.1
M60 388 772 618.6 4124 185.1
M80 388 772 824.8 206.2 185.1
M100 388 772 1031.0 0 185.1

** All units of the table are in kg/m3.

The test samples were separated into six series, and
the subsequent concrete mixes were categorized as Mo,
Ma2o, Mo, Mo, Mso and Mioo. Where ‘M’ refers to ‘concrete
mix’ and the subscript refers to the “percentage of stone
chips replaced by brick chips from the total coarse ag-
gregate”. In each series, 3 concrete cylinders were cast,
cured, and tested for mechanical properties (3 speci-
mens for each property). In this study, a total of 54 cylin-
ders were prepared for compressive strength and 54 for
splitting tensile strength, and tested at 7, 14, and 28 days.

The cylindrical molds were demolded and transferred to
a water container for approximately 24 hours of curing
after casting. Curing was performed by immersing the
cylindrical specimen in water in accordance with ASTM
C192 (2026). In this study, both fine and coarse aggre-
gates (stone and brick chips) were used in the SSD con-
dition, with normal tap water. Curing was performed for
7, 14, and 28 days, per ASTM C31 (2019). The summary
of the experimental program in this study is depicted in
Table 3.
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Table 3. Summary of experimental program.
Test type Codes Specimen size (mm) Number of samples Age of samples (days)
Compressive strength ASTM C39/C39 M (2023) 100 x 200 Type of mixturex3x3 7,14, and 28
Splitting tensile strength ASTM C496 (2017) 100 x 200 Type of mixturex3x3 7,14, and 28
Elastic modulus ACI CODE-318-19 (2022) 100 x 200 Type of mixturex3x3 7,14, and 28
Water absorption capacity ASTM C642 (2001) 100 x 200 Type of mixturex3x3 28

** Type of mixture = 6, 3 = samples for each test and 3 = number of curing days.

2.3. Experimental methodology
2.3.1. Material testing

Concrete specimens (100 mm x 200 mm) were tested
for compressive strength based on ASTM C39/C39M
(2023) and splitting tensile strength based on ASTM
C496 (2017) using a CTM with a capacity of 1500 kN at

- —

7, 14, and 28 days of curing, with loading rates of 0.33
MPa/s for compressive and 0.067 MPa/s for splitting
tensile strength, respectively.

The specimen was placed under a bearing block, and
a gradual load application was started. The loading was
displayed on the screen and noted down. Fig. 3 shows
the set-up for the mechanical property tests of con-
crete.

Fig. 3. (a) Compressive and (b) splitting tensile strength test set-up used in this study.

2.3.2. Modulus of elasticity

The modulus of elasticity of a concrete specimen,
commonly known as Young’s modulus, is generally a
measure of resistance to deformation under loading. As
per ACI CODE-318-19 (2022), the modulus of elasticity
of the specimens can be obtained from the compressive
strengths at 7, 14, and 28 days, as per ASTM C39/C39 M
(2023). The modulus of elasticity of concrete specimens
is described by Eq. (1), as it can be used as normal-
strength concrete.

E, = 4700 /. (MPa) (1)

where f,' is the compressive strength of concrete at the
corresponding curing age, in MPa.

2.3.3. Water absorption capacity

The concrete cylinders were evaluated for water ab-
sorption capacity after 28 days of curing, in accordance
with ASTM C642 (2001). At first, the weights of specimens
were recorded in the SSD condition. After that, the speci-
mens were leftin an ovenat 100-110 °C for 24 hours, and
the oven-dried (OD) weights were recorded again. Fig. 4
represents the water absorption capacity (WAC) test of
cylindrical specimens conducted in this study.
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Fig. 4. Water absorption capacity test
conducted in this study.

Finally, the water absorption capacity (WAC) was es-
timated using Eq. (2).

Water Absorption Capacity (%) = (?) x 100 (2)
where A is the weight of oven-dried specimen in air (g)
and B is the weight of SSD conditioned specimen in air

(8).

2.3.4. Unit weight

The term unit weight of the cylindrical specimen, ex-
pressed in kg/m3, according to ASTM C138 (2023), re-
fers to the weight of a concrete specimen per unit vol-
ume. To evaluate the unit weights of concrete specimens
with various BC percentages (0% to 100%), weights
were recorded in both the SSD and OD conditions. This
was followed by dividing these values by the measured
specimen volume.

3. Results and Discussion
3.1. Slump test

The slump value of concrete mixtures containing dif-
ferent proportions of BC as a replacement for natural
coarse aggregates was determined using the workability
test specified in ASTM C143 (2026). The results are dis-
played in Fig. 5. As observed, the slump value of the con-
trol mix (0% BC) was approximately 110 mm, indicating
good workability of the conventional concrete mixture.

120 -

100
80
£ ]
E 60 ]
E- ]
35 40 1
v ]
20
0 ]

0%BC 20% 40% 60% 80% 100%

BC BC BC BC BC

(b) Mix ID

Fig. 5. (a) Workability measurement; (b) Variation of the slump value of the concrete.

With the incorporation of brick chips, a gradual de-
crease in slump was monitored. The slump decreased to
about 105 mm, 95 mm, 90 mm, 80 mm, and 70 mm for
mixes containing 20%, 40%, 60%, 80%, and 100% BC,
respectively. The reduction in slump with increasing
brick chip content can be attributed primarily to the
higher WAC and rough, porous surface texture of brick
aggregates compared to natural coarse aggregates.
These characteristics increase the internal friction be-
tween particles and reduce the free water present in the
mix, thereby decreasing the flowability of fresh concrete.

Similar trends have been reported in previous studies on
recycled brick aggregate concrete (Debieb and Kenai
2008; Mansur et al. 1999).

3.2. Mechanical properties

At 7,14, and 28 days, the compressive strengths of BC
concrete for various replacement levels of stone chips by
brick chips (0%, 20%, 40%, 60%, 80%, and 100%) are
depicted in Fig. 6.
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Fig. 6. Compressive strength of concrete at 7, 14, and 28-days.

From Fig. 6, the highest compressive strength at 7
days was observed by 0% BC, at 18.30 MPa. For 20%,
40%, 60%, 80%, and 100%, the values were 17.82,
17.13, 15.75, 14.82, and 14.22 MPa, respectively. For
compressive strength at 14 days, a significant increase is
observed. The compressive strength of the control mix
has been found to be 25.05 MPa. The highest compres-
sive strength was observed with a 20% replacement of
SC by BC. From Fig. 6, the concrete specimen with 40%
replacement of stone chips with brick chips attains a
compressive strength of 25.80 MPa, exceeding the de-
sign value of this research. Higher replacement levels of
stone chips with brick chips (60%, 80%, and 100%) have
not yielded satisfactory compressive strength (Cachim
2009; Debieb and Kenai 2008; Yang et al. 2011). The var-
iation in compressive strength was observed as 2.62%,
6.39%, 13.93%, 19.02%, and 22.30% for 20%, 40%,
60%, 80%, and 100% BC, respectively, compared to 0%

BC concrete at 7 days of curing. Alternatively, in 28 days,
the variation in compressive strength was 2.29%, 6.28%,
14.17%, 19.54%, and 22.85% for 20%, 40%, 60%, 80%,
and 100% BC, respectively. The decrease in compressive
strength with increasing brick chip replacement can pri-
marily be attributed to the inferior mechanical proper-
ties and higher porosity of brick aggregates compared to
those of natural coarse aggregates. Brick chips generally
have lower crushing strength and stiffness, thereby re-
ducing the load-carrying capacity of concrete under ten-
sile stress (Debieb and Kenai 2008). In addition, brick ag-
gregates have a highly porous, rough microstructure,
leading to greater water absorption. This may create a
more porous cement matrix, ultimately weakening the
concrete structure.

The split tensile strength of BC concrete as a substitu-
tion for natural coarse aggregate at 7, 14, and 28 days is
presented in Fig. 7.

u 7 days

H 14 days

m 28 days

Split tensile strength (MPa)

0% BC

20% BC

40% BC

60% BC
Mix ID

80% BC 100% BC

Fig. 7. Splitting tensile strength of concrete at 7, 14, and 28-days.
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The results indicate that the split tensile strength in-
creases with curing age for all mixtures, reflecting the
normal hydration and strength development of cementi-
tious materials. The control (0% BC) showed the highest
tensile strength at the tested ages, with values of approxi-
mately 3.0, 4.2, and 5.2 MPa at 7, 14, and 28 days, respec-
tively. As the percentage of brick chips increased, a grad-
ual decrease in split tensile strength was monitored. For
mixtures containing 20% and 40% BC, the reduction in
strength was relatively moderate. The 28-day tensile
strength for these mixes was about 4.7 MPa and 4.3 MPa,
respectively, indicating that partial replacement of natu-
ral aggregates with brick chips still maintains reasonable
tensile performance. However, when the replacement

level exceeded 60%), the reduction in tensile strength be-
came more pronounced. The mixes containing 60%, 80%,
and 100% BC exhibited 28-day strengths of approxi-
mately 3.8, 3.6, and 3.1 MPa, respectively. The decrease in
splitting tensile strength with increasing brick chip con-
tent can be attributed to lower mechanical strength of BC
concrete, higher porosity, and a weaker interfacial transi-
tion zone (ITZ) between the cement paste and brick ag-
gregates, compared with natural coarse aggregates
(Cachim 2009; Debieb and Kenai 2008; Yang et al. 2011).
Brick chips also possess a more porous structure, which
can reduce effective bonding and load transfer within the
concrete matrix. The correlation between compressive
and splitting tensile strength is depicted in Fig. 8.

® 7days ® 14 days 28 days
—— Linear (7 days) —— Linear (14 days) Linear (28 days)
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Fig. 8. Correlation between compressive and splitting tensile strength.

The results from Fig. 8 show a positive linear correla-
tion among mechanical properties for all curing ages.
The regression equations obtained from (3) to (5) are
defined.

At 7 days (R? ~ 0.9744), the relationship is expressed as:

f: = 0.2564 x f — 1.8368 3)
where, f; represents splitting tensile strength (MPa) and
f. denotes compressive strength (MPa).

The very high R? value indicates that approximately
97.44% of the variation in tensile strength was governed
by compressive strength development. The relatively
steep slope suggests that early-age hydration products
effectively contributed to both compressive load-bear-
ing capacity and crack-bridging resistance. However, the
lower intercept reflects the incomplete microstructural
densification at early ages, which is typical for concrete
containing supplementary cementitious materials
(SCMs).

While for 14 days (R? ~ 0.9698) and 28 days (R? ~
0.9543), the relationships are:

f, = 0.2591 x f/ — 2.4255 (4)

(5)

where, f; represents splitting tensile strength (MPa) and
f'c denotes compressive strength (MPa).

The increase in compressive strength corresponded
with a proportional increase in tensile strength, indicat-
ing continued hydration and improved interfacial transi-
tion zone (ITZ) characteristics. The slightly reduced R?
value for 14 days compared to 7 days may be attributed
to the transitional pozzolanic activity of concrete parti-
cles, where different replacement levels could exhibit
varying hydration kinetics during intermediate curing
ages The higher slope at 28 days indicates a greater rate
of tensile strength enhancement relative to compressive
strength development. This behavior suggests that pro-
longed curing promoted secondary hydration and poz-
zolanic reactions, resulting in a denser microstructure
and stronger aggregate-paste bonding (Debieb and Ke-
nai 2008). The improvement in tensile capacity may also

fi = 02918 x f/ —3.0131
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be associated with pore refinement and reduced mi-
crocrack propagation due to the filler and nucleation ef-
fects of fine particles. However, compared to the modu-
lus of elasticity relationship, the correlation is slightly
weaker, reflecting the greater sensitivity of tensile
strength to microstructural defects and heterogeneity. A
key observation is that the slope of the regression line
increases with curing age, indicating that the rate of ten-
sile-strength gain relative to compressive-strength gain
becomes more pronounced at later ages. This may be at-
tributed to the progression of the ITZ and enhanced
bonding between cement paste and aggregates over
time. However, the intercepts are negative for all ages,

20% BC

0% BC

which is physically unrealistic at very low compressive
strengths. This suggests that the linear model is valid
only within the tested strength range and should not be
extrapolated beyond the experimental data (Khan et al.
2020).

3.3. Failure modes

Failure modes of the concrete specimens in compres-
sion and splitting tensile tests are illustrated in Figs. 9 and
10, respectively. In this case, columnar vertical cracking
through both ends was found, and no well-formed cones
were visible after the completion of the test.

4

60% BC 80% BC 100% BC

—=

Fig. 10. Failure pattern of concrete specimens at 28 days for splitting tensile load.
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Under compressive loading, the concrete specimens
generally exhibited a brittle mode of failure, character-
ized by the formation of vertical cracks parallel to the
loading direction (Fig. 9). Initially, microcracks develop
within the ITZ and propagate through the cement matrix
and aggregate as the load increases (Akhtaruzzaman and
Hasnat 1983; Lee 1993; Debieb and Kenai 2008; Poon
and Chan 2006). At peak load, these cracks coalesce, re-
sulting in sudden crushing of the specimen. For conven-
tional concrete, failure is typically accompanied by well-
defined diagonal or columnar cracking. However, con-
crete containing brick chips, the failure tends to be more
irregular and less explosive, with cracks propagating
through the weaker brick aggregates. The presence of
porous brick particles leads to localized crushing and
earlier crack initiation, thereby reducing the overall
load-bearing capacity. In the splitting tensile test, the
specimens predominantly failed by longitudinal splitting
along the vertical diameter (Fig. 10). A major crack
formed along the loading plane, dividing the cylinder
into two halves. This crack is initiated due to tensile
stresses perpendicular to the applied compressive load.
In mixes with brick chip aggregates, the failure surface
was rougher and more irregular, indicating a weaker

bond between the cement paste and the aggregate. Crack
propagation was often influenced by the porous struc-
ture of brick particles, leading to multiple secondary
cracks and reduced tensile resistance compared to con-
ventional concrete (Akhtaruzzaman and Hasnat 1983;
Debieb and Kenai 2008; Poon and Chan 2006). Overall,
the failure patterns indicate that while conventional con-
crete shows relatively uniform, well-defined cracking,
brick aggregate concrete exhibits more heterogeneous,
less stable failure behaviour, with weaker ITZ character-
istics.

3.4. Modulus of elasticity

The estimated modulus of elasticity of BC concrete,
calculated using the ACI CODE-318-19 (2022) empirical
equation, is presented in Fig. 11. As shown in Fig. 11, the
modulus of elasticity increased with curing age for all
concrete mixtures, which is attributed to the continued
cement hydration and the progressive densification of
the cementitious matrix. The control mix (0% BC) exhib-
ited the highest modulus values at all curing periods,
ranging from approximately 20.0 to 24.50 GPa at 7, 14,
and 28 days, respectively.

m 7 days H 14 days 28 days
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Fig. 11. Modulus of elasticity of concrete at different mix levels.

With the incorporation of brick chips as coarse aggre-
gate, a gradual fall in the modulus of elasticity was noted.
For mixtures containing 20% and 40% BC, the reduction
was relatively small, with 28-day modulus values of ap-
proximately 24.3 and 23.8 GPa, respectively. However,
as the replacement level increased to 60%, 80%, and
100%, the modulus values decreased further to around
22.8, 22.1, and 21.7 GPa, respectively. The decline in
elastic modulus as brick chip content increases is due to
the reduced stiffness and increased porosity of brick
chips compared with those of stone chips. Brick particles
generally exhibit a more porous microstructure and
lower elastic stiffness, thereby reducing the overall ri-
gidity of the concrete composite (Mohammed et al.
2023). Despite this decrease, the results indicate that

moderate replacement levels (up to about 40%) still pro-
vide relatively high modulus values, suggesting that par-
tial substitution of natural aggregates with brick chips
can produce concrete with acceptable elastic properties.
The correlation between the elastic modulus and the
compressive strength of concrete is shown in Fig. 12.
The high correlation is expected because the elastic
modulus values were calculated directly from compressive
strength using an empirical equation. Therefore, this rela-
tionship should not be interpreted as an independent ex-
perimental correlation. This indicates that the elastic stiff-
ness of concrete is highly dependent on its compressive
strength, which is consistent with established theoretical
and empirical relationships in concrete mechanics. The re-
gression equations obtained from (6) to (8) are defined.
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Fig. 12. Correlation between modulus of elasticity and compressive strength.

At 7 days, the relationship is expressed as:
E = 0.5835 X f, +9.4429 (6)

where E represents the modulus of elasticity (GPa) and
f. denotes compressive strength (MPa). The relatively
steeper slope at an early age suggests that initial in-
creases in compressive strength significantly influenced
the development of stiffness. This behaviour is primarily
associated with the rapid formation of hydration prod-
ucts and the progressive development of a rigid cementi-
tious skeleton during early curing.
While for 14 and 28 days, the relationships are:

E = 0.4994 x f/ + 11.032 (7)

E = 04764 x f/ + 11.564 (8)

where E represents the modulus of elasticity (GPa) and
fe denotes compressive strength (MPa).
The continued linearity indicates that elastic stiffness
consistently increased with compressive strength as hy-
dration progressed. The slightly lower slope at 14 days
compared with the 7-day relationship suggests that, alt-
hough compressive strength continued to increase, the
rate of stiffness gain became comparatively moderate
due to gradual microstructural stabilization. The 28-day
mixtures exhibited the highest modulus of elasticity val-
ues, reaching approximately 24-25 GPa at higher com-
pressive strengths. The improvement in stiffness at later
ages may be attributed to continued hydration and the
pozzolanic contribution, which likely enhanced matrix
densification and aggregate-paste interaction. The re-
duced slope at 28 days indicates that, once the concrete
microstructure becomes relatively mature and compact,
additional compressive-strength increments contribute
less to elastic stiffness enhancement. It should be noted
that the modulus of elasticity values reported in this

study were estimated using the empirical ACI equation
based on compressive strength, rather than being deter-
mined experimentally through direct mechanical testing.
Therefore, the exceptionally high correlations observed
between compressive strength and elastic modulus are
inherently mathematical in nature and should not be in-
terpreted as independent experimental validation of
elastic behaviour. Future investigations should incorpo-
rate direct modulus testing in accordance with ASTM
C469 (2014) to provide a more reliable assessment of
the elastic performance of DBS concrete.

3.5. Unit weight

The unit weight of the produced cylindrical mold was
investigated at various percentages of stone chips re-
placed by brick chips. The data obtained are presented
in Fig. 13.

Concrete with 0% BC replacement resulted in OD and
SSD unit weights of 2381.28 kg/m3 and 2562.13 kg/m3,
respectively. But when a 20% BC replacement is intro-
duced, the OD and SSD unit weights tend to decrease to
2224.66 kg/m3 and 2429.57 kg/m3, respectively. A simi-
lar decrease in unit weight is observed at 40%, 60%,
80%, and 100% BC replacement. In mixtures with low
replacement levels (20-40% BC), the reduction in unit
weight is usually small because natural aggregates still
dominate the mixture. However, at higher replacement
levels (60-100%), the decrease becomes more pro-
nounced as a larger portion of the dense natural aggre-
gates is replaced by lighter brick particles. The unit
weight (density) of concrete containing brick chips (BC)
as coarse aggregate generally decreases with increasing
brick chip replacement levels (Debieb and Kenai 2008;
Zihan 2017). This behaviour is mainly due to the lower
density and higher porosity of brick aggregates com-
pared with natural stone aggregates. This trend indi-
cates that varying BC percentages result in lower unit
weight and, consequently, reduced overall dead load.
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Fig. 13. Comparison between unit weights of various concrete mixes with different percentage replacements.

3.6. Water absorption capacity

The WAC of the cylindrical specimens is shown in Fig.
14. An increasing trend in water absorption is observed
as the volumetric replacement increases. At 0% BC re-
placement, the absorption is 7.59%; it increases to
7.89% with 20% BC replacement. A significant 0.64% in-
crease is evident in the case of 40% BC compared to 20%
BC, that is 8.53%. The absorption capacity has gradually
increased by 60% and 80% BC. In mixtures containing
low to moderate brick chip replacement levels (e.g., 20-
40%), the increase in water absorption is usually mod-
erate and may still fall within acceptable durability lim-
its. Eq. (9) shows the exponential equation for the WAC
of concrete with R? ~ 0.9178.

y = 7.4342 x e00343% 9)

where y is the % of water absorption, and x is the % of
brick chips. However, at higher replacement levels (60-
100%), the water absorption tends to increase more sig-
nificantly owing to the cumulative consequence of the
porous brick aggregates and the weaker ITZ between the
brick particles and the cement paste (Debieb and Kenai
2008; Mansur et al. 1999). As the percentage of brick
chips in the concrete mixture increases, the concrete ma-
trix's overall porosity tends to increase, leading to higher
water absorption. Brick aggregates possess a more po-
rous microstructure and rough surface texture, which al-
lows them to absorb more water during mixing and cur-

ing.
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Fig. 14. Water absorption capacity of a concrete specimen with mixed BC proportions.
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3.7. Cost analysis

The costin BDT of 1 m3 of concrete with different pro-
portions of BC, and the variation in cost with % brick
chips, is depicted in Fig. 15. Here, the cost of concrete
production is shown in Bangladeshi Taka (BDT).

Fig. 15 shows a decreasing trend in the cost of con-
crete made with different proportions of brick chips. It is
clear that the overall cost of concrete decreases progres-
sively as brick chip replacement increases. The control
mix (0% BC) has the highest cost at approximately

16,700 BDT, while the 100% BC mix has a cost of around
13,600 BDT, representing a total reduction of about 18-
20%. This decreasing trend can primarily be attributed
to the lower cost and greater availability of brick chips
compared to conventional natural coarse aggregates. In
many regions, brick chips are obtained as construction
or demolition waste, significantly reducing material pro-
curement costs. As the proportion of brick chips in-
creases, the reliance on relatively expensive natural ag-
gregates decreases, resulting in a more economical con-
crete mixture.

mm Total Cost ----Exponential (Total Cost)
18000 -
1 mol----- y = 17492xeg 0041
] 1 R R? = 0.9989
15000 - ™ S —
12000 1
= 1
2 ]
2 9000
- 1
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Fig. 15. Comparison between production cost and various BC concrete mixes.

Eq. (10) shows the total production cost (BDT) of con-
crete mixed with various proportions of brick chips with
R% % 0.9989.

y = 17492 x g70-041x (10)
where y is the cost of concrete in BDT, and x is the % of
brick chips.

However, a critical evaluation of this trend indicates
that the cost reduction is not linear with respect to per-
formance efficiency. While the economic benefit is clear,
higher replacement levels (above 60%) are associated
with notable reductions in mechanical properties and
modulus of elasticity, as well as increased water absorp-
tion and reduced durability. Therefore, although the
100% BC mix is the most cost-effective, it may not be
suitable for all structural applications. From a sustaina-
bility perspective, the use of brick chips contributes to
waste valorization and reduction in natural resource de-
pletion, further enhancing the environmental and eco-
nomic benefits. Nevertheless, an optimum replacement
level (typically 40%) may provide a balanced compro-
mise between cost efficiency and mechanical perfor-
mance, making it more appropriate for practical applica-
tions.

4., Conclusions

This study examined the effects of replacing natural
coarse aggregates (NCA) with brick chips (BC) on con-
crete properties. The results provided key insights into
the behaviour and performance of brick-chip concrete.

e The optimum brick chip replacement percentage ob-
tained in this study is 40% based on mechanical prop-
erties. Replacement percentages above this do not
yield satisfactory results.

e A 40% replacement of stone chips with brick chips
achieved a compressive strength of 25.80 MPa, ex-
ceeding the design strength of 25 MPa.

e A 40% substitution of stone chips with brick chips
also results in a significant reduction in total concrete
production cost.

e The slump value decreased as the proportion of brick
chips increased. This reduces workability due to the
rough surface texture and higher porosity of brick
chips, which absorb more water compared to natural
aggregates.

o The unit weight of concrete decreased with increasing
brick chip content, thereby reducing the overall dead
load. This reduction in weight may offer benefits in
certain applications where lower weight is desirable
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(e.g., non-load-bearing structures or lightweight con-

crete solutions).

e The study found greater water absorption capacity,
up to around 9%, in 100% BC mixes with higher brick
chip replacement than in natural aggregate mixes.
The porous nature of brick chips increased absorp-
tion, potentially affecting the durability of concrete
under certain environmental conditions.

¢ Although higher brick-chip replacement levels signif-
icantly reduce concrete costs, an optimal balance
(40% BC) between economic benefits and engineer-
ing performance must be achieved to ensure struc-
tural reliability.

Further studies are recommended that focus on the
experimental modulus of elasticity and the long-term
durability of brick-chip concrete, including resistance to
freeze-thaw cycles, corrosion, and chemical exposure, to
assess its suitability for environmental exposure.
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1. Introduction

of anthropogenic greenhouse gas emissions (Miller and

Moore 2020; UNEP 2026; Yu et al. 2024). In the context

Cement production is among the most energy-inten-
sive industrial processes, accounting for 3% of annual
global energy production and contributing to about 8%
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of the energy transition, political, regulatory and techno-
logical pressures are leading to a reconsideration of tra-
ditional manufacturing pathways and underline the ur-
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gency of low-carbon cement manufacturing approaches.
Indeed, one of the proposed and effective solutions con-
sists in partial replacement of Portland cement clinker
by alternative materials exhibiting pozzolanic or latent
hydraulic properties.

Various Supplementary Cementitious Materials
(SCMs), such as blast furnace slag (BFS), fly ash (FA), me-
takaolin (MK), silica fume (SF), natural pozzolan (NP)
and limestone filler (LF), have been widely used in mor-
tar and concrete mixtures (Khan et al. 2022; Pang et al.
2022; Berkak etal. 2025; Al-Safi et al. 2025; Chenafi et al.
2026). The impact of SCMs on the future of the cement
industry will depend on multiple factors, including the
availability, production efficiency and profitability of
these SCMs. Their effects on mortar performance are
also strongly dependent on replacement level and
binder composition (Mohamad et al. 2025).

In addition, the development of quaternary composite
cements combines scientific and technological advances
in the fields of cement and concrete. It effectively meets
mechanical performance requirements while promoting
sustainable development and environmental preserva-
tion (Alcan et al. 2024; Makhloufi et al. 2012; Vignesh
and Rahim 2022; Makhloufi et al. 2015). In quaternary
mixtures, an optimal LF replacement level in the binder
of between 8 and 17% leads to an early-age reaction
equivalent to or greater than that of OPC and to a com-
pressive strength at 28 days comparable to that of binary
mortar mixtures (Mounanga et al. 2011). The detri-
mental effect of silica fume (SF) on the workability of
fresh mortar can be compensated by the simultaneous
use of SF and LF (Zeli¢ et al. 2009; Li et al. 2019). Moreo-
ver, mortars and concretes containing a quaternary
binder, composed of cement simultaneously incorporat-
ing fly ash (FA), LF and metakaolin (MK), may also be
more efficient than CEM I cement in terms of compres-
sive strength after 28 days of curing, but they have a low
initial strength due to the dilution effect of LF; further-
more, when the LF content increases from 5% to 10%,
the reduction in strength becomes significant (Lin et al.
2021). According to work of Rojo-Lépez et al. (2020),
quaternary binder mortars containing granulated blast
furnace slag (GGBS) and MK have better performance in
terms of permeability and compressive strength than
those using LF.

The pozzolanic reaction occurs through the chemical
interaction between the amorphous silica or silica and
alumina present in SCMs and calcium hydroxide
(Ca(OH),), generated during cement hydration. This re-
action leads to the formation of additional hydration
products, mainly C-S-H and C-A-S-H gels, which con-
tribute to the enhancement of mechanical strength (Al-
lahverdi and Salem 2010). Dave et al. (2016) reported
that quaternary blended cements, incorporating me-
takaolin (MK) at a high replacement level of 50% with fly
ash (FA) and silica fume (SF), can achieve compressive
strength comparable to that of the control mortar at
early ages. Moreover, the compressive strength was
found to increase significantly during the early age as the
MK content in the quaternary system increases. This en-
hancement is primarily attributed to the activation of
tricalcium aluminate (C3A) and tricalcium silicate (C3S)
phases in Portland cement (Dave et al. 2017).

Nevertheless, the use of SCMs, especially with high
substitution rates, is often limited by a slow strength de-
velopment during the early ages of cement hydration
(Dong et al. 2002). An improvement in its responsive-
ness is therefore required through the use of SCM activa-
tion techniques (Dong et al. 2002; Sajedi and Razak
2011a, 2011b). Several methods have been imple-
mented to increase the reactivity of pozzolanic materials
in the short term. They can be classified into three cate-
gories: mechanical (grinding), thermal (thermal curing),
and chemical (Go et al. 2010; Allahverdi and Mahin-
roosta 2013; Ababneh et al. 2025; Li et al. 2013; Elbar et
al. 2018). Each method of SCM activation has advantages
and limitations.

Mechanical activation, induced by grinding, results
from a set of transformations: particle fracture, various
physicochemical changes in volume and surface (Kumar
and al. 2008), while generating defects (dislocations,
surface amorphization) (Sobolev 2005). The accumu-
lated mechanical energy during grinding increases the
specific surface area and reactivity of the material,
thereby enhancing early-age strength through the
greater availability of reactive silica for the formation of
calcium silicate hydrate (C-S-H) (Zivanovic et al. 2002;
Indrawati and Manaf 2008; Ababneh et al. 2025), hence
the sustained interest and numerous studies on the sub-
ject (Kumar et al. 2008; Oner et al. 2003; Fu et al. 2008).

Allahverdi and Mahinroosta (2013) reported that all
the results show that mechanical activation is an effec-
tive approach, used in addition to other techniques, to
improve the performance of cementitious systems con-
taining a high proportion of chemically activated slag.
However, extended milling duration increases energy
consumption, which can limit large-scale adoption.
Moreover, the cost-effectiveness of mechanical activa-
tion remains a concern.

Moreover, thermal curing at high temperature inevi-
tably induces significant changes in the physicochemical
and mechanical properties of SCMs (Sajedi and Razak
2011a; Allahverdi and Saffari 2011). Increasing the cur-
ing temperature accelerates hydration kinetics in ac-
cordance with Arrhenius’s law, thereby promoting the
development of higher early-age mechanical strength in
slag cement mortars (Ezziane 2010). When the curing
temperature exceeds 30 °C, a reduction in the final set-
ting time is generally observed, thus reflecting an accel-
eration of the curing process of pozzolanic mortars (Ab-
abneh et al. 2025).

However, the application of thermal activation re-
mains poorly adapted to conventional concretes, mainly
due to its high energy consumption and technical con-
straints related to practical conditions. The prolonged
exposure to high temperatures can cause thermal
shrinkage phenomena and promote the appearance of
cracks, particularly in mass concrete structures (Ab-
abneh et al. 2025).

Chemical activation involves the incorporation of al-
kaline activators, such as sodium hydroxide (NaOH) or
sodium sulfate (Na,S0,), aimed at giving the material a
cementitious character and/or activating its latent hy-
draulic properties (Bellmann and Stark 2009; Sajedi and
Razak 2011b). The type of alkaline activator can also sig-
nificantly influence the resulting mechanical perfor-
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mance (Unal and Canbaz 2025). In concretes incorporat-
ing pozzolans, chemical activators (e.g., NaOH, Na,S0,),
introduced either during SCM grinding or at the mixing
stage, accelerate the pozzolanic reaction and enhance
strength development (Shi and Day 2001).

Although the introduction of one or more activators
increases the overall cost of the materials, the cost rela-
tive to the enhancement in mechanical strength obtained
decreases (Shi and Day 2001).

However, this activation method remains limited by
the long-term stability of the reaction products and by
the environmental impacts associated with the use of
chemical reagents. Moreover, the effectiveness of chem-
ical activation depends closely on the composition of the
pozzolan, which differs from one region to another (Ab-
abneh et al. 2025).

1.1. Scope and significance

SCMs, such as natural pozzolan and blast furnace slag,
generally develop lower compressive strengths at early
ages compared to Portland cement, especially at high re-
placement levels (Ghrici 2007). Despite the extensive re-
search devoted to the activation of a SCM by a single and
isolated approach, studies on the combined influence of
mechanical, chemical and thermal activations on the
physico-mechanical properties of mortars with quater-
nary binders and high substitution rates remain insuffi-
cient. Moreover, the lack of systematic experimental ap-
proaches limits the understanding of both individual and
interaction effects of these activation strategies. In the
context, the present study aims to fill this gap by evalu-
ating, using a fractional factorial plan, the joint effect of
these three SCM activation methods on the compressive
strength of quaternary binder mortars at early-age with
a substitution rate of 50% of Portland cement. A frac-
tional factorial design is employed to not only assess the
overall effect of these activation methods but also to
quantify their main and interaction effects on early-age
compressive strength. This approach provides new in-

sights into the synergistic behavior of multiple activation
strategies in highly substituted quaternary systems.

2. Materials and Experimental Procedures
2.1. Raw materials

Binders used in this research include ordinary Port-
land cement (OPC) and SCMs, such as limestone fillers
(LF), blast furnace slag (BFS) and natural pozzolan (NP).
The chemical and mineralogical compositions of OPC and
SCMs, determined by X-ray fluorescence (XRF), are pre-
sented in Table 1. The densities of OPC, LF, BFS, and NP
are 3.0, 2.7, 2.8, and 2.6 g/cm3, respectively. The Blaine
specific surface area (cm?/g) of the cement is 3500 while
that of the SCM is 3800 and 6000 (+ 100). X-ray diffrac-
tion analyses of the SCMs used are shown in Fig. 1.

Crushed limestone sand was used. The filler content
passing through the 80 pm diameter sieve is 8.25 %,
which is acceptable according to standard NF P 18-301
(1983). The physical characteristics of the sand are re-
ported in Table 2. The fineness modulus is 2.30 and the
sand equivalent is 76.46%, indicating clean and negligi-
ble clay fraction.

2.2. Design of mixtures

In order to identify the most suitable SCMs activation
process for quaternary mixtures, a Design of Experi-
ments (DOE) approach based on the fractional factorial
design was applied. Four main factors were considered
in the DOE for the proportions of the mixture: (i) the
compositions of the cementitious binders (noted from
C1 to C7), (ii) mechanical activation, (iii) thermal activa-
tion and (iv) chemical activation. Each factor was evalu-
ated at two levels, namely -1 (low level) and +1 (high
level), except that the composition of the binders which
was tested with 7 levels, in accordance with the modali-
ties mentioned in Table 3.

Table 1. Chemical and mineralogical composites of different compounds (%).

Composition OPC LE NP BFS
Si02 38.21 0.76 10.57 39.38
Al;03 5.59 0.41 15.82 5.64
Fe203 3.21 0.23 6.16 2.3
Ca0 65.26 54.9 5.95 40.3
MgO 1.72 0.61 2.09 4.50
K20 0.47 0.24 2.0 0.46
Naz0 0.19 0.04 11 0.13
SO3 0.56 0.61 0.28 0.90

Cl- 0.02 0.005 1.40 -

LOI* 0.58 36.3 1.2 0.8
Cement mineralogy CaS CsS G Lot
(%) 64.15 97.60 9.39 9.76

*Loss on ignition.
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Fig. 1. X-ray diffraction of SCMs used.

Table 2. Physical properties of sand used.

Physical characteristics Values
Specific density (g/cm3) 2.70
Apparent density (g/cm3) 1.53
Fineness modulus 2.30
Compactness (%) 56.70
Porosity (%) 43.30
Absorption coefficient (%) 4.30
Visual sand equivalent (%) 34.71

Piston sand equivalent (%) 46.76
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Table 3. Factors and levels used in the fractional factorial design (23-1).

Factor Description Level 1 (-1) Level 2 (+1)
F Mechanical activation (fineness) (cm?/g) 3800 6000
T Thermal activation (°C) 20 40
A Chemical activation (% NaOH)* 0 1

*9% in mass of binder.

In the regression analysis, composition variable
“Comp” was treated as a categorical (nominal) factor com-
prising seven levels (C1 to C7). To incorporate this factor
into the regression model and avoid multicollinearity, the
categories were transformed into numerical variables us-
ing dummy coding. Specifically, each level was repre-
sented by a binary variable (0 or 1), with category C1 de-
fined as the reference baseline level to ensure proper
model estimation.

For the three activation factors, a fractional factorial
design 23~ 1was adopted in order to reduce the number of
experimental runs while still allowing estimation of the
main effects and selected interaction effects. In this de-
sign, the defining relation was selected so that the most
influential effects could be estimated with minimal con-
founding; thus, main effects were considered unaliased

with each other, whereas higher-order interactions were
assumed to be negligible.

The effects of the studied factors (responses) on com-
pressive strength at early-age (2 and 7 days) were exam-
ined, in order to evaluate the early-age performance of the
quaternary binders. Each response was analyzed sepa-
rately. The experimental results were statistically processed
using analysis of variance (ANOVA), which made it possible
to identify the significant factors and interactions and to as-
sess their relative contribution to strength development.

On the other hand, the binder compositions (Fig. 2)
were prepared using a mixture design of experiments, by
substituting 50% of OPC by SCMs. The composition of the
various binders, including the reference mortar, is pre-
sented in Table 4. Thus, the total number of experiments
carried out for each response is 36.

(100%)

LF BFS
(100%) (100%)
Fig. 2. Triangular representation of seven compositions studied.

Table 4. Composition of binders.

Composition (%) (o{0] C1 c2 c3 C4 C5 C6 c7
Clinker 95.0 47.5 47.5 47.5 47.5 47.5 47.5 47.5
Gypsum 5.0 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Limestone 0 10 20 20 16.67 30 10 10
Slag 0 20 10 20 16.67 10 30 10
Pozzolana 0 20 20 10 16.67 10 10 30
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2.3. Mix proportions and specimens preparation

All the mixtures prepared were produced with a wa-
ter to binder ratio (W/B) of 0.50, where the binder is de-
fined as the sum of cement and SCMs forming the quater-
nary system. For the reference mortar (100% cement),
the W/B ratio is indeed equal to the water-to-cement ra-
tio (W/C = 0.50). In addition, a sand-to-binder ratio of 3
was used and the dosage of the superplasticizer is deter-
mined so as to ensure appropriate handling of the mix-
tures, while keeping the W/B ratio constant. It should be
noted that the dosage of the superplasticizer varied from

1.1 to 2.9% by weight of the binder. The results, illus-
trated by Fig. 3, revealed that the superplasticizer satu-
ration doses were significantly higher than those recom-
mended by the manufacturer for common concretes and
mortars (1.5% by weight of the binder).

Fig. 4 compares the water demand of the control
mortar with and without superplasticizer. It is clearly
apparent that the incorporation of the superplasticizer
allows a significant reduction in the water/cement ra-
tio while retaining equivalent workability, which re-
sults in a notable improvement in the mechanical prop-
erties.
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Fig. 3. Evolution of flow time of reference mortar as a function of the W/C ratio.
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Fig. 4. Comparison of flow-time as a function of W/C ratio for control mortar with and without superplasticizer.

The processes for mixing and preparing the samples,
with dimensions of 40 x 40 x 160 mm?, were defined in
accordance with standard NF EN 206-1 (2004). The pre-
pared mortar samples were covered with a polyethylene
film and maintained in their molds for 24 h under labora-
tory conditions. After demolding, they were immersed in
water for an additional 24 h to ensure uniform early hy-
dration. Subsequently, the samples were cured at 20 + 2
°C with 65% RH in laboratory condition until the time of
testing. This curing procedure was adopted to combine re-
producible early-age curing with storage conditions repre-

sentative of the practical exposure targeted in this study.

The chemical activator NaOH was used as an alkaline
activator at a dosage of 1% of the weight of the binder.
To do this, it was dissolved in the mixing water. Finally,
for thermal activation, two ambient temperatures were
selected (20 °C and 40 °C). These temperatures in the
cool state were controlled using an electrically regulated
enclosure. After demolding, the specimens were stored
either under laboratory conditions at 20 °C or in an oven
maintained at 40 °C. depending on the temperatures pre-
viously selected in the design.
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2.4. Test methods

In order to improve the reactivity of the SCMs used,
this study aims to analyze the effect of different activa-
tion processes, namely mechanical, thermal or chemical,
on the evolution of mechanical performance at early-age,
especially the compressive strength at 2 and 7 days. Com-
pressive strength tests were conducted in accordance
with the standard EN 196-1 (2005). For each mix and test-
ing age, six replicate measurements were performed. The
reported value was calculated as the arithmetic mean of
these measurements. If one result deviated by more than
+10% from the mean, it was discarded, and a new aver-
age was calculated based on the remaining five values.

3. Results and Discussion
3.1. 2-day compressive strength

Fig. 5 presents the results of the compressive strength
at 2 days of the control mortar CO, based on 100% OPC,
as well as those of the activated and non-activated qua-
ternary binder mortars. The main result shows that the
CO reference mortar develops a higher compressive
strength at 2 days (7.5 MPa), compared to mortars with
non-activated quaternary binders, whose strength does
not exceed 3.5 MPa. This decrease corresponds to a re-
duction rate of more than 53%. In addition, all activated
quaternary binder mortars show a clear improvement,
both compared to the reference mortar and compared to
non-activated quaternary binder mortars. This behavior
highlights the beneficial effect of activation processes,
regardless of the type of activation used.
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Moreover, it is clear that the combined activation pro-
cess « T:40 F:6000 A:1 » is the most efficient process for
all the mortars studied, in comparison with the other ac-
tivation processes. This improvement is often due to the
acceleration of hydration reactions and the increase in
microstructure by synergistic mechanisms: (i) the in-
creased fineness of SCMs improves Interfacial Transition
Zone (ITZ), reduces capillary porosity and accelerates
the precipitation of hydration products; (ii) the high
temperature (20-40 °C) increases the rate of hydration,
resulting in a higher early-age strength; (iii) the NaOH
activator (0-1 %) increases pH and increases the disso-
ciation of the vitreous network from the slag as well as
the solubility of pozzolan.

While the two activation modes « T:20 F:3800 A:0 »
and « T:40 F:6000 A:1 » have fairly similar compressive
strengths. This can be explained by compensation be-
tween effects such as reaction acceleration, increased
porosity and the formation of early-age hydration prod-
ucts with lower intrinsic strength.

It is also observed that mortars C1 and C6, containing
20% and 30% of blast furnace slag respectively, develop
very high compressive strengths at 2 days. This improve-
ment is particularly marked for the two activation modes
« T:40 F:3800 A:0 » and « T:40 F:6000 A:1 ». The 2-day
compressive strengths of C1 and C6 under the activation
mode “T:40 F:6000 A:1” reach 20 and 21 MPa, respec-
tively, compared to 2.5 and 2 MPa for the corresponding
non-activated mortars (i.e., the same formulations with-
out activation), corresponding to increases of approxi-
mately 700% and 950%, respectively. This is attributed
to the combined effect of activation processes on the hy-
dration reaction and slag activation (Biricik and
Karapinar 2021).

=C4 =C5 =C6 E(C7

|
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Fig. 5. Compressive strength at 2 days of activated and non-activated quaternary binder mortars.
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A fractional factorial experimental design (2371) was
used to identify the SCM activation processes that exert
a statistically significant effect on the 2-day compressive
strength of quaternary binder mortars. This choice has
reduced the experimental trials, time and costs, while
ensuring high-quality results. The observed and pre-
dicted compressive strengths at 2 days of the activation

modes studied are presented in Table 5, making it possi-
ble to evaluate the effect of each variable studied.

The main factors influencing the compressive
strength of 2-day quaternary binder mortars were deter-
mined by an analysis of variance (ANOVA). The values of
« Prob > F » below 0.0500 indicate that the terms of the
model are significant (Table 6).

Table 5. Factorial design matrix with experimental and predicted responses.

Coded values of independent variables

2-day compressive strength (MPa)

7-day compressive strength (MPa)

Run Composition T F A Observed Predicted Observed Predicted
1 -1 1 -1 12.66 12.12 16.0 15.32
2 c1 -1 1 1 6.72 8.25 19.0 17.66
3 1 -1 -1 13.44 13.02 19.5 19.85
4 1 -1 1 20.31 18.59 21.0 23.66
5 -1 -1 1 19.84 20.00 16.0 16.50
6 -1 1 1 6.88 7.12 15.0 16.73
7 cz 1 -1 -1 11.25 11.88 20.5 21.26
8 1 1 -1 18.28 18.50 23.0 24.50
9 -1 -1 -1 12.19 11.70 19.0 19.03
10 -1 1 1 8.59 7.83 17.0 16.70
11 c3 1 -1 1 12.50 12.60 22.0 21.23
12 1 1 -1 18.12 18.17 26.0 25.04
13 -1 -1 1 11.88 11.70 19.5 19.25
14 -1 1 -1 8.12 7.83 14.0. 14.83
15 c4 1 -1 -1 12.19 12.60 18.0 17.50
16 1 1 1 18.59 18.17 24.5 25.52
17 -1 -1 -1 12.66 11.63 17.5 17.50
18 -1 -1 1 8.12 7.76 16.0 16.27
19 €5 1 1 -1 11.88 12.52 21.0 20.81
20 1 1 1 16.56 18.09 28.5 25.04
21 -1 -1 -1 12.19 13.27 16.5 16.70
22 -1 1 1 7.66 7.50 15.0 14.57
23 ce 1 -1 1 13.59 13.50 17.5 19.03
24 1 1 -1 21.09 19.73 22.0 2291
25 -1 -1 -1 10.94 10.58 16.5 16.27
26 e -1 1 -1 7.81 6.71 14.5 14.57
27 -1 1 1 12.97 11.47 20.0 21.23
28 1 -1 -1 14.84 17.04 21.0 2291

Table 6. Analysis of variance (ANOVA) for selected factorial model for 2-day compressive strength.

Source Sum of squares DF Mean square F-value Prob>F Status
Model 475.21331 13 36.5549 28.3743 <0.0001 Significant
Comp. 10.78033 6 1.79672 1.3946 0.2836 Not significant
T 53.04381 1 53.04381 41.1732 <0.0001 Significant
F 18.13714 1 18.13714 14.0782 0.0021 Significant
A 124.03125 1 124.03125 96.2744 <0.0001 Significant
T*F 14.22004 1 14.22004 11.0377 0.0050 Significant
T*A 7.20857 1 7.20857 5.5954 0.0330 Significant
F*A 9.71524 1 9.71524 7.5411 0.0158 Significant
T*F*A 7.03125 1 7.03125 5.4577 0.0349 Significant
Residual 18.03633 14 1.2883 R? 0.963434
Cor. Total 493.24964 27 / Adj. R? 0.929479
RMSE 1.135037 Pred. R* 0.881613
Mean 12.85357

Coefficient of variation (%) 8.83

Predicted residual error of 58.39426

sum of squares
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The ANOVA analysis shows the developed model is
highly significant, as evidenced by a high F-value of 28.37
and a p-value of less than 0.0001. The reliability of the
model is confirmed by an excellent determination coef-
ficient (R* = 0.9634), indicating that the factorial design
accounts for over 96% of the response variance. Fur-
thermore, the adjusted R? (0.9295) and the predicted R?
(0.8816) are in strong agreement (difference < 0.2),
demonstrating that the model possesses a robust pre-
dictive capability without overfitting the experimental
data.

Regarding the specific design parameters, the main
effects of variables T, F, and A are statistically significant
(p < 0.05). Notably, all two-way interactions (T*F, T*A,
F*A) as well as the three-way interaction (T*F*A) are
also significant. This highlights the presence of complex
synergistic effects between these factors governing the
early-age strength development of the matrix. Finally,
the low coefficient of variation (CV = 8.83%) under-
scores the high precision and reproducibility of the ex-
perimental testing procedures.

To understand the physical meaning behind these sta-
tistical interactions, it is essential to examine the syner-
gistic mechanisms between the activation parameters.
For (T x F) interaction, the NaOH activator alone in-
creases the pH to initiate the dissociation of the vitreous
network of the slag, its chemical efficiency is significantly
amplified when coupled with a higher temperature (40
°C). The added thermal energy helps overcome the acti-
vation energy barrier for the dissolution of the SCMs,
creating a strong synergistic effect. Similarly, the inter-
action (F x A) is physically manifested by the fact that an
increased fineness (6000 cm?/g) exposes a much larger
specific surface area to the alkaline solution. This ampli-
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fies the chemical attack and accelerates the precipitation
of hydration products far more effectively than if the ac-
tivator were applied to coarser particles.

The statistical significance of the three-way interac-
tion (T x F x A) highlights a profound multi-physics syn-
ergy. The chemical activation provided by the alkaline
solution (A) is drastically amplified by the thermal cur-
ing (T), which accelerates the reaction kinetics. How-
ever, this thermo-chemical acceleration can only trans-
late into massive early-age strength development if
there is simultaneously a highly extended specific sur-
face area (F) available for the rapid precipitation of hy-
dration products. This three-way interdependency con-
firms that the exceptional performances of the 'T:40
F:6000 A:1' mode are the result of eliminating all kinetic
bottlenecks during the early stages of hydration. This
profound interdependence explains the exceptional
compressive strength peaks and the massive improve-
ment rates observed in mortars with high slag content,
such as C1 and C6, under the combined 'T:40 F:6000 A:1'
mode (Humad et al. 2019).

The simplified mathematical model obtained is repre-
sented by Eq. (1).

CS2d = 13.73 + 1.83T + 0.96F + 3.65A—1.18T -
F—-059T-A+103F-A —-123T-F-A (1

3.2. 7-day compressive strength

Fig. 6 illustrates the results of the compressive
strength at 7 days of the reference mortar CO, as well as
those of the mortars with quaternary binders, whether
they are activated or not.

HC4 =C5 EC6 ECY

R

Activation type

Fig. 6. Evolution of the 7-day compressive strength of activated and non-activated quaternary binder mortars.
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The results of Fig. 4 clearly show that the compressive
strengths at 7 days of all the non-activated quaternary
mixtures are lower than that of the CO reference mortar,
which confirms that the partial replacement of the ce-
ment by non-activated SCMs leads to a remarkable de-
crease in the compressive strength at an early-age. On
the other hand, the activation of SCMs significantly im-
proves the compressive strength at 7 days for all the qua-
ternary compositions studied, thus demonstrating the
effectiveness of the activation processes in compensat-
ing for the initial loss of performance and optimizing the
early development of the mechanical properties.

The activation of the SCMs for a temperature of 20 °C.
remains insufficient for all the compositions tested, de-
spite the increase in the fineness of the SCMs and the in-
corporation of 1% of NaOH. In fact, the increase in the
fineness of the SCMs to 6000 cm?/g at 20 °C. improves
the mechanical strength, but this improvement remains
limited due to the low curing temperature.

On the other hand, the increase in the curing temper-
ature from 20 to 40° C. markedly increases the compres-
sive strength at 7 days of the mortars containing quater-
nary binders, which can be interpreted by the accelera-
tion of the pozzolanic reactions and the accelerated and
denser formation of the C-S-H gels in the system studied.
[t appears that the increase in temperature is a crucial
factor for improving the compressive strength, thus
making it possible to obtain better performance.

Furthermore, this effect is particularly marked for C3,

C4, C5 and C6, which have a particularly favorable re-
sponse to the activation mechanisms, with the highest
strength values. The difference in compressive strength
between formulations C1 to C7, under the same activa-
tion conditions, demonstrates that the nature of the
SCMs and their degree of substitution significantly influ-
ence the mechanical performance of the mortar. The re-
sults also indicate that some SCMs, especially pozzolan
and slag, exhibit better reactivity to thermomechanical
activation mechanisms, thus promoting the develop-
ment of early-age strength.

Moreover, the combination of three activation modes
leads to a notable improvement in the compressive
strengths at 7 days, which exceed those of the reference
mortar CO for all the mortars with a quaternary binder.
This activation method thus appears to be the most opti-
mal mode for improving mechanical performance at an
early-age (7 days), indicating the synergistic effect be-
tween the curing temperature, the high fineness and the
alkaline activation.

These results thus show that the combined activation
constitutes an effective strategy for compensating for
the initial loss of strength of the mortars with non-acti-
vated quaternary binders.

An analysis of variance (ANOVA) also identified the
main parameters influencing the compressive strength
of 7-day quaternary binder mortars. Model terms with a
« Prob > F » value less than 0.0500 are considered statis-
tically significant (Table 7).

Table 7. Analysis of variance (ANOVA) for selected factorial model for 7-day compressive strength.

Source Sum of squares DF Mean square F-value Prob>F Status
Model 295.49890 13 22.7307 9.8861 <0.0001 Significant
Comp. 16.81033 6 2.80172 1.2185 0.3536 Not significant
T 128.97524 1 128.97524 56.0942 <0.0001 Significant

F 0.06095 1 0.06095 0.0265 0.8730 Not significant
A 5.28125 1 5.28125 2.2969 0.1519 Not significant
T*F 2.98289 1 2.98289 1.2973 0.2738 Not significant
T*A 2.57524 1 2.57524 1.1200 0.3078 Not significant
F*A 2.57524 1 2.57524 1.1200 0.3078 Not significant
T*F*A 0.03125 1 0.03125 0.0136 0.9088 Not significant
Residual 32.18967 14 2.2993 R? 0.963434
Cor. Total 327.68857 27 / Adj. R? 0.929479
RMSE 1.516332 Pred. R? 0.881613
Mean 19.95714

Coefficient of variation (%) 7.60

Predicted residual error of 85.48427

sum of squares

The ANOVA analysis shows the overall model re-
mains highly significant (p < 0.0001), with a strong co-
efficient of determination (R* = 0.9469). The acceptable
difference of less than 0.20 between the adjusted R?
(0.8976) and the predicted R? (0.7391) confirms the
model's adequate predictive capability for this curing
age.

A critical observation at 7 days is the shift in the sig-
nificance of the experimental factors compared to the
early-age results. The main effect of factor T remains
highly significant and becomes the dominant driver of

compressive strength (p < 0.0001). Conversely, the pre-
viously significant factors (F and A) and all of their inter-
action terms (T*F, T*A, F*A, and T*F*A) are statistically
insignificant at this stage. This microstructural evolution
suggests that while complex synergistic activation mech-
anisms govern initial hydration kinetics, the intermedi-
ate-term strength development of the mortar matrix is
primarily controlled by parameter T. Furthermore, the
reduced coefficient of variation (CV = 7.60%) reflects the
stabilization of the matrix and the high reliability of the
crushing test protocol.
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At early ages (2 days), the synergy of high fineness
and chemical activation is critical to overcome the acti-
vation energy and dissolve the slag's vitreous network.
By 7 days, however, the reactive surfaces are coated with
hydration products and the activator is consumed (Ber-
nal et al. 2011; Ke et al. 2019). Consequently, the initial
advantages of fineness and chemical activation lose sta-
tistical dominance, and thermal curing becomes the sole
driving factor, providing the necessary thermodynamic
energy to accelerate ionic diffusion through the dense
matrix (Bakharev et al.1999).

After elimination of the non-significant terms
(p>0.05), the reduced model selected comprises the fac-
tors Comp, T and the interaction TxF. The simplified
mathematical model obtained is represented by Eq. (2).

CS7d = 1991+ 3.07T — 0.07F + 0.81 A + 0.7225T -
F+043T-A—043F-A+0.06T -F-A (2)

4. Conclusions

This research examines the combined effects of the
three SCMs activation methods on the compressive
strength of quaternary binder mortars at early-age,
while proposing a statistical analysis of the main effects
and their interactions. The results obtained provide a
better understanding of the synergistic role of the differ-
ent activation techniques, thus contributing to the opti-
mization of the early mechanical performance of quater-
nary cement systems. The main results of this study are
presented below:

e Partial replacement of Portland cement with non-ac-
tivated SCMs leads to a significant decrease in the
compressive strength of quaternary binder mortars
at an early-age, due to their relatively low initial reac-
tivity compared to cement.

e The SCM activation processes significantly improve
the mechanical performance of quaternary mortars at
early ages (2 and 7 days), by compensating for the
early-age strength loss observed in the non-activated
formulations, indicating an acceleration of hydration
reactions and an improvement in the densification of
the material microstructure.

o Statistical analysis (ANOVA) revealed that curing tem-
perature is one of the most influential parameters on
the compressive strength of quaternary binder mor-
tars.

¢ Increasing the temperature from 20 °C to 40 °C accel-
erates hydration reactions and pozzolanic reactions,
thus promoting faster formation of C-S-H gels and a
significant improvement in mechanical strength.

e The combination of several activation processes, in-
cluding the increase in the fineness of the SCMs, the
increase in the curing temperature and the alkaline
activation, leads to a notable improvement in the me-
chanical performance of the mortars studied. This
combined activation generates synergistic effects that
accelerate chemical reactions and improve the micro-
structure of the cement material.

e The composition of the binder and the degree of sub-
stitution of the SCMs strongly influence the mechani-
cal performance. The formulations containing suita-

ble proportions of blast furnace slag and pozzolan ex-
hibit a higher reactivity under activation, leading to
higher compressive strengths than the other formula-
tions studied.

e Future work should investigate the mechanical per-
formance of these quaternary binder systems at inter-
mediate and long cure ages (28 and 90 days) to better
understand the delayed pozzolanic reactions and the
long-term microstructural evolution of activated SCM
binders.

¢ Alimitation of this study is the absence of microstruc-
tural characterization. Future work will incorporate
SEM and XRD analyses to directly validate the pro-
posed mechanisms and provide deeper insight into
hydration processes in quaternary binder systems.
These large amounts of experimental data can also be

used to develop machine learning models capable of pre-
dicting the mechanical behavior of quaternary binder
systems. Such data-driven approaches can contribute to
improving the design of cementitious formulations and
accelerating the development of high-performance, sus-
tainable cementitious materials.
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Performance enhancement of concrete to meet modern infrastructure demands has
become essential in the construction industry. This study presents an experimental
investigation of the incorporation of steel and nylon fibers in conventional and per-
vious concrete to evaluate their mechanical strength and permeability behavior. Fi-
bers were added to the mix at 0.25%, 0.50%, 0.75%, and 1.0% by weight of cement.
The studied parameters were the compressive strength, split tensile strength, den-
sity, porosity, and permeability. The experimental results revealed that, with opti-
mum dosage, both fibers affected the mechanical properties of conventional and per-
vious concrete. The tensile strength showed a remarkable increase (approximately
45% for steel fibers), primarily through crack-bridging mechanisms within the ma-
trix. Higher dosages of steel fibers were more effective than lower contents. Nylon
fibers at a low dosage (0.25%) provided optimum performance, whereas 0.75% con-
tent also showed a notable strength increase. The density of both concrete types
demonstrated only marginal variation. The permeability of pervious concrete, how-
ever, exhibited a slight increase at low fiber content, followed by a decrease with fur-
ther fiber addition, indicating a trade-off between strength and hydraulic functional-
ity. A comparative analysis of both concrete types was also performed. The findings
demonstrate that controlled incorporation of steel and nylon fibers enhances the
load resistance of both types of concrete while an optimal dosage is required to main-
tain adequate permeability, thereby contributing to more durable and sustainable
construction practices.
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1. Introduction

In the construction industry, concrete plays the role
of a prime component on a global scale and has become
one of the most consumed materials worldwide after
water (Gagg 2014; Nouri et al. 2025; Xiao et al. 2025). It
is used in the construction and development of infra-
structures and urbanization due to its high compressive
strength, durability, stiffness, and ease of production

(Kosmatka et al. 2008; Varshney et al. 2021). The
strength of concrete depends on the properties and
strength behavior of its constituent elements - cement,
fine aggregate, coarse aggregate, and mixing water
(Konitufe et al. 2023; Rashid and Mansur 2009). How-
ever, plain concrete has some inherent limitations such
as very low tensile strength, approximately one-tenth of
its compressive strength (Akinpelu et al. 2019; Badarloo
et al. 2018; McCormac and Brown 2013); brittle failure
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behavior, strength degradation at higher temperature,
and limited crack-resisting ability (McCormac and
Brown 2013). In order to enhance these capacities, steel
reinforcing bars are commonly used in concrete struc-
tures. These reinforcements can provide strength in the
designed direction only, not ensuring uniform tensile
and flexural strength in all directions. To overcome this,
fiber reinforced concrete (FRC) has emerged as an effec-
tive strengthening approach to improve the mechanical
properties of concrete through crack bridging and frac-
ture resistance in all directions (Lee et al. 2022; Li et al.
2023; Urtekin and Celik 2025). Various types of fibers
have been incorporated into concrete to improve its
strength and mechanical properties, each offering dis-
tinct reinforcement mechanism and performance char-
acteristics (Anas et al. 2022; Khan and Abbas 2025).

Steel fibers have been widely reported for improving
the mechanical strength of concrete, its ductility, and
toughness, due to their inherent stiffness and high bond
with the cement matrix (Amin et al. 2022; Faustmann et
al. 2024; Sitorus et al. 2025). It also enhances the flexural
and shear strength of concrete structural elements (Koo
etal. 2023; Krassowska and Kosior-Kazberuk 2021). On
the other hand, synthetic fibers such as polypropylene
and nylon fibers contribute to improved ductility and
crack resistance by controlling the microcrack formation
during the early loading stages (Ali et al. 2022; Bheel et
al. 2021; Tanash et al. 2025; Nandaraj and Mourougane
2026). The incorporation of natural fibers such as jute,
coconut, and kenaf has also been investigated experi-
mentally. However, their performance varies signifi-
cantly depending on their durability, surface treatment,
and compatibility with the cement paste (Bheel et al.
2021; Kameli et al. 2024; Nur et al. 2025). The synergis-
tic effect of hybrid fiber systems combining steel with
synthetic fibers or basalt fibers indicates improvements
in both strength and toughness (Khan and Abbas 2025).
The performance of fiber-reinforced mortar (FRM) also
demonstrates promising potential (Akyiinci 2021;
Dogan et al. 2022). Recent studies have also shown a
trend of combining recycled aggregate-fiber reinforce-
ment for sustainable and eco-friendly concrete develop-
ment with improved mechanical performance (Ali et al.
2022; Dogan et al. 2022). Again, the special types of fi-
bers such as carbon and basalt fibers have also been
proved to have the potential of strengthening FRC
(Dogan et al. 2022; Khan et al. 2025; Unal et al. 2024).
Overall, among the types of fibers used in concrete, steel
fibers are widely appreciated and recognized for their
strength, ductility, durability, and impact on tensile and
flexural strength (Anas et al. 2022; Li et al. 2023). In con-
trast, synthetic fibers such as polypropylene, nylon, or
hybrid fibers are known for improving the microstruc-
tural integrity of the matrix through crack resistance (Ja-
hangir Qureshi et al. 2023).

The focus of FRC, however, has been conventional
concrete-centered, while pervious or permeable con-
crete (PC) has also gained growing interest in the re-
search arena due to its multiple advantages. It repre-
sents a porous concrete designed to allow water to infil-
trate through for sustainable drainage and for smooth
runoff management, especially in urban areas. This con-
crete contains cement and coarse aggregate with very lit-

tle or no filler, and is also referred to as no-sand concrete
or no-fine concrete (ACI 522R-10 2010; Meininger
1988). The absence of fine aggregate results in high po-
rosity through interconnected voids between coarse
particles which eventually lowers its mechanical
strength as compared to the conventional concrete (CC)
used in construction (Lee et al. 2022).

Pervious concrete has the capability to mitigate sur-
face runoff and recharge the groundwater making it a
suitable material for sustainable pavement construction.
Since, its limited load carrying capacity narrows down
its structural application (ACI 522R-10 2010), pervious
concrete is primarily used for low-traffic roadways with
limited vehicular movement (Scholz and Grabowiecki
2007). Pavement construction with impermeable con-
ventional concrete prevents rainwater from directly in-
filtrating into the ground creating environmental and cli-
mate issues (Yavuz 2024). Water accumulation on or
near roadways during heavy or moderate rains is one of
these issues which disrupts the traffic flow and safety
(Yavuz 2024). Thus, the pavement construction in low-
traffic regions such as pedestrian walkways and interior
road networks in residential areas using porous con-
crete is highly recommended. It will facilitate the rapid
water transmission into the ground, eventually prevent-
ing waterlogging on roads. The porosity of permeable
concrete varies within a range, generally reported in the
literature to be 15-25% (Xie et al. 2023) though the
value recommended by ACI 522R is 15% to 35% (ACI
522R-10 2010). Regarding its mechanical strength, the
compressive strength of PC may vary from 2.8 to 28 MPa
and flexural strength ranges from 1.5 to 3.2 MPa, as sug-
gested by researchers (Yavuz 2024). These strength
properties are particularly influenced by various factors
such as water/cement ratio, degree of compaction,
binder content, aggregate type, and proportion (Feri¢ et
al. 2023).

Research on pervious concrete has so far been fo-
cused mostly on its permeability. Different combinations
of parameters such as content of cement and aggregates,
type and size of aggregate, water content, additives, etc.
have been explored to achieve balanced permeability
(Feri¢ etal. 2023; Sun et al. 2025; Zhan and Yin 2024). In
parallel with this, the mechanical strength properties of
pervious concrete have also been extensively investi-
gated. Recent initiatives on the enhancement of strength
of pervious concrete using nano-materials and fibers
have demonstrated promising results (Sun et al. 2025;
Wu et al. 2023; Pehlivan 2022). Despite these advances
in hydraulic and mechanical performance of PC, several
research gaps remain. Optimization of both mechanical
strength and porosity simultaneously continues to be a
critical challenge, reflecting the more extensive need to
balance mechanical performance with transport proper-
ties in sustainable concrete systems (Mahmud et al.
2025). Again, a comparative experimental analysis of fi-
ber effect on both CC and PC under identical testing con-
ditions is rarely reported in the literature. In addition,
most experimental studies conducted on FRC rely on
commercially manufactured fibers having standardized
mechanical properties; little attention has been given to
the use of locally available fiber materials. Furthermore,
the role of fiber geometry combined with local resources
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utilization in influencing the hydraulic functionality of
pervious concrete remains insufficiently explored.
Therefore, this research work aims to experimentally
evaluate the effects of locally sourced steel-wire fibers
and commercially available nylon fibers on the mechani-
cal properties of both conventional concrete and pervious
concrete. These fibers offer potential advantages such as
local resource availability, cost-effectiveness, and sustain-
ability for developing regions. Moreover, by comparing
both concrete typologies with similar fiber types and dos-
ages, this study aims to provide insight into the balanced
behavior of mechanical strength and hydraulic function-
ality, in terms of sustainable construction techniques.

2. Experimental Program
2.1. Materials and mix proportions

In this experimental work, fresh hydraulic cement
(CEM I, Type A) was used as a binder for the preparation
of both conventional and pervious concrete. River sand
with FM of 2.68 and 19 mm downgrade stone chips were
used as fine and coarse aggregates, respectively, in con-
ventional concrete. The mix ratio was 1:1.5:3 by weight,
with a water/cement ratio (w/c) of 0.45. The ratio was
chosen to represent a typical structural grade concrete
(target compressive strength of 20 MPa after 28 days of
curing) used for most of the reinforced concrete (RC)
structural components. For pervious concrete, a conven-
tional mix ratio of 1:5 (cement: coarse aggregate) with
w/c ratio of 0.33 was adopted without sand. The coarse
aggregate consisted of 12 mm downgrade broken stone
chips. The physical properties of the materials are given
in Table 1. The selection of the maximum coarse aggre-
gate sizes was intended to satisfy the functional require-
ments of the two concrete types commonly used in con-
struction practice. Although cementitious mixtures with-
out coarse aggregate are frequently adopted in some
steel fiber-reinforced cementitious composites to facili-
tate fiber dispersion, the present study employed 19 mm
downgrade (34" downgrade) coarse aggregate for CC to
represent typical structural concrete used in practice. In
contrast, a 12 mm downgrade aggregate was used in PC
to facilitate interconnected void formation while main-
taining adequate aggregate interlock. Since larger coarse
aggregates may influence fiber dispersion, relatively low

(b)
Fig. 1. Materials for concrete sample preparation:
(a) Cement; (b) Fine aggregate; (c) Coarse aggregate; (d) Mixing of materials.

fiber dosages were adopted in this study and the con-
trolled mixing procedure was followed to minimize the
possibility of severe fiber balling and to promote satis-
factory fiber distribution within the concrete matrix.

Steel fibers were obtained from readily available gal-
vanized iron (GI) wires commonly used for binding in
construction sites. The diameter of steel wires was 0.7
mm and a length of 60 mm was used, resulting in an as-
pect ratio (length/diameter) of 85.7. The nylon fibers
were sourced from market-available twisted nylon
ropes with a strand diameter of roughly 8-10 mm. The
fiber diameter was 0.08 mm (80 um) and the fibers were
cut into short discrete lengths of 20 mm with an aspect
ratio of 250. Unlike industrially produced fibers with
predefined mechanical and physical properties, the fi-
bers used in this study were locally sourced and were
not accompanied by manufacturer-specified data. The
mechanical properties of these fibers were adopted from
the literature and previous research works. This ap-
proach was followed because direct characterization of
locally sourced fibers was beyond the scope of the pre-
sent experimental program. Studies report a wide range
of properties for the fibers depending on their type, man-
ufacturing process, modifications, and geometric config-
uration. Thus, the properties used in this study are de-
rived from the research sources that correspond to fi-
bers with similar geometric and composite characteris-
tics to ensure consistency in the experimental analysis.
The geometric and mechanical properties of the fibers
are summarized in Table 2, while Tables 3 and 4 present
the mix proportions per unit volume for both CC and PC.

Fiber dosage was selected as percentage of cement
weight, however, to facilitate comparison with previous
studies, equivalent volumetric content of fibers is also
shown in the respective tables. Fiber dispersion in con-
crete was carried out during dry mixing to avoid cluster-
ing and ensure uniform distribution of fibers, particu-
larly at high dosage. All mixtures were prepared follow-
ing the same mixing sequence, compaction procedure,
and curing conditions to minimize variations associated
with specimen preparation. The materials used in the lab
work are illustrated in Figs. 1 and 2. Steel fibers were an-
chored at both ends for better bonding and nylon fibers
were added in their original twisted shape obtained
from the rope or strand to replicate real field conditions.
Fig. 3 represents the gradation curves of the coarse and
fine aggregates.
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Fig. 2. Fibers used in concrete: (a) Steel fibers with end anchorage; (b) Nylon fiber.
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Fig. 3. Gradation curves for coarse aggregate (CA) and fine aggregate (FA).

Table 1. Material properties obtained in the laboratory.

Material Properties evaluated Values obtained
Specific gravity 3.12
Normal consistency (%) 31
Cement Unit weight (kg/m3) 1475
Initial setting time (min) 36
Final setting time (min) 580
Specific gravity 2.97
Coarse aggregate Water absorption (%) 1.08
Unit weight (kg/m3) 1764.2
Fineness modulus (FM) 2.68
Specific gravity 2.72
Fine aggregate
Water absorption (%) 2.04
Unit weight (kg/m3) 1680

Table 2. Geometric and mechanical properties of fibers.

Parameters Steel fiber Reference Nylon fiber Reference
Diameter (mm) 0.70 (Measured in study) 0.08 (Measured in study)
Length (mm) 60.0 (Measured in study) 20.0 (Measured in study)
Aspect ratio (L/D) 85.7 (Calculated) 250 (Calculated)
Yield strength (MPa) 440-470 (Emon etal. 2017) Not applicable -
. (Halabi et al. 2023; Song et al.
Tensile strength (MPa) 610-630 (Emonetal. 2017) 800-1000
2005; Yew etal. 2011)
. (Halabi et al. 2023; Song et al.
Elastic modulus (GPa) 190-210 (Zheng et al. 2024) 5.10-5.30
2005; Yew etal. 2011)
. (Halabi et al. 2023; Song et al.
Density (kg/m3) 7800-7850 (Zheng et al. 2024) 1140

2005; Yew et al. 2011)
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Table 3. Mix proportion for conventional concrete.

Fiber Cement FA CA Mixing water Fiber Steel vol. Nylon vol.
(%) (kg/m?) (kg/m?) (kg/m?) (kg/m3) (kg/m3) fraction (%) fraction (%)
0.00 403 605 1209 181 0 0 0
0.25 403 605 1209 181 1.01 0.013 0.089
0.50 403 605 1209 181 2.02 0.026 0.177
0.75 403 605 1209 181 3.03 0.039 0.266
1.00 403 605 1209 181 4.04 0.052 0.354

Table 4. Mix proportion for pervious concrete.

Fiber Cement CA Mixing water Fiber Steel vol. Nylon vol.
(%) (kg/m?) (kg/m?) (kg/m?) (kg/m3) fraction (%) fraction (%)
0.00 300 1500 99 0 0 0
0.25 300 1500 99 0.75 0.010 0.066
0.50 300 1500 99 1.5 0.019 0.132
0.75 300 1500 99 2.25 0.029 0.197
1.00 300 1500 99 3.0 0.038 0.263

2.2. Concrete sample casting and curing

Cylindrical concrete samples of 100 mm diameter and
200 mm height (4 in. x 8 in.) were prepared with mate-
rials and mix ratio as stated in the previous section and
summarized in Tables 3 and 4. Fibers were added sepa-
rately as a weight percentage of cement (0.25%, 0.50%,
0.75%, and 1.0%). Samples were prepared following the
standard mixing, casting, and compaction (Rodding)
procedure stated in ASTM C192/C192M for conven-
tional concrete. A total of nine (9) batches of the mix

were prepared for both CC and PC: 1 for the control spec-
imen, 4 for steel fiber, and 4 for nylon fiber. The number
of samples was determined as per the test requirements.
For each mix, three (3) samples were prepared for each
curing period (7 days and 28 days) under each test cate-
gory (compressive and split tensile) e.g., three cylindri-
cal samples for compressive strength after 7 days, three
for compressive strength after 28 days, and so forth. This
resulted in a total of 12 samples (3 samples x 2 curing
periods x 2 tests) per batch or mix and with 9 batches,
the total sample count was 108 for CC only.

(b)

Fig. 5. Preparation of pervious concrete: (a) Casting; (b) Samples with steel fiber; (c) Samples with nylon fiber.
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Pervious concrete samples were prepared in a simi-
lar manner using a mix ratio of 1:5. The mixing water
quantity was determined by a trial method starting
from a 0.30 w/c ratio. A certain quantity of material
with the mentioned ratio was mixed and different
amounts of water were added to check the consistency
of the mix. After several trials, an optimum water/ce-
ment ratio of 0.33 was finalized based on the matrix’s
ability to retain its wet state without showing fluid-like
behavior or a very dry condition. The fibers were added
to the mix with the proportions mentioned in Table 4.
Gradual mixing was adopted to prevent any clumping
or balling of fibers inside the matrix. The number of
samples followed a similar distribution as for CC with 3
additional specimens for the permeability test from
each batch, which resulted in a total sample count of
135 for PC. The samples were prepared following

Cylindrical specimen
Cylindrical specimen

(@

standard concrete casting procedure in ASTM
C192/C192M with some modification for compaction
as per ACI 522R. Figs. 4 and 5 show the preparation of
concrete samples for testing.

2.3. Sample testing

Samples from each batch were cured in water for 7
and 28 days as per the test requirements. After curing,
they were tested in accordance with the standard pro-
cedure for the compressive strength test and the split
tensile strength test (ASTM C39 and ASTM (496, re-
spectively). Prior to testing, each sample was dried at
room temperature and then the sample dimensions
were measured and their weight was noted to deter-
mine the density or unit weight. The testing arrange-
ments are illustrated in Fig. 6.

Fig. 6. Test set-up for compressive and split tensile strength:
(a) Schematic diagram; (b) Compressive strength test; (c) Split tensile strength test.

For the permeability test, a disc-shaped slice of 50 mm
thickness was taken out from the inside of the sample. The
disc was then fitted into a PVC pipe of inner diameter of
100 mm to ensure proper fitting of the slice. Silicone putty
was used around the perimeter of the disc adjacent to the
inner surface of the pipe to prevent any potential water
leakage or seepage from the sides. A constant water vol-

i

ume (1 L) was then poured over the disc inside the setup
and the time for the water to pass through the sample was
recorded. The test was conducted as per ACI 522R (Re-
port on Pervious Concrete). The infiltration rate through
the sample was calculated on the basis of discharge
through the specimen and its cross-sectional dimension.
Fig. 7 shows sliced specimens and the test setup.

100 mm
1L
water
|_|» Concrete
slice
N
50 mm

(b)
Fig. 7. Permeability test: (a) Concrete slice; (b) Schematic test setup.
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3. Results and Discussion
3.1. Compressive strength of CC

The compressive strength of cylindrical samples from
conventional concrete after 7 and 28 days of curing was
determined. The control specimen after 7 days of curing
achieved a strength of 14.26 MPa. After incorporation of
steel fibers, the strength increased with the increasing
content of fibers - the higher the percentage of fiber, the
higher the strength, with maximum obtained for 1.0% fi-
ber content. This increasing trend in particular is con-
sistent with previous research as studies reported that
steel fibers enhance the compressive strength of CC
through improved crack-bridging capacity and better
stress redistribution within the matrix (Amin et al. 2022;
Zheng et al. 2024). Similar improvements have also been
observed with increasing steel fiber dosage, although the
optimum fiber content depends on the concrete mix and
fiber characteristics (Zheng et al. 2024).

Regarding nylon fiber, the strength values show a fluc-
tuating pattern - strength increased at 0.25% of fiber con-
tent and then decreased for the successive two percent-
ages (0.50% and 0.75%) and increased again for 1.0%.

This behavior may be attributed to reduced fiber disper-
sion at higher nylon fiber dosages. The increased fiber
content may increase the likelihood of fiber clustering,
formation of localized voids and weaker fiber-matrix in-
teraction. These factors may have contributed to reduced
effectiveness of crack-bridging under compressive load-
ing as suggested by studies on fiber-reinforced concrete
and fiber-reinforced cementitious composites (Bakir and
Yagmur 2026; Jahangir Qureshi et al. 2023; Nur et al.
2025).

In contrast, nylon fibers at 0.25% were more effective
(22.3% increase) in this case than steel fibers (17.1% in-
crease) with the same content. After 28 days of curing, the
control specimen gained a crushing strength value of
22.97 MPa. Steel fibers slightly increased the strength, alt-
hough not strictly in a linear trend, following a similar pat-
tern as obtained from 7-day test. Nylon fiber once again
showed a fluctuating pattern after 28 days of curing, due
to the same potential reason stated earlier. However, this
time, only one optimum value was obtained and that is for
0.25% which gained strength up to 24.15 MPa (5.1% in-
crease), while the other contents of nylon proved to be in-
effective. The graphical representation of data is shown in
Fig. 8. Table 5 enlists the experimental data obtained.
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Fig. 8. Compressive strength comparison for conventional concrete.
(Note: The first two bars at 0% represent the strength values of CC after 7 and 28 days of curing, respectively.)

3.2. Split tensile strength of CC

Experimental data of the split tensile strength test
shows that the control specimen gained a strength of
1.97 MPa after 7 days of curing. The addition of steel fi-
ber followed the same pattern as for 7-day compressive
strength test data - the higher the fiber content, the
higher the strength. Maximum strength was obtained at
1.0% fiber content. Nylon fibers also followed the previ-
ous pattern: 0.25% and 1.0% increased the tensile
strength. The 28-day tensile strength was similarly influ-
enced. Nylon fiber showed an optimum fiber content at
0.25%, with an increase in strength of about 12.0%,
while other percentages remained ineffective (similar to
that observed for the compressive strength). The ob-

served enhancement in split tensile strength may be at-
tributed to the crack-bridging action of the fibers across
the tensile cracks. Higher crack-resistance provided by
steel fibers may be attributed to their greater stiffness
and stronger mechanical bond with the cement matrix,
thereby improving tensile load transfer (Gul et al. 2021;
Koo et al. 2023; Sitorus et al. 2025), highlighting the
broader importance of fiber-matrix bond quality for ef-
fective stress transfer (Tarhan et al. 2025). In contrast,
nylon fibers are more effective in controlling the initia-
tion and propagation of microcracks at lower dosages
which is consistent with findings of previous experi-
mental studies (Nur etal. 2025). However, increasing the
nylon fiber content may reduce fiber dispersion and fi-
ber-matrix interaction, which can limit their contribu-
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tion to tensile strength. Similar dosage-dependent be-
havior is observed in reported studies on nylon fiber-re-
inforced concrete. Findings demonstrated an improved
crack control at lower fiber contents, while excessive fi-

ber addition reduced the effectiveness due to weaker fi-
ber-matrix interaction and poorer fiber distribution (Ali
etal. 2022; Bheel et al. 2021). The graphical representa-
tion of the strength values is given in Fig. 9.
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Fig. 9. Split tensile strength comparison for conventional concrete.
(Note: The first two bars at 0% represent the strength values of CC after 7 and 28 days of curing, respectively.)

3.3. Failure pattern of CC

The control specimen from conventional concrete
showed failure patterns typically observed in compres-
sion and tension tests. However, the addition of fibers in-
fluenced the failure modes. During compression testing,
fibers prevented the total collapse or detachment of ag-
gregates and in the split tensile test, fibers, especially

(b

with higher content, prevented the sample from being
splitapartlongitudinally, as illustrated in Fig. 10. The ob-
served failure patterns suggest that the fibers delayed
crack opening and restrained crack propagation through
improved fiber-matrix interaction. This behavior is con-
sistent with the crack-bridging mechanism of the fibers
reported more comprehensively in fibrous concrete sys-
tems (Youssef et al. 2026).

(d)

Fig. 10. Failure pattern of conventional concrete:
Compression failure without (a) and with (b) fiber; Split tensile failure without (c) and with (d) fiber.

3.4. Compressive strength of PC

The compressive strength of the control specimen of
pervious concrete (PC-C) had values of 6.19 MPa and
9.59 MPa after 7 and 28 days of curing, respectively.
Steel fibers helped strength gain at an early stage (7

days). Strength rose with increasing content of fiber up
to 0.75% and then dropped at 1.0%. A similar trend for
pervious concrete reinforced with steel fibers has been
reported in literature, where moderate fiber contents
improved compressive strength, whereas excessive fiber
addition had an adverse effect (Lee et al. 2022). How-
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ever, the compressive strength after 28 days of curing
was effectively influenced by all fiber contents; with
0.75% showing optimum behavior. The observed de-
cline in strength at higher fiber content (1%) may be at-
tributed to the high volume of fibers affecting compac-
tion and workability. This may have affected the inter-
locking between coarse particles at an early stage (Lee et
al. 2022; Li et al. 2023). On the other hand, nylon fibers
showed inconsistent and non-linear behavior in this re-
gard. The effectiveness of fibers in pervious concrete
also depends on the bond developed with the intercon-
nected aggregate skeleton and the surrounding cement
paste. The highly porous structure within the PC matrix

may reduce the available bonding area. Despite this, the
fibers appeared to improve crack resistance and main-
taining particle interlock at appropriate dosages. How-
ever, excessive fiber content may reduce these benefits
by affecting fiber dispersion and matrix continuity (Ali et
al. 2022; Nur et al. 2025). The strength increased after 7
days with 0.25% (18.4% increase) and 0.75% (13.0% in-
crease) of fiber content, and had a similar effect on 28-
day compressive strength as well. The changes in
strength are illustrated in Fig. 11. A lower dose (0.25%)
of nylon fiber was more effective than steel fibers with
similar content in the pervious concrete after both cur-
ing periods.
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Fig. 11. Compressive strength comparison for pervious concrete.
(Note: The first two bars at 0% represent the strength values of PC after 7 and 28 days of curing, respectively.)

3.5. Split tensile strength of PC

The split tensile test was conducted on the same sam-
ples and the control specimen of PC achieved strength of
0.54 MPa and 1.61 MPa after 7-day and 28-day tests, re-
spectively. Steel fibers improved the tensile load re-
sistance for both curing ages. This behavior may be at-
tributed to their high toughness and elastic modulus
(Lee etal. 2022; Sitorus et al. 2025). The capability of ny-
lon fiber in controlling tensile cracks after 7 days of cur-
ing was also noteworthy. Its influence on the 28-day split
tensile strength was more impactful than that of steel fi-
ber. Nylon fiber at 0.25% boosted the strength up to
33.7%, whereas steel fiber with the same content
showed a 19% strength gain. A similar enhancement in
tensile behavior due to the crack-bridging ability of ny-
lon fibers has also been reported by Nur et al. (2025).
The remaining fiber contents also enhanced the split ten-
sile strength, although the response was not consistent.
Steel fibers at 0.75% contributed to 27.8% increase in
split tensile strength after 28 days.

The higher percentage increase in strength with steel
fiber may be influenced through high durability,
strength, and stiffness of the fiber itself as compared to
nylon fibers. Again, the quantity of steel fibers per vol-
ume is smaller than that of nylon fibers due to density

variation. Large amounts of nylon fiber may contribute
to the reduction in split tensile strength, which can be as-
cribed to the effect of low self-stiffness, flexibility, and
non-uniform distribution. Possible clustering and lump
formation within the concrete matrix may reduce the
uniformity of the mixture and create local weak zones
with poor crack bridging capacity (Ali et al. 2022). How-
ever, nylon fibers at a small dosage appeared to be more
effective in resisting microcrack formation, whereas
steel fibers were more effective in limiting the propaga-
tion of macrocracks. Fig. 12 illustrates the strength val-
ues of the split tensile test for PC. The experimental data
are summarized in Table 5 with percentage change in
strength.

3.6. Failure pattern of PC

The failure patterns of control specimens from pervi-
ous concrete showed typical bond failure between
coarse particles, localized in weak regions (usually at top
or bottom of samples). However, the fibers prevented
the samples from being torn apart under both compres-
sion test and in split tensile test. The fibers, even after
the strength was compromised, prevented the total split
and held the detached portions together. Higher fiber
content appeared to be more effective in holding the bro-
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ken parts together. Some of the failure patterns are shown
in Fig. 13. The overall performance of nylon fiber in re-
sisting and bridging tensile cracks between particles may
be associated with its larger numbers of fibers per vol-

Split tensile strength of PC (MPa)
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Fig. 12. Split tensile strength comparison for pervious concrete.
(Note: The first two bars at 0% represent the strength values of PC after 7 and 28 days of curing, respectively.)

Table 5. Strength test results of concrete specimens.

ume compared to that of steel fibers. These observations
suggest that the fibers remained effective in bridging
cracks and maintaining the integrity of the porous con-
crete matrix despite its interconnected void structure.

Sample Fiber Compressive strength (MPa) Split tensile strength (MPa)
1D (%) 7-days % Change 28-days % Change 7-days % Change 28-days % Change
CC-C 0.00 14.26 + 0.65 - 2297 £0.76 - 1.97 £ 0.14 - 2.87+0.16 -
CC-S1 0.25 16.70 + 0.87 +17.1 24.81 £ 0.46 +8.0 2.12+0.17 +7.9 292 +0.24 +2.1
CC-S2 0.50 17.10 £ 0.62 +19.9 26.87 £ 0.97 +17.0 2.28+0.20 +16.0 3.12+0.19 +8.8
CC-S3 0.75 17.83 £ 0.50 +25.0 28.02 £ 0.88 +22.0 2.76 £ 0.24 +40.5 3.67+0.18 +28.0
CC-S4 1.00 18.40 + 0.61 +29.0 29.40 + 1.05 +28.0 2.86 £0.19 +45.5 4.15+0.34 +45.0
CC-N1 0.25 17.44 £ 0.73 +22.3 24.15 +0.97 +5.1 244 +£0.12 +24.2 3.21+0.22 +12.0
CC-N2 0.50 13.02 + 1.09 -8.7 15.71+1.29 -31.6 1.90 £ 0.34 -3.3 2.12+0.33 -26.0
CC-N3 0.75 13.82+1.11 -3.1 16.75 + 1.45 -27.1 1.72 £ 0.35 -12.5 2.41+0.25 -15.9
CC-N4 1.00 17.23+1.61 +20.8 20.03 £ 1.04 -12.8 2.02+0.43 +2.8 2.34+0.23 -18.3
PC-C 0.00 6.19 + 0.67 - 9.59+0.70 - 0.54 + 0.05 - 1.61+0.08 -

PC-S1 0.25 6.28+0.72 +1.6 10.10 + 1.02 +5.4 0.61 +0.05 +13.3 1.92 +£0.12 +19.0
PC-S2 0.50 7.77 + 0.86 +25.7 10.50 + 0.94 +9.5 0.69 + 0.08 +28.9 1.71+0.17 +6.3
PC-S3 0.75 7.82 £ 0.80 +26.5 12.16 + 0.92 +26.9 0.78 £ 0.06 +46.7 2.06 £ 0.12 +27.8
PC-S4 1.00 7.63 £0.55 +23.4 10.19 + 1.04 +6.3 0.81 £ 0.08 +51.1 1.76 £ 0.15 +9.5
PC-N1 0.25 7.32£0.94 +18.4 10.54 +1.01 +10.0 0.79 £ 0.07 +46.8 2.15+0.16 +33.7
PC-N2 0.50 5.77 +1.18 -6.7 8.67 +1.38 -9.5 0.68 + 0.08 +27.4 1.96 +0.17 +21.9
PC-N3 0.75 6.99 +1.28 +13.0 10.35+1.29 +8.0 0.76 + 0.08 +41.9 1.77 +£0.18 +10.2
PC-N4 1.00 6.24+1.16 +0.8 8.62+1.49 -10.1 0.41 +0.09 -22.6 1.52+£0.23 -5.6

Notations: CC: Conventional Concrete; PC: Pervious Concrete; CC-C: Conventional Concrete Control Specimen;

PC-C: Pervious Concrete Control Specimen; S: Steel Fiber; N: Nylon Fiber;
Numbers 1,2,3,4 denote the chronological order of fiber % (S1: 0.25% steel fiber, N3: 0.75% nylon fiber, and so on).
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Table 6. Density, porosity, and permeability data of concrete samples.

Fiber Density (kg/m3) - CC Density (kg/m3) - PC Porosity (%) - PC Permeability (mm/s) - PC
(%) Steel Nylon Steel Nylon Steel Nylon Steel Nylon
0.00 2319.6 £33.2 2319.6+33.2 19565+13.8 1956.5+13.8 15.65 + 0.60 15.65 + 0.60 0.253+£0.022 0.253 +0.022
0.25 2321.1+42.4 2320.5+20.0 19582+20.2 1958.7+12.6 15.58 + 0.87 15.56 £+ 0.54  0.293+0.009 0.259 = 0.008
0.50 2323.2+36.1 2322.0+188 19599164 1960.1 +£9.0 15.51 £ 0.71 15.50 £ 0.39 0.309 £0.004 0.263 +£0.017
0.75 2324.1+£29.1 23239+12.8 1961.0 £9.6 1961.2 +15.5 15.46 + 0.41 15.45+0.67 0.287+0.019 0.253 +0.004
1.00 23254 +264 23249+10.1 19629+16.4 1962.5+21.0 15.38 £ 0.71 15.40 £ 0.91 0.229+0.012 0.185+0.003

(b)

(d)

Fig. 13. Failure pattern of pervious concrete:
Compression failure without (a) and with (b) fiber; Split tensile failure without (c) and with (d) fiber.

3.7. Unit weight or density of CC and PC

The concrete samples were used to determine the
variation of unit weight or density based on the direct
ratio of their measured mass to geometric volume. The
unit weight of pervious concrete is smaller compared to
that of conventional concrete due to having a large
amount of porosity. The incorporation of fibers influ-
enced the density of the concrete samples by adding a
small amount of weight, as anticipated. The slight varia-
tion may be associated with the mixing and distribution
of fibers inside the matrix. A similar marginal increase in
density with fiber incorporation has also been reported,
where the increase was mainly associated with the pres-
ence of additional reinforcing material within the con-
crete matrix (Ali etal. 2022; Lee et al. 2022). The density
data for both conventional and pervious concrete is
shown in Table 6.

3.8. Porosity and permeability of PC

The absence of sand in pervious concrete creates in-
terconnected voids or pores inside the matrix which al-
lows the water to easily infiltrate through the medium.
The porosity of the samples was calculated from the bulk
density of conventional and pervious concrete as per
ASTM C1754. The addition of fibers influenced the po-
rosity and permeability, as illustrated in Fig. 14.

The permeability demonstrates a non-linear relation-
ship with fiber content and was positively affected in the

initial stage of fiber incorporation. The porosity de-
creased with increasing fiber content in the pervious
concrete, however, the permeability slightly increased
for small fiber incorporation. Fiber contents of 0.25%,
0.50%, and 0.75% for steel fibers and 0.25% and 0.50%
for nylon fiber improved the permeability (steel showing
higher value), while 0.75% nylon had a neutral effect.
For 1% fiber incorporation, permeability dropped in
both cases. The improved permeability at lower fiber
content may be attributed to the ability of the fibers to
maintain the interconnected void within the aggregate
skeleton. This may have facilitated the water flow
through the interconnected pore networks. Similar per-
meability trends and their underlying mechanisms have
been reported in previous studies investigating the influ-
ence of fibers on interconnected pore structure, tortuos-
ity, and permeability (Wu et al. 2023). The proposed
mechanisms are based on the observed permeability
trends together with findings reported in the literature
(Li et al. 2023; Wu et al. 2023; Xie et al. 2023), since di-
rect microstructural investigation of the pore network
was beyond the scope of the present study. A similar
mechanism may also explain the behavior observed
from nylon fiber. Since the quantity per unit volume of
nylon fiber was larger than steel, their influence on per-
meability may differ because of their interaction with the
pore structures. Lastly, the higher fiber content (1%)
may have hindered the water flow by increasing the like-
lihood of partial blockage of interconnected pores within
the matrix (Xie et al. 2023).
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Fig. 14. Variation in porosity and permeability in pervious concrete.

(Note: The first two bars at 0% represent the porosity ratio and permeability values of PC, respectively.)

3.9. Comparison between the response of CC and PC

Pervious concrete, having lower material content and
more voids, shows weaker strength (both compressive
and tensile) as compared to the conventional one under

similar curing conditions. The increase in strength due
to the fibers (steel and nylon) followed a similar pattern
(Table 5). However, 0.25% nylon fiber in PC had slightly
higher strength (2.15 MPa) than 0.5% content in CC
(2.12 MPa), as illustrated in Figs. 15 and 16.
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Fig. 15. Compressive strength comparison between CC and PC.

(Note: The first four bars at 0% represent the strength values of CC (7 and 28 days) and PC (7 and 28 days), respectively.)
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Fig. 16. Split tensile strength comparison between CC and PC.

(Note: The first four bars at 0% represent the strength values of CC (7 and 28 days) and PC (7 and 28 days), respectively.)
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This behavior may be attributed to improved interfa-
cial interaction between the coarse particles and nylon
fibers due to their higher volume fraction. Moreover, fi-
bers in the compact and impermeable CC might have
been clustered inside the matrix. The agglomeration of
fibers creates potentially weak regions responsible for
crack development under load. While for pervious con-
crete, existing pore networks accommodate the fibers
added later, which in turn create a bridging effect be-
tween particles through interfacial transition zones
(ITZ). The relevant comparative analysis between them
is illustrated in Figs. 15 and 16.

4. Conclusions

Two commonly used concrete types from two differ-
ent construction sectors were strengthened using steel
and nylon fibers to observe their mechanical perfor-
mance. The findings indicate that, with controlled dos-
ages, the compressive and split tensile strengths were af-
fected by fiber incorporation. Steel fibers generally pro-
duced a consistent improvement in the mechanical per-
formance of conventional concrete owing to their high
pull-out resistance and high elastic modulus that con-
tribute to a transition of the failure mode from brittle to
ductile. In contrast, a large steel fiber content in PC led to
a marginal reduction in strength, showing an incon-
sistent response. Nylon fibers demonstrated a dosage-
dependent and non-uniform effect. Strength improve-
ment at a lower dosage of nylon fiber may be attributed
to high distribution efficiency, which enhances fiber-ma-
trix interlocking across interfacial transition zones (ITZ).
However, excessive content likely triggered premature
failure due to fiber clustering and reduced matrix integ-
rity. Fiber incorporation also affected the density, poros-
ity, and permeability of pervious concrete. The findings
demonstrate a trade-off between mechanical strength
and hydraulic functionality of pervious concrete. From
an engineering perspective, the findings of this study
demonstrate that appropriate fiber selection and con-
trolled dosage can improve the structural performance
of both CC and PC. This can be achieved while maintain-
ing their intended functional requirements. The results
further support the feasibility of using locally available
fibers as sustainable reinforcement materials in con-
struction practice. Such an approach provides a practical
basis for selecting locally available fibers in sustainable
pavement and structural applications. Though the pri-
mary function of PC is to allow smooth drainage, this
study suggests that with an optimum fiber content, im-
proved mechanical strength can be achieved without sig-
nificantly compromising permeability. This balanced re-
sponse supports the effectiveness of pervious concrete
for pavement construction with low to moderate traffic
levels. Lastly, the present study focused on the mechani-
cal properties of CC and PC in terms of compressive
strength, split tensile strength, density, porosity, and per-
meability. Moreover, the mechanical property determi-
nation of locally sourced fibers, concrete workability and
other mechanical properties of concrete such as modulus
of elasticity, stress-strain behavior, and flexural behavior
were beyond the scope of this study. Therefore, further

studies are recommended to examine these aspects, to-
gether with the effects of chemically modified fibers, mi-
crostructural characteristics and finite element analysis
for a better understanding of the governing mechanisms
behind the mechanical and physical behavior.
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The accumulation of municipal solid waste, including glass, poses significant envi-
ronmental challenges worldwide. This study aims to evaluate the effect of waste glass
powder (GP), used as a partial cement replacement in sand concrete, on its durability
properties. Sand concrete mixtures were prepared by substituting cement with GP at
mass proportions of 0%, 10%, 20%, 30%, and 40%. The durability performance was
assessed through accelerated carbonation, total water immersion absorption, capil-
lary water absorption, freeze-thaw cycling, wetting-drying cycling, and resistance to
hydrochloric acid attack (5% HCI). Scanning electron microscopy (SEM) analysis was
also conducted on specimens exposed to the acid solution. The results showed that
increasing GP content generally increased the carbonation depth; however, the mix-
ture containing 10% GP (SC-GP10%) exhibited the best resistance to accelerated car-
bonation, with a reduction in carbonation depth of approximately 15.41% compared
to the control mix (SC-WGP). Similarly, the 10% GP mix exhibited superior resistance
to freeze-thaw and wetting-drying cycles, with reductions in compressive strength
loss reaching approximately 9.40% and 40.70%, respectively, relative to the control
mix. Nevertheless, the incorporation of waste glass powder in sand concrete in-
creased both total immersion absorption and capillary absorption. SEM observations
on acid-exposed specimens revealed progressive surface degradation at the micro-
structural level, including the formation of micro-cracks and the presence of fine
voids across the specimen surfaces, indicating a gradual deterioration of the cementi-
tious matrix under hydrochloric acid attack. These findings indicate that, among the
studied proportions, the incorporation of 10% waste glass powder as a partial ce-
ment replacement represents the optimal dosage for enhancing the overall durability
of sand concrete. This approach not only offers a viable and sustainable solution for
improving concrete performance but also contributes to the reduction of solid waste
accumulation and the promotion of eco-friendly construction practices.
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1. Introduction

In recent years, the demand for raw materials in con-
struction has increased significantly. Given the high
costs associated with transporting conventional aggre-
gates from one region to another, the exploitation of lo-
cally available materials, such as dune sand, river sand,
and large deposits of natural and artificial fines, has be-
come an economically viable solution, either to partially
or totally replace a main constituent of ordinary con-
crete (aggregates or cement), or to formulate alternative
concrete types, such as sand concrete (Chauvin and Gri-
maldi 1988). Although sand concrete and cement mortar
are both produced without coarse aggregates, they differ
in their mix design, performance, and intended applica-
tions. Cement mortar is generally composed of cement,
fine sand, and water and is mainly used for masonry,
plastering, and repair works, where high structural
strength is not the primary objective. In contrast, sand
concrete is specifically proportioned using optimized
grading of one or more sand fractions, often combined
with mineral additions and chemical admixtures, to ob-
tain a dense granular skeleton with enhanced mechani-
cal strength and durability. Consequently, sand concrete
is regarded as a structural cement-based material,
whereas cement mortar is primarily intended for non-
structural applications (Bederina et al. 2005; Chauvin
and Grimaldi 1988).

On the other hand, environmental pollution resulting
from the extraction of raw materials, such as cement, and
the increasing volume of waste, particularly industrial
waste, has led researchers to explore the recovery and
integration of waste materials into concrete composi-
tions. Several studies have demonstrated that the incor-
poration of waste, in various forms, into concrete can im-
prove its properties (Chen et al. 2002; Shi and Zheng
2007; Zeghichi et al. 2012). Incorporating waste into
concrete, therefore, represents a technical, environmen-
tal, and economic solution for reducing raw material
consumption and landfill accumulation (Mathur 2006;
Schwarz et al. 2008; Idir et al. 2010; Nassar and So-
roushian 2012; Aly et al. 2012; Mahmud et al. 2025; Unal
and Canbaz 2025).

Among the various types of waste, glass has attracted
considerable attention from researchers due to its wide
availability, low recycling cost, and its ability to be recy-
cled without loss of quality (Sobolev et al. 2007). Glass
powder is generally considered a pozzolanic material
owing to its relatively high amorphous silica content
(Idir et al. 2011; Shi et al. 2005). The potential of waste
glass powder to support resource-efficient construction
and circular-economy practices has also been demon-
strated (Unal and Canbaz 2026). Several studies have ex-
plored the use of waste glass as either an aggregate sub-
stitute or a partial cement replacement in concrete
(Meyer et al. 2001; Park et al. 2004; Topcu and Canbaz
2004; Sangha et al. 2004; Shao et al. 2000; Chen et al.
2002; Shayan and Xu 2006; Taha and Nounu 2008).
Moreover, replacing 20% of cement with glass powder
has been reported to reduce CO, emissions by approxi-
mately 18% (Islam et al. 2017).

Regarding durability performance, several investiga-
tions have been conducted on the effect of glass powder

on the durability of ordinary concrete and mortar.
Schwarz etal. (2008) reported that fine glass powder im-
proved the resistance of concrete to chloride ion pene-
tration, showing performance comparable to that of fly
ash. Jain and Neithalath (2010) confirmed that glass-
powder-modified concretes exhibited lower chloride dif-
fusion coefficients. Matos and Sousa-Coutinho (2012)
found that mortar containing waste glass powder as a ce-
ment replacement showed enhanced resistance to chlo-
ride ingress and acceptable carbonation performance.
Jain et al. (2020) demonstrated improved durability of
concrete incorporating waste glass powder, particularly
in terms of water absorption and acid resistance. Bulut
(2024) evaluated capillary water absorption and acid re-
sistance in waste-modified concrete as key indicators of
durability performance. Siad et al. (2016) investigated
the effect of glass powder on sulfuric acid resistance and
reported improved performance of glass-powder-con-
taining cementitious materials. Adesina and Das (2020)
showed that glass powder enhanced the durability prop-
erties of engineered cementitious composites. Further-
more, Salim and Mosaberpanah (2021) reported im-
proved durability of high-performance mortar contain-
ing waste glass powder under different curing regimes.
Ramakrishnan et al. (2017) also observed enhanced du-
rability when glass powder was used as a supplementary
cementitious material combined with ground granulated
blast furnace slag.

However, a critical review of the existing literature re-
veals that the majority of durability studies on glass
powder have been conducted on ordinary concrete and
mortar, while very limited research has addressed the
durability behavior of sand concrete incorporating glass
powder as a partial cement replacement. Sand concrete
differs fundamentally from ordinary concrete in its com-
position, as it lacks coarse aggregates and relies on fine
sand as the primary aggregate, resulting in a distinct
pore structure and transport properties that may signif-
icantly influence durability performance. This gap in the
literature is particularly important given the growing in-
terest in sand concrete as a sustainable construction ma-
terial in regions with abundant sand resources and lim-
ited gravel availability.

In a previous study, Ammari et al. (2023) investigated
the effect of glass powder incorporation on the physical
and mechanical properties of sand concrete, considering
different dosages of glass powder from 0 to 40%. The re-
sults showed that glass powder effectively enhanced the
physical and mechanical properties of sand concrete,
with 10% identified as the optimal replacement level for
mechanical performance. Nevertheless, the durability
behavior of these glass-powder-based sand concrete
mixtures remained unexplored, which is essential for
validating the practical applicability of this material in
real construction environments.

Therefore, the present study aims to fill this gap by
comprehensively evaluating the durability performance
of sand concrete containing waste glass powder as a par-
tial cement replacement at dosages ranging from 0 to
40%. The durability assessment includes accelerated
carbonation, total water immersion absorption, capillary
water absorption, freeze-thaw cycling, wetting-drying
cycling, resistance to hydrochloric acid attack, and scan-



Ammari et al. / Challenge Journal of Concrete Research Letters (2026) 17(3) 319-340

321

ning electron microscopy (SEM) analysis. This compre-
hensive investigation provides new insights into the
long-term performance of glass-powder-based sand
concrete and establishes a complete characterization
framework complementing the previously reported me-
chanical properties.

2. Materials Description and Testing Procedures
2.1. Materials description

The fine aggregates employed in this investigation
consist of two locally sourced sands: a dune sand (DS),
extracted from the southern area of El Oued city (Alge-
ria), and a river sand (RS), obtained from the southeast-
ern zone of El M'Ghair city (Algeria). The particle size of
DS does not exceed 0.63 mm, whereas RS has a maxi-
mum grain diameter of 5 mm. To achieve an adequate

particle size distribution, both sands were blended to
produce a mixed sand (RDS) following a grain size cor-
rection approach, in which the fine fraction of RS was ad-
justed by the addition of DS. The sands were blended at
an RS-to-DS mass ratio of 1.7:1. This ratio was selected
based on previous studies, which demonstrated that it
provides an appropriate particle size distribution by
combining the coarse fraction of river sand with the fine
fraction of dune sand. This optimized grading contrib-
utes to a denser granular skeleton, which is considered
advantageous for sand concrete production (Bederina et
al. 2005; Ammari et al. 2021). The mineralogical charac-
terization of the sands, carried out by X-ray diffraction
(XRD) analysis (Figs. 1 and 2), confirmed their predomi-
nantly siliceous nature, with minor traces of calcium car-
bonate (CaCO3) also detected. Moreover, the physical
characterization results, summarized in Table 1, indicate
that the mixed sand RDS meets the cleanliness require-
ments specified by standard NF P18-598 (1991).
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Fig. 1. X-ray diffraction (XRD) pattern of the utilized dune sand (DS).
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Fig. 2. X-ray diffraction (XRD) pattern of the utilized river sand (RS).
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Table 1. Physical characteristics of the used sand (RDS).

Maximum diameter (mm) 5
Apparent density (kg/m?) 1577
Absolute density (kg/m?) 2570
Fineness modulus 2.2
Compactness (%) 61.36
Porosity (%) 38.64
Visual sand equivalent (%) 92.02
Piston sand equivalent (%) 77.13

The binding material adopted in this study is a Port-
land composite cement, designated as CEM 11/B-L 42.5N,
conforming to the Algerian standard NA 442 (2013).
This cement type incorporates limestone as a secondary
constituent and belongs to the normal early strength
class (42.5N). The measured absolute density and Blaine
specific surface area of the cement are 3080 kg/m? and

449 m?/kg, respectively, and its detailed chemical com-
position is provided in Table 2. Given the inherently high
porosity of sand concrete resulting from the absence of
coarse aggregates, it is essential to optimize the particle
packing density by filling the intergranular voids within
the fine fraction of the sand. For this purpose, a lime-
stone filler was incorporated as a fine mineral addition.
This filler plays a fundamental role in the formulation of
sand concrete by completing the grain size distribution
curve and reducing the overall porosity of the mixture,
as highlighted by Chauvin and Grimaldi (1988).

The limestone filler utilized in this research was ob-
tained from crushing waste sourced from a quarry situ-
ated in the northern vicinity of Hassi Messaoud city (Al-
geria). The filler was produced by sieving the fine frac-
tion of this crushing waste through an 80 pm mesh sieve.
The physical characterization of this filler revealed abso-
lute and apparent density values of 2500 kg/m?> and 981
kg/m3, respectively. The mineralogical analysis con-
firmed that the filler is entirely calcareous in nature,
composed predominantly of calcium carbonate (CaCOs3),
as reported by Ammari et al. (2023).

Table 2. Chemical composition of the cement used in this study.

Element Si0; Ca0 MgO ALOs Fe:0:  S0: KO C- Na0 1€ o [Insoluble
Ca0 Residues
Quantity (%)  18.84 60.03 1.81 4.90 321 265 068 0017 009 067 849 113

The supplementary cementitious material investi-
gated in this study is a glass powder derived from white
industrial glass waste. The preparation process in-
volved crushing the collected glass fragments into fine
particles, followed by sieving through an 80 pm mesh
to obtain a uniform powder with a controlled fineness.
This powder was incorporated into the sand concrete
mixtures as a partial mass substitute for cement at var-
ying replacement levels. The measured physical prop-
erties of the glass powder include an absolute density

of 2570 kg/m?® and a Blaine specific surface area of 288
m?/kg. The mineralogical composition, determined
through XRD analysis (Fig. 3), revealed the presence of
silica (Si0;) as the dominant constituent, along with
calcium oxide (Ca0), iron oxide (Fe,03), and sodium ox-
ide (Na,0). The high silica content (SiO, = 70%) con-
firms the siliceous nature of the glass powder, which is
a key prerequisite for potential pozzolanic reactivity
when used as a cement replacement in cementitious
materials.
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Fig. 3. X-ray diffraction (XRD) pattern of the utilized glass powder.
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Due to the specific granular composition of sand con-
crete, the incorporation of a chemical admixture is con-
sidered indispensable to ensure adequate workability of
the fresh mix, as emphasized by Chauvin and Grimaldi
(1988). In this regard, a high-range water-reducing su-
perplasticizer, commercially known as MEDAPLAST-SP
40, was selected for all concrete mixtures. This admixture
is supplied in liquid form, allowing for easy dispersion in
the mixing water, and its properties comply with the re-
quirements of the European standard EN 934-2 (2012).

2.2. Testing procedures
2.2.1. Preparation of the investigated concrete

The various sand concrete mixture compositions in-
vestigated in this study are summarized in Table 3. Glass
powder was incorporated as a partial replacement of ce-
ment at mass percentages ranging from 10% to 40%,
with increments of 10%. For ease of identification
throughout this study, the different sand concrete mix-
tures were designated as follows:

o SC-WGP: Reference sand concrete without glass pow-

der (control mix);

e SC-GP10%: Sand concrete incorporating 10% glass
powder;

e SC-GP20%: Sand concrete incorporating 20% glass
powder;

e SC-GP30%: Sand concrete incorporating 30% glass
powder;

e SC-GP40%: Sand concrete incorporating 40% glass
powder.

2.2.2. Mixing process and storage of specimens

To ensure thorough homogeneity of the mixture and
thereby enhance the overall quality of the concrete, the
mixing process was performed at a low speed following
a specific sequential procedure:

o Step 1: Cement and glass powder were first dry-mixed
together for 2.5 minutes to ensure uniform blending
of the binding materials;

e Step 2: Limestone filler and sand were then intro-
duced in a dry state, and mixing was continued for an
additional 2.5 minutes;

e Step 3: Once a homogeneous dry blend was achieved,
70% of the total mixing water was gradually incorpo-
rated into the mixture over a period of 1.5 minutes
without interruption;

e Step 4: The remaining 30% of the mixing water, pre-
mixed with the chemical admixture, was finally added
and mixed for 1 minute without interruption.

This mixing protocol was adopted based on several
previous studies conducted on sand concrete (Bederina
et al. 2016; Ammari et al. 2020a; Ammari et al. 2020b).
After mixing, the fresh concrete was cast into molds,
with each mold filled in two equal layers. Each layer was
vibrated and compacted using 30 manual strokes to en-
sure adequate compaction and to minimize entrapped
air voids. The molded specimens were then kept in
their molds for 24 hours before being demolded. Sub-
sequently, the specimens were stored under controlled
laboratory conditions (temperature: 25 °C + 3 °C; rela-
tive humidity: 50% * 8%) until the designated testing
date.

Table 3. Concrete mix designs considered in this study.

Glass Total Sand Limestone Mixing Water-to- Super-plasticizer *
L Cement . ) .
Composition (kg/m?) powder binder (RDS) filler water binder
& (kg/m3)  (kg/m3)  (kg/m?) (kg/m?) (1/m3) ratio (%) (kg/m?)
SC-WGP 400 0 400 1296 150 235 0.59 1.5 6
SC-GP10% 360 40 400 1296 150 235 0.59 1.5 6
SC-GP20% 320 80 400 1296 150 235 0.59 1.5 6
SC-GP30% 280 120 400 1296 150 235 0.59 1.5 6
SC-GP40% 240 160 400 1296 150 235 0.59 1.5 6

* The super-plasticizer dosage is expressed as a mass percentage of the total binder content (cement + GP).

2.2.3. Experimental techniques
a. Accelerated carbonation

The resistance of sand concrete to carbonation was
assessed through an accelerated carbonation protocol
conducted in accordance with the AFPC-AFREM proce-
dure described in XP P18-458 (2008). The principle of
this test involves exposing concrete specimens to a con-
trolled gaseous environment composed of 50% CO, and
50% air inside a dedicated carbonation chamber (Fig.
4(a,b)), while maintaining the relative humidity within
the range of 40% to 80%, which is considered the most
favorable range for carbonation progression. For each
mixture composition, four cubic specimens measuring

10 x 10 x 10 cm were prepared: three designated for car-
bonation depth measurements, and one dedicated to
tracking the mass evolution throughout the testing pe-
riod. Two additional reference specimens per mix were
stored under ambient laboratory conditions (tempera-
ture of 20 = 5 °C and relative humidity of 65% * 7%) to
monitor the natural carbonation progression for com-
parative purposes.

The specimen pre-conditioning protocol comprised
the following sequential steps. Initially, all specimens
underwent a 28-day curing period in a humid environ-
ment with a relative humidity exceeding 95%, or alter-
natively were submerged in water. Upon completion of
the curing phase, each specimen was weighed to estab-
lish its reference mass. Subsequently, the specimens
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were transferred to an oven maintained at 40 + 2 °C for
48 hours, after which they were weighed again to record
their conditioned mass. Prior to placement in the car-
bonation chamber, the two square faces of each speci-
men were sealed with adhesive aluminum foil to ensure

(a) Carbonation chamber

(b) Placing samples in the carbonation chamber

unidirectional CO, diffusion through the four exposed
lateral faces (Fig. 4(c)). The specimens were then posi-
tioned inside the chamber with a minimum spacing of 2
cm between adjacent samples to guarantee uniform gas
exposure on all unsealed surfaces

/ Aluminum foil -

(c) Sample covered with adhesive aluminum

Fig. 4. Accelerated carbonation test.

The carbonation depth was evaluated at three expo-
sure ages: 7, 14, and 28 days. At each designated age, the
specimens were removed from the chamber and
weighed to record any mass change. To determine the
carbonation front, each specimen was split into two
halves, and the freshly fractured surfaces were immedi-
ately sprayed with a phenolphthalein indicator solution
(1% concentration dissolved in alcohol). This colorimet-
ric technique relies on the pH sensitivity of phenolphtha-
lein: the non-carbonated zone, characterized by a high
pH close to 13, turns pink upon contact with the indica-
tor, whereas the carbonated zone, where the pH has
dropped to approximately 8.5 due to the consumption of
calcium hydroxide by CO,, remains colorless. The car-
bonation depth on each exposed face was measured us-
ing a graduated ruler, with five readings recorded per
face, comprising the minimum distance, the maximum
distance, and three intermediate distances. The final re-
ported carbonation depth for each specimen corre-
sponds to the arithmetic mean of all measured values
across the exposed faces.

b. Water absorption by total immersion

The water absorption by total immersion was evalu-
ated on cubic specimens with dimensions of 5 x 5 x 5 cm,
in accordance with the Belgian standard NBN B 15-215
(1989). For each mixture composition, three specimens
were prepared and tested to ensure the reproducibility
of results. Prior to testing, the specimens were oven-
dried at 105 + 5 °C until a constant mass was achieved,
and then fully immersed in water at 20 * 2 °C until satu-
ration, as prescribed by the standard. The reported val-
ues represent the arithmetic mean of three measure-
ments for each mix.

¢. Capillary water absorption
Capillary water absorption was evaluated on pris-

matic specimens with dimensions of 4 x 4 x 16 cm. For
each mixture composition, three specimens were pre-

pared and tested to ensure the reproducibility of results.
Before the capillary absorption measurements, the test
specimens were pre-conditioned according to the rec-
ommendations of the AFPC-AFREM procedure. The test
consisted of placing each specimen vertically with its
lower face in contact with a thin layer of water (approxi-
mately 5 mm deep), while the lateral surfaces were sealed
to ensure unidirectional water uptake. The mass gain due
to capillary absorption was recorded at predetermined
time intervals. The capillary absorption coefficient (C4)
was calculated as the cumulative mass of absorbed water
per unit exposed surface area according to Eq. (1):
M¢—Mo

Ca=—1 (1)
where (M:) is the mass of the specimen at time (¢t) (kg),
(Mo) is the initial dry mass of the specimen (kg), and (4)
is the exposed cross-sectional area in contact with water
(m?). In this study, the exposed surface area was 4 x 4
cm (0.0016 m?). The reported values represent the arith-
metic mean of three measurements for each mixture.

d. Freeze-thaw and wetting-drying

In the present study, the durability of sand concrete
was evaluated through wetting-drying and freeze-thaw
cyclic tests following ASTM D559 (2015) and ASTM
D560 (2016), respectively. Although these standards
were originally developed for compacted soil-cement
mixtures, their use for sand concrete is well justified. Un-
like ordinary concrete, sand concrete contains no coarse
aggregates and relies exclusively on fine sand as the pri-
mary aggregate combined with cement and filler (Beder-
ina et al. 2005; Chauvin and Grimaldi 1988), making its
granular composition and matrix structure significantly
closer to those of soil-cement mixtures than to that of
conventional concrete. Moreover, the standard freeze-
thaw test for ordinary concrete, as described in ASTM
C666/C666M (2015), involves rapid cycles under water-
saturated conditions with temperatures down to -18 °C,
a protocol specifically designed for concrete containing
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coarse aggregates and therefore not directly applicable
to sand concrete given its distinct pore structure and
transport properties. Furthermore, several previous
studies on sand concrete and similar fine-aggregate ce-
mentitious composites have successfully adopted ASTM
D559 (2015) and ASTM D560 (2016) as appropriate du-
rability testing protocols (Bederina et al. 2016; Aoual-
Benslafa et al. 2011), confirming their suitability for this
type of material. Finally, in the absence of a dedicated in-
ternational standard for evaluating the cyclic durability
of sand concrete, the selection of ASTM D559 and ASTM
D560 is deemed technically appropriate, given the com-
positional analogy between sand concrete and soil-ce-
ment mixtures, and is consistent with the established
testing methodology reported in the literature for simi-
lar fine-aggregate cementitious systems.

The freeze-thaw test was performed on cubic speci-
mens measuring 10 x 10 x 10 cm, in accordance with the
testing protocol adopted in this study. For each mixture
composition, three specimens were prepared to ensure
the reproducibility of results. A total of twelve acceler-
ated aging cycles were applied, starting at a curing age of
28 days. Each cycle consisted of freezing in air at -5 °C
for four hours, followed by complete immersion in water
at 23 °C until full thawing was achieved (approximately
four hours). A temperature-controlled chamber was
used to regulate the thermal cycles. The mass and com-
pressive strength of each specimen were measured be-
fore and after the completion of all freeze-thaw cycles to
evaluate both the weight loss and the strength degrada-
tion induced by the cyclic exposure. The reported values
represent the arithmetic mean of three measurements
obtained for each mix.

To assess the durability of sand concrete under alter-
nating moisture conditions, the wetting-drying test was
performed on cubic specimens measuring 10 x 10 x 10
cm, in accordance with the testing protocol adopted in
this study. Specimens were cast for all mixture composi-
tions (0%, 10%, 20%, 30%, and 40% GP), with three rep-
licates per mix to guarantee the reliability of the experi-
mental data. At the age of 28 days, the specimens were
subjected to twelve accelerated aging cycles. Each cycle
involved immersion in water for five hours, followed by
oven drying at 70 °C for 42 hours. The mass and com-
pressive strength of each specimen were determined
both prior to and after the completion of the wetting-
drying program, allowing the quantification of weight
loss and strength degradation as indicators of durability
performance. All reported results correspond to the
mean value of three tested specimens per mixture.

e. Resistance to acid attack

The resistance of sand concrete to acid attack was
evaluated by monitoring the mass variation and con-
ducting chemical analyses on specimens immersed in a
hydrochloric acid (HCI) solution, following the general
guidelines of ASTM C267 (2020). Prismatic sand con-
crete specimens with dimensions of 4 x 4 x 16 cm were
used for this test. For each mixture composition (0%,
10%, 20%, 30%, and 40% GP), three specimens were
prepared and tested to ensure reliable and reproducible
measurements. After 28 days of water curing, the speci-

mens were removed from water and exposed to ambient
conditions at a temperature of 23 °C for 30 minutes to
remove excess surface water. The initial dry mass of each
specimen was then recorded before immersion in the
acid solution (Bassuoni and Nehdi 2007). A hydrochloric
acid solution with a concentration of 5% was prepared
in acid-resistant containers and maintained at an ambi-
ent temperature of 23 °C. The specimens were posi-
tioned with a spacing of 2 cm apart, ensuring that all sur-
faces were covered with approximately 2 cm of acid so-
lution. The pH level of the solution was monitored every
two days using pH indicator strips, and the recorded pH
remained below 4 throughout the testing period. The du-
rability performance was evaluated macroscopically
through mass variation measurements, and microstruc-
turally through X-ray diffraction (XRD) and scanning
electron microscopy (SEM) analyses. The reported mass
variation values represent the average of three speci-
mens per mixture.

f- Microstructural analysis

The microstructural characteristics of sand concrete
specimens were investigated using scanning electron
microscopy (SEM) and X-ray diffraction (XRD) to gain a
deeper understanding of the effect of glass powder in-
corporation on the cementitious matrix. For each mix-
ture composition, representative samples were carefully
selected and examined to ensure that the observations
reflected the overall microstructural behavior of the ma-
terial. SEM analysis was performed using a Phenom ProX
scanning electron microscope to examine the surface
morphology, identify micro-cracks, and detect any mi-
crostructural changes induced by the different testing
conditions. Multiple micrographs were captured at vari-
ous magnifications and from different locations on each
specimen to ensure representative imaging of the micro-
structure. For XRD analysis, the cement matrices of the
studied sand concrete mixtures were first crushed and
sieved through an 80 um mesh to obtain a fine powder
suitable for diffraction measurements. The prepared
samples were then analyzed using a PROTO AXRD dif-
fractometer to identify the crystalline phases and assess
the mineralogical changes resulting from glass powder
addition and exposure to aggressive environments.

3. Results and Analysis
3.1. Accelerated carbonation
3.1.1. Carbonation depth

The visual examination of the specimens after expo-
sure to accelerated carbonation is illustrated in Fig. 5. A
clear distinction between two zones can be observed on
the fractured surfaces: the outer carbonated region, which
retains the natural grey color of concrete due to the con-
sumption of calcium hydroxide and the associated pH re-
duction to approximately 8.5, and the inner non-car-
bonated core, which turns pink upon spraying with the
phenolphthalein indicator, confirming that the alkalinity
of the pore solution remains intact in this zone (pH ~ 13).
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Fig. 5. Carbonation front detection using phenolphthalein indicator on the studied concretes at 28 days.

The carbonation front separating these two regions
appears well-defined and regular across all tested sand
concrete compositions, indicating a relatively uniform
CO. diffusion pattern through the matrix. Regarding the
influence of glass powder content, the results reveal that
the incorporation of 10% GP produced the most favora-
ble performance, exhibiting a reduced carbonation
depth compared to the reference mix (SC-WGP). This im-
provement can be attributed to the pozzolanic reaction
of the glass powder at this dosage, which generates ad-

ditional C-S-H gel that refines the pore structure and hin-
ders CO, penetration into the matrix. However, at re-
placement levels exceeding 10%, a progressive increase
in carbonation depth was observed, suggesting that the
dilution of the cementitious matrix at higher GP dosages
creates a more porous and permeable microstructure
that facilitates the inward diffusion of carbon dioxide.

The evolution of carbonation depth as a function of
exposure time at 7, 14, and 28 days for all sand concrete
compositions is presented in Fig. 6.
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Fig. 6. Evolution of carbonation depth over time.

The results reveal a clear dependence of carbonation
depth on the glass powder replacement level, with dis-
tinctly different behaviors observed below and above
the 10% GP threshold. At 28 days of accelerated carbon-
ation exposure, the reference mix (SC-WGP) recorded a
carbonation depth of 6.49 mm, while the SC-GP10% mix
exhibited the shallowest carbonation front among all
tested compositions, reaching only 5.49 mm, which corre-
sponds to a reduction of approximately 15.41% in carbon-
ation depth compared to the reference mix. This enhanced
resistance to carbonation penetration at 10% GP can be
attributed to the effective pozzolanic reaction at this dos-
age, which consumes a portion of the available calcium

hydroxide (Ca(OH);) to form additional C-S-H gel. While
this reaction theoretically reduces the amount of
Ca(OH); available for carbonation, the resulting densifica-
tion of the pore structure at 10% GP appears to outweigh
this effect by significantly hindering the inward diffusion
of CO, through the matrix. Schwarz et al. (2008) reported
a comparable pore-refining effect at moderate glass pow-
der replacement levels, which effectively reduced the
transport properties of the cementitious matrix. Similarly,
Matos and Sousa-Coutinho (2012) observed that glass
powder atlow replacement dosages contributed to an ac-
ceptable carbonation performance due to the balance
between pore refinement and Ca(OH), consumption.
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In contrast, replacement levels exceeding 10% GP led
to a progressive and substantial increase in carbonation
depth. At 28 days, the carbonation depth rose sharply to
9.49 mm, 12.13 mm, and 13.68 mm for SC-GP20%, SC-
GP30%, and SC-GP40%, respectively, corresponding to
increases of 46.22%, 86.90%, and 110.79% in carbona-
tion depth relative to the reference mix. Notably, the
most pronounced increase in carbonation depth oc-
curred between SC-GP10% and SC-GP20%, where it
nearly doubled from 5.49 mm to 9.49 mm (a difference
of 4.00 mm), indicating the existence of a critical thresh-
old between 10% and 20% GP beyond which the carbon-
ation resistance deteriorates rapidly. This pronounced
increase in carbonation depth can be explained by two
concurrent mechanisms. First, the excessive replace-
ment of cement by glass powder significantly reduces
the total quantity of Ca(OH), produced during hydration,
thereby lowering the carbonation buffering capacity of
the matrix, as the carbonation process fundamentally re-
lies on the reaction between atmospheric CO, and
Ca(OH); to form calcium carbonate (CaCO3). Second, the
dilution effect at higher dosages results in an insuffi-
ciently densified microstructure with greater pore con-
nectivity, which facilitates the penetration of CO, into
deeper layers of the concrete. Islam et al. (2017) empha-
sized that beyond an optimal glass powder threshold,
the beneficial pozzolanic contribution is outweighed by
the detrimental reduction in cement content, leading to
a decline in overall performance. These findings are also
consistent with those of Salim and Mosaberpanah
(2021), who reported that carbonation resistance of
glass-powder-modified cementitious materials deterio-
rated significantly at high replacement levels due to the
combined effect of reduced portlandite availability and
increased porosity. Consequently, the SC-GP10% com-
position exhibited the lowest measured carbonation
depth among all tested compositions.

In addition to the accelerated carbonation test, an at-
tempt was made to evaluate the natural carbonation be-

havior of the studied sand concrete compositions. It is
widely recognized that natural carbonation provides
more realistic results compared to accelerated testing, as
it reflects the actual service conditions of the material
under atmospheric CO, concentrations of approximately
0.04%. However, the practical implementation of natu-
ral carbonation tests presents significant challenges, pri-
marily due to the difficulty of maintaining constant am-
bient conditions over extended periods and the inher-
ently slow rate of CO, diffusion at such low concentra-
tions. In the present study, companion specimens for
each mix were stored under ambient laboratory condi-
tions (temperature of 20 + 5 °C and relative humidity of
65% * 7%) throughout the experimental program. The
results indicated that none of the tested sand concrete
compositions exhibited any measurable carbonation
depth under natural exposure conditions during the
monitoring period. This absence of detectable carbona-
tion depth can be attributed to the relatively short expo-
sure duration, which was insufficient for atmospheric
CO; at low concentrations to penetrate to a measurable
depth within the concrete matrix. Siad et al. (2016)
noted that the carbonation process under natural condi-
tions is extremely slow, particularly for well-cured con-
crete specimens, and that measurable carbonation
depths typically require exposure periods of several
months to years, depending on the environmental condi-
tions and concrete permeability. This observation fur-
ther confirms that accelerated carbonation testing re-
mains the most practical and reliable method for evalu-
ating the carbonation resistance of sand concrete within
areasonable experimental timeframe.

3.1.2. Variation of mass gain

Alongside the carbonation depth measurements, the
mass evolution of all sand concrete specimens was mon-
itored at 7, 14, and 28 days of accelerated carbonation
exposure, and the results are presented in Fig. 7.
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Fig. 7. Evolution of mass gain over time for the studied concretes.
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During the carbonation process, the reaction between
the diffused CO, and the calcium hydroxide (Ca(OH),)
present in the pore solution produces calcium carbonate
(CaCO03), which has a higher molar mass than the original
portlandite, resulting in a net mass gain of the speci-
mens. Therefore, the magnitude of mass gain serves as
an indirect indicator of the extent of the carbonation re-
action within the cementitious matrix.

The results demonstrate that the incorporation of
glass powder into sand concrete progressively reduced
the mass gain across all replacement levels compared to
the reference mix (SC-WGP). At 28 days, the reference
mix recorded the highest mass gain of 4.02%, which de-
creased to 3.49%, 2.88%, 2.28%, and 1.75% for SC-
GP10%, SC-GP20%, SC-GP30%, and SC-GP40%, respec-
tively. These values correspond to reductions of approx-
imately 13.18%, 28.36%, 43.28%, and 56.47% in mass
gain relative to the reference mix, with the SC-GP40%
composition exhibiting the lowest mass gain among all
tested compositions. Regarding the temporal evolution,
a rapid increase in mass gain was observed during the
first 7 days for all compositions, reflecting the initial
stage of carbonation where the CO, reacts readily with
the Ca(OH), accessible in the surface-connected pores.
Beyond this period and up to 28 days, the mass gain
evolved at a considerably slower rate, with all composi-
tions following a nearly parallel trend, indicating that the
carbonation front had progressed into deeper and less
accessible pore regions where the CO, diffusion rate is
considerably reduced.

The progressive reduction in mass gain with increas-
ing glass powder content is directly related to the de-
creasing availability of Ca(OH), within the matrix. As the
cement content is reduced through glass powder substi-
tution, the total amount of Ca(OH), generated during hy-
dration diminishes proportionally, leaving less portland-
ite available to react with the diffused CO, and conse-
quently producing less CaCO3. This mechanism explains
why the SC-GP40% mix, having the lowest cement content
among all compositions, recorded the lowest mass gain.
Shi et al. (2005) confirmed that the pozzolanic reaction of
glass powder further consumes the available Ca(OH), to

produce C-S-H gel, thereby additionally reducing the
portlandite reservoir available for carbonation. Matos and
Sousa-Coutinho (2012) reported analogous observations
in mortar containing glass powder, where the mass gain
during carbonation decreased with increasing glass pow-
der dosage due to the reduced Ca(OH), content.

It is essential, however, to interpret these mass gain
results in conjunction with the carbonation depth meas-
urements discussed above, as the two indicators convey
complementary but distinct information about the car-
bonation process. While a lower mass gain may appear
to indicate better carbonation resistance, it actually re-
flects a reduced Ca(OH), content rather than an inher-
ently superior resistance to CO, penetration. This is
clearly evidenced by comparing the SC-GP10% and SC-
GP40% compositions: although SC-GP40% exhibited the
lowest mass gain (1.75% vs. 3.49% for SC-GP10%), it
recorded the deepest carbonation front (13.68 mm vs.
5.49 mm for SC-GP10%). This apparent contradiction
confirms that the lower mass gain at higher GP dosages
is not an indicator of improved durability, but rather a
consequence of the depleted Ca(OH), reserve, which
consequently allows CO, to penetrate more rapidly
through the poorly buffered matrix. In contrast, the SC-
GP10% composition achieved both a moderate reduc-
tion in mass gain (13.18%) and the shallowest carbona-
tion depth (5.49 mm), confirming that at this dosage, the
pozzolanic reaction refines the pore structure suffi-
ciently to impede CO; diffusion while maintaining an ad-
equate Ca(OH), buffering capacity to resist carbonation
progression.

3.2. Water absorption by total immersion

This property provides a direct indication of the be-
havior of glass powder-based concrete when exposed to
water. Water absorption capacity is a key indicator of the
porosity of concrete, as it directly reflects the presence
and volume of internal pores. The water absorption co-
efficients obtained by total immersion for the various
concrete mixtures investigated in this study are pre-
sented in Fig. 8.
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Fig. 8. Influence of glass powder proportion on water absorption by immersion.
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The total water absorption results reveal an unfavor-
able effect of glass powder incorporation on the poros-
ity-related properties of sand concrete. The water ab-
sorption coefficient increased progressively with in-
creasing GP content across all replacement levels. The
reference mix (SC-WGP) recorded a water absorption
value of 6.24%, which increased to 6.69%, 6.98%, 7.12%,
and 7.23% for SC-GP10%, SC-GP20%, SC-GP30%, and
SC-GP40%, respectively. These values correspond to in-
creases of approximately 7.21%, 11.86%, 14.10%, and
15.87% relative to the reference mix. This systematic in-
crease suggests that glass powder incorporation ad-
versely affects the pore structure of sand concrete, a
trend that requires further analysis in light of the under-
lying microstructural mechanisms.

The primary explanation for this behavior lies in the
modification of the pore network within the cementi-
tious matrix. At higher glass powder replacement levels,
the reduction in cement content leads to a decrease in
the volume of hydration products, particularly C-S-H gel,
which is primarily responsible for filling the capillary
pores and densifying the microstructure. This creates
additional interconnected voids within the matrix, facil-
itating greater water ingress and retention. Further-
more, the smooth and non-reactive surface of unreacted
glass particles, especially at dosages above 20%, may
weaken the bond at the particle-paste interface, generat-
ing micro-gaps that contribute to increased porosity and
water accessibility. Adesina and Das (2020) observed a
similar increase in water absorption with increasing
glass powder content in cementitious composites, attrib-
uting it to the reduced hydration activity at higher re-
placement levels that leaves more unfilled pore space
within the matrix. Letelier et al. (2019) also reported
comparable findings in mortars containing waste glass,
noting that the absorption increase was directly related
to the higher porosity resulting from cement dilution.
Moreover, Jain et al. (2020) demonstrated that incorpo-
rating 25% glass powder into concrete increased the wa-
ter absorption coefficient by approximately 8% com-
pared to the control concrete, which closely aligns with
the 7.21% increase observed in the present study at 10%
GP. Ramakrishnan et al. (2017) further confirmed this
trend, showing that increasing the glass powder replace-
ment level to 20% resulted in a measurable rise in the
water absorption coefficient.

Itis worth noting, however, that the rate of absorption
increase is not uniform across all replacement levels, ex-
hibiting a clear decelerating pattern. The most notable
increment occurred between the reference mix and SC-
GP10%, with the absorption rising from 6.24% to 6.69%
(a difference of 0.45%). This increment progressively di-
minished to 0.29% between SC-GP10% and SC-GP20%,
then to 0.14% between SC-GP20% and SC-GP30%, and
finally to only 0.11% between SC-GP30% and SC-
GP40%. This plateau-like behavior at higher dosages
suggests that beyond a certain replacement threshold,
the pore network reaches a near-saturation state where
additional glass powder no longer substantially alters
the overall porosity. At low replacement levels such as
10%, the pozzolanic activity of the glass powder partially
compensates for the porosity increase by producing sec-
ondary C-S-H gel that fills a portion of the newly formed

voids. Schwarz et al. (2008) reported a similar observa-
tion, noting that fine glass powder at moderate replace-
ment levels provided a degree of pore refinement that
partially mitigated the negative effects of cement reduc-
tion. At higher dosages, however, the limited availability
of calcium hydroxide restricts the extent of the poz-
zolanic reaction, leaving a greater volume of unreacted
glass particles that do not contribute to pore filling,
thereby amplifying the absorption increase. Matos and
Sousa-Coutinho (2012) confirmed this mechanism,
showing that excessive glass powder replacement led to
a dilution effect that progressively increased the poros-
ity of cementitious materials.

This finding highlights the importance of carefully se-
lecting the glass powder replacement level to minimize
the adverse impact on water absorption. While the ab-
sorption increase at 10% GP remains within an accepta-
ble range (7.21% increase, from 6.24% to 6.69%), the
progressive deterioration at higher dosages raises con-
cerns about the long-term performance of sand concrete
in water-saturated environments, where elevated ab-
sorption can accelerate the ingress of aggressive agents
and compromise the overall durability of the material.
The implications of this porosity increase on other dura-
bility indicators, such as resistance to cyclic environ-
mental exposure and chemical attack, will be examined
in the subsequent sections.

3.3. Capillary water absorption

In addition to total water absorption, the capillary wa-
ter absorption test provides further insight into the pore
connectivity and transport properties of sand concrete,
as it specifically reflects the ability of the material to ab-
sorb water through its capillary pore network under the
effect of surface tension. Fig. 9 presents the average val-
ues of the capillary absorption coefficients over 24 hours
for all studied compositions.

The results indicate that the capillary absorption of
sand concrete is considerably and adversely affected by
the incorporation of glass powder at all replacement lev-
els. The reference mix (SC-WGP) recorded a capillary ab-
sorption value of 7.68 kg/m? which increased progres-
sively to 8.85, 10.02, 10.94, and 12.76 kg/m? for SC-
GP10%, SC-GP20%, SC-GP30%, and SC-GP40%, respec-
tively. These values correspond to increases of approxi-
mately 15.23%, 30.47%, 42.45%, and 66.14% relative to
the reference mix. Notably, the capillary absorption in-
crease is considerably more pronounced than the total im-
mersion absorption increase discussed previously (which
ranged from 7.21% to 15.87%), suggesting that glass pow-
der incorporation predominantly affects the capillary pore
structure rather than the overall porosity of the matrix.

This amplified capillary absorption can be attributed
to several microstructural factors. First, the progressive
replacement of cement by glass powder reduces the
quantity of hydration products available to fill and seg-
ment the capillary pore network, resulting in a more in-
terconnected and continuous capillary system that facil-
itates faster water transport. Second, at higher replace-
ment levels (30-40%), the excess of unreacted glass par-
ticles may create preferential pathways at the particle-
paste interface, acting as channels that enhance capillary
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suction. Matos and Sousa-Coutinho (2012) investigated
the capillary absorption of mortar containing 10% and
20% glass powder as cement replacement and reported
a measurable increase in the capillary absorption coeffi-
cient at both dosages, attributing this to the coarsening
of the pore structure caused by the reduced cement hy-
dration. Adesina and Das (2020) observed a similar
trend in cementitious composites incorporating glass
powder, confirming that the capillary pore connectivity

increases with higher glass powder content due to the
insufficient formation of pore-blocking hydration prod-
ucts. Furthermore, Schwarz et al. (2008) compared the
microstructural effects of glass powder and fly ash in
concrete and noted that while both materials exhibited
pozzolanic activity, glass powder at higher dosages was
less effective in refining the capillary pore structure,
which is consistent with the progressive capillary ab-
sorption increase observed in the present study.
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Fig. 9. Evolution of capillary absorption of the studied concretes as a function of time.

An examination of the differences between successive
mixtures shows that the cumulative capillary water ab-
sorption increased by 1.17 kg/m? between SC-WGP and
SC-GP10%, by 1.17 kg/m? between SC-GP10% and SC-
GP20%, by 0.92 kg/m? between SC-GP20% and SC-
GP30%, and by 1.82 kg/m? between SC-GP30% and SC-
GP40%. Therefore, the increase was not uniform across
the investigated replacement levels, and the largest in-
crement occurred between 30% and 40% GP. However,
without additional statistical or microstructural evi-
dence, this change should not be interpreted as proof of
a critical threshold or a transition in the capillary pore
network. Islam et al. (2017) emphasized the existence of
such threshold effects in glass powder modified con-
crete, where the benefits of glass powder diminish be-
yond an optimal level, giving way to accelerated deterio-
ration of the microstructural properties.

When compared to the total immersion absorption re-
sults, the capillary absorption data reveal a more severe
impact of glass powder on sand concrete properties.
While total immersion absorption showed a decelerating
increase that plateaued at higher GP dosages, capillary ab-
sorption exhibited an accelerating trend, particularly at
40% GP. This discrepancy can be explained by the differ-
ent mechanisms governing each test: total immersion ab-
sorption captures the overall accessible pore volume,
whereas capillary absorption is governed by the connec-

tivity and diameter distribution of the capillary pores. The
glass powder incorporation, while not dramatically in-
creasing the total pore volume at higher dosages, appears
to significantly enhance the continuity and connectivity of
the capillary network, thereby amplifying the capillary
suction forces. This adverse effect on capillary absorption
represents an important consideration for the practical
application of glass-powder-based sand concrete, particu-
larly in environments where capillary rise may facilitate
the transport of aggressive agents such as chlorides and
sulfates into the concrete matrix. However, at 10% GP, the
capillary absorption increase remains the most moderate
among all replacement levels (15.23%), reinforcing the
importance of limiting the glass powder dosage to pre-
serve the transport properties of sand concrete.

3.4. Freeze-thaw test

The resistance of concrete to freeze-thaw cycles is a
fundamental durability characteristic for construction
elements exposed to cold climates. This resistance is
closely related to several material properties, including
porosity, permeability, pore structure, and aggregate
characteristics. To quantify the strength and mass loss
induced by the freeze-thaw cycles for all studied compo-
sitions, the variations were recorded and the results are
presented in Fig. 10.
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Fig. 10. Impact of freeze-thaw cycles on the durability of the studied concretes.

The freeze-thaw test results reveal that the impact of
glass powder incorporation on the durability of sand
concrete varies depending on the performance indicator
considered. In terms of compressive strength loss, a re-
duction in compressive strength was observed for all
compositions after twelve freeze-thaw cycles, which is
consistent with the well-established phenomenon of in-
ternal micro-crack propagation induced by repeated
freezing and thawing of pore water within the cementi-
tious matrix. Ammari et al. (2020a) reported a similar
trend when studying the durability of sand concrete con-
taining barley straw fibers, where freeze-thaw cycles
caused measurable strength degradation across all
tested compositions. Among all tested mixtures in the
present study, the 10% GP mix (SC-GP10%) exhibited
the lowest compressive strength loss of 2.89%, com-
pared to 3.19% for the reference mix (SC-WGP). How-
ever, beyond this dosage, the compressive strength loss
increased progressively, reaching 4.52%, 5.10%, and
6.13% for SC-GP20%, SC-GP30%, and SC-GP40%, re-
spectively. This superior strength retention at 10% GP
can be attributed to the pozzolanic reaction of the fine
glass powder with calcium hydroxide (Ca(OH).). Sup-
porting this observation, Shi et al. (2005) demonstrated
that glass powder possesses significant pozzolanic reac-
tivity due to its high amorphous silica content, which re-
acts with Ca(OH), to produce additional calcium silicate
hydrate (C-S-H) gel. Shayan and Xu (2006) confirmed
this pozzolanic behavior through field trials on concrete
slabs, showing that glass powder effectively contributed
to pore structure refinement and matrix densification.
Similarly, Idir etal. (2011) investigated the pozzolanicity
of glass cullet fines and reported that finely ground glass
powder exhibited a clear pozzolanic potential compara-
ble to conventional supplementary cementitious materi-
als. This denser microstructure limits the penetration
and accumulation of water within the pores, thus reduc-
ing the internal stresses generated during ice formation
and consequently minimizing the strength degradation.

At higher replacement levels (20-40%), the dilution ef-
fect of excessive glass powder replacement progres-
sively weakens the binding capacity of the cementitious
matrix, resulting in increased internal damage under cy-
clic freezing and thawing stresses.

This finding is in agreement with the observations of
Schwarz et al. (2008), who observed that while fine glass
powder improved the durability characteristics of con-
crete at low replacement levels, the beneficial effect di-
minished at higher dosages. Matos and Sousa-Coutinho
(2012) also reported that excessive cement replacement
by glass powder led to a dilution effect that negatively
impacted the overall performance of cementitious mate-
rials. Furthermore, Islam et al. (2017) emphasized the
existence of an optimal replacement level, beyond which
the mechanical and durability properties begin to de-
cline. However, when mass loss is considered as the per-
formance criterion, a distinctly opposite trend emerges.
The results show that increasing the glass powder con-
tent progressively reduced the mass loss rates across all
compositions. The reference mix (SC-WGP) recorded the
highest mass loss of 5.98%, while the incorporation of
glass powder reduced this value to 3.58%, 2.51%, 1.85%,
and 1.47% for SC-GP10%, SC-GP20%, SC-GP30%, and
SC-GP40%, respectively. Notably, the 40% GP mix exhib-
ited the lowest mass loss, representing a reduction of ap-
proximately 75.42% compared to the reference mix.
This behavior can be explained by the presence of unre-
acted glass particles within the matrix at higher replace-
ment levels. Sobolev et al. (2007) highlighted that glass
is a material that can be recycled without loss of quality,
indicating its inherent chemical stability and resistance
to degradation. Shi et al. (2005) further confirmed the
high chemical durability of glass particles, noting that
their low solubility and inert nature allow them to act as
physically stable inclusions that resist surface erosion
and scaling during aggressive exposure conditions. Fur-
thermore, the smooth and non-porous surface of glass
particles may contribute to reducing water absorption at
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the surface level, which limits the physical deterioration
caused by ice crystallization at the outer layers.

This apparent divergence between the two perfor-
mance indicators highlights the necessity of adopting a
multi-criteria evaluation approach when assessing the
freeze-thaw durability of sand concrete. Jain et al. (2020)
adopted a similar multi-criteria approach when evaluat-
ing the durability of concrete containing waste glass
powder, assessing both water absorption and acid re-
sistance to obtain a comprehensive durability character-
ization. Likewise, Ramakrishnan et al. (2017) conducted
multiple durability tests on concrete incorporating glass
powder as a supplementary cementitious material and
emphasized that no single test can fully capture the over-
all durability behavior. Mass loss predominantly reflects
surface deterioration and physical erosion of the outer
layers, whereas compressive strength loss captures the
extent of internal microstructural damage, including the
propagation of micro-cracks and the degradation of the
interfacial transition zone between the cement paste and
aggregate. In the case of higher GP contents (30% and
40%), although the surface integrity was better pre-
served as evidenced by lower mass loss values of 1.85%
and 1.47% respectively, the excessive cement replace-
ment led to a dilution effect that weakened the overall
cementitious matrix, making it more susceptible to inter-
nal damage. This explains why the 40% GP mix, despite
exhibiting the lowest mass loss (1.47%), showed the

highest compressive strength loss (6.13%) among all
tested compositions.

Therefore, considering the overall balance between
both durability indicators, the 10% GP mix offers the
most favorable compromise under freeze-thaw condi-
tions. While it does not achieve the absolute lowest mass
loss (3.58% vs. 1.47% for SC-GP40%), it provides the
best compressive strength retention (2.89%), which is
considered the more critical parameter for structural
performance, as internal microstructural integrity di-
rectly governs the load-bearing capacity and long-term
serviceability of sand concrete in real construction appli-
cations. This observation is consistent with the findings
of Ammari et al. (2023), who identified 10% GP as the
optimal replacement level for mechanical properties of
sand concrete in their previous study.

3.5. Wetting-drying test

The wetting-drying test is commonly employed to
evaluate the long-term durability of concrete exposed to
cyclic moisture conditions, such as those encountered in
humid or coastal environments. This test allows the as-
sessment of both strength and mass variations after re-
peated wetting-drying cycles, providing a comprehen-
sive indication of the material's resistance to moisture-
induced degradation. The results obtained for all studied
compositions are presented in Fig. 11.
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Fig. 11. Impact of wetting-drying cycles on the durability of the studied concretes.

An analysis of the compressive strength loss and mass
loss results presented in Fig. 11 reveals two contrasting
trends that merit careful discussion. Regarding compres-
sive strength, the incorporation of 10% GP (SC-GP10%)
led to the lowest strength loss of 3.41%, representing a
substantial reduction of approximately 40.70% com-
pared to the reference mix (SC-WGP), which recorded a
loss of 5.75%. The 20% GP mix also showed a moderate
improvement with a strength loss of 4.13%. In contrast,

higher dosages of glass powder proved detrimental to
strength retention, with SC-GP30% and SC-GP40% re-
cording strength losses of 6.33% and 7.49%, respec-
tively, both exceeding the reference mix. This non-linear
behavior suggests that at a low replacement level of
10%, the glass powder effectively participates in the
pozzolanic reaction, generating secondary C-S-H gel that
strengthens the interfacial transition zone (ITZ) be-
tween the paste and sand grains. Schwarz et al. (2008)
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reported comparable findings, demonstrating that fine
glass powder at moderate replacement levels improved
the microstructure of concrete and enhanced its re-
sistance to aggressive environments. Adesina and Das
(2020) further confirmed that glass powder incorpora-
tion enhanced the durability properties of cementitious
composites by densifying the matrix and reducing poros-
ity, which corroborates the improved wetting-drying re-
sistance observed at 10% GP in the present study. Be-
yond 20% replacement, however, the insufficient availa-
bility of calcium hydroxide to react with the excess glass
powder results in a progressively weaker and more po-
rous matrix that becomes increasingly vulnerable to
moisture-induced internal damage. This is consistent
with the observations of Matos and Sousa-Coutinho
(2012), who found that high dosages of glass powder as
cement replacement compromised the durability perfor-
mance of mortar, and with Islam et al. (2017), who re-
ported that the benefits of glass powder incorporation
diminish beyond an optimal threshold.

Conversely, the mass loss results exhibit a consistent
and monotonic decreasing trend with increasing glass
powder content, irrespective of the observed strength
behavior. The reference mix (SC-WGP) showed the high-
est mass loss of 5.45%, which was progressively reduced
to 2.56%, 2.02%, 1.80%, and 1.27% for SC-GP10%, SC-
GP20%, SC-GP30%, and SC-GP40%, respectively. The
40% GP mix thus achieved a considerable reduction of
approximately 76.70% in mass loss compared to the ref-
erence mix. Unlike the strength loss trend, the continu-
ous improvement in mass stability with increasing GP
content can be attributed to the progressive filling of sur-
face-accessible pores by unreacted glass particles. Jain
and Neithalath (2010) demonstrated that glass-powder-
modified concretes exhibited lower diffusion coeffi-
cients, attributing this improvement to the physical
pore-blocking effect of fine glass particles, which is con-
sistent with the reduced mass loss observed in the pre-
sent study. Similarly, Letelier et al. (2019) found that
waste glass incorporation in mortars contributed to re-
ducing permeability, supporting the hypothesis that the
impermeable and smooth surface texture of glass parti-
cles creates a barrier effect that limits water ingress and
egress during wetting-drying cycles, thereby preserving
the surface integrity and reducing material detachment
from the outer layers.

This divergence between compressive strength loss
and mass loss trends under wetting-drying conditions
confirms that a single performance indicator is insuffi-
cient to fully characterize the durability of sand concrete,
as previously observed in the freeze-thaw results. How-
ever, a notable distinction exists between the two tests:
while the freeze-thaw results showed relatively modest
differences in strength loss across compositions (rang-
ing from 2.89% to 6.13%), the wetting-drying test pro-
duced a wider dispersion (from 3.41% to 7.49%), indi-
cating that sand concrete is more sensitive to wetting-
drying cycles than to freeze-thaw cycles, particularly at
higher glass powder dosages. Ammari et al. (2020a) and
Bederina et al. (2016) reported similar observations re-
garding the sensitivity of sand concrete to cyclic mois-
ture exposure, attributing it to the inherently porous mi-
crostructure of this type of concrete. This heightened

sensitivity can be explained by the fact that the alternat-
ing shrinkage and swelling stresses generated during
drying and wetting phases create differential moisture
gradients between the surface and the core of the speci-
mens, which are more damaging to the weakened matrix
athigh GP replacement levels than the volumetric expan-
sion caused by ice crystallization during freeze-thaw cy-
cling.

In light of these findings, the 10% GP mix once again
demonstrates the best overall durability performance
under wetting-drying conditions. It is the only composi-
tion that simultaneously improved both performance in-
dicators relative to the reference mix, achieving the low-
est strength loss (3.41%) and a substantial reduction in
mass loss (2.56%, representing a 53.03% decrease com-
pared to the reference mix). Although higher GP dosages
provided superior mass stability, this benefit was offset
by a considerable deterioration in mechanical perfor-
mance. This conclusion is in agreement with the findings
of Ammari et al. (2023), who identified 10% GP as the
optimal dosage for mechanical performance of sand con-
crete. Salim and Mosaberpanah (2021) also reported
that low glass powder replacement levels yielded the
best durability performance in high-performance mor-
tar, while Ghrici et al. (2007) demonstrated that low re-
placement levels of pozzolanic materials achieved the
best balance between durability and mechanical
strength, further reinforcing the conclusion that 10% GP
represents the optimal compromise for sand concrete.

3.6. Resistance to acidic environments

This section focuses on evaluating the resistance of
sand concrete incorporating glass powder to chemical
degradation induced by hydrochloric acid (HCl) expo-
sure. The assessment was conducted on specimens im-
mersed in a 5% HCI solution, and the durability perfor-
mance was characterized through two complementary
approaches: a physical evaluation based on monitoring
the mass variation over the immersion period, and a mi-
crostructural investigation employing X-ray diffraction
(XRD) analysis and scanning electron microscopy (SEM)
observations to identify the mineralogical and morpho-
logical changes occurring within the cementitious matrix
as a result of acid-induced deterioration.

3.6.1. Mass variation

The mass variation results of all sand concrete com-
positions after 90 days of immersion in the HCI acid so-
lution are presented in Fig. 12.

The temporal evolution of mass loss reveals a contin-
uous and progressive degradation pattern for all tested
compositions throughout the entire immersion period,
from the first week up to 90 days, with no stabilization
observed, indicating that the acid attack is an ongoing
and persistent process that progressively deteriorates
the cementitious matrix over time. This observation is
consistent with findings reported in the literature,
where prolonged HCl exposure was shown to cause con-
tinuous mass loss in cementitious materials due to the
sustained dissolution of hydration products (Huang et al.
2005).
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Fig. 12. Evolution of mass changes of the studied concretes with immersion time in acid solution.

At 90 days, the mass loss values for all compositions
were notably high, ranging from 61.16% to 69.14%, re-
flecting the severe aggressiveness of the 5% HCI solution
on the sand concrete matrix. The reference mix (SC-
WGP) recorded a mass loss of 66.35%, while the incor-
poration of glass powder at 10%, 20%, and 30% reduced
this value to 61.16%, 64.27%, and 65.23%, respectively,
corresponding to reductions of approximately 7.82%,
3.13%, and 1.69% relative to the reference mix. Among
all tested compositions, the SC-GP10% mix demon-
strated the highest resistance to acid-induced mass loss,
achieving the lowest value of 61.16%. This improved
performance can be attributed to the effective poz-
zolanic reaction at this dosage, which produces addi-
tional C-S-H gel that densifies the microstructure and re-
duces the permeability of the matrix, thereby decelerat-
ing the rate of acid penetration into the inner layers of
the concrete. Salim and Mosaberpanah (2021) reported
a comparable improvement in acid resistance at low
glass powder replacement levels, attributing it to the en-
hanced pore refinement that limits the ingress of aggres-
sive agents into the cementitious matrix. The SC-GP20%
and SC-GP30% compositions also exhibited improved
acid resistance compared to the reference, although the
beneficial effect diminished progressively with increas-
ing GP content, suggesting that the pore-refining capac-
ity of the pozzolanic reaction weakens as the cement
content decreases.

However, a critical reversal in this trend was ob-
served at 40% GP, where the mass loss increased to
69.14%, exceeding the reference mix by 4.21%. This
finding is particularly noteworthy as it demonstrates
that the SC-GP40% composition is the only mix that per-
formed worse than the reference concrete under acid ex-
posure. At this high replacement level, the severe dilu-
tion of the cementitious matrix results in a substantially
reduced Ca(OH), content and an insufficiently densified
microstructure with elevated porosity and enhanced
pore connectivity, which accelerates the penetration of

the HCl solution into deeper regions of the concrete. Jain
et al. (2020) observed a similar behavior, reporting that
while glass powder incorporation at moderate levels im-
proved the chemical resistance of concrete, excessive
dosages compromised the matrix density and conse-
quently reduced the overall acid resistance.

The deterioration mechanism governing the mass
loss under HCl exposure involves two principal chemical
reactions. The first reaction occurs between the hydro-
chloric acid and the calcium hydroxide (Ca(OH);) pre-
sent in the pore solution, as expressed in Eq. (2):

2HCl + Ca(OH), — CaCl, + 2H,0 (2)

The second reaction involves the attack of HCI on the
calcium carbonate (CaCO3) present in the matrix, as ex-
pressed in Eq. (3):

2HCl + CaCO; — CaCl, + H,0 + CO 1 (3)

Both reactions generate calcium chloride (CaCl,), a
highly soluble salt that crystallizes within the pore net-
work of the concrete. The continuous formation and ac-
cumulation of this salt induces expansive internal stresses
within the matrix, leading to the initiation and propaga-
tion of micro-cracks that progressively disintegrate the
composite structure and cause material detachment
(Barbhuiya and Kumala 2017). As the exposure duration
increases, these cracks create preferential pathways that
further facilitate the penetration and propagation of the
acid solution into deeper regions of the cementitious ma-
trix, creating a self-accelerating degradation cycle that
amplifies the mass loss over time (Huang et al. 2005).

Therefore, the acid resistance results confirm that the
glass powder effect on sand concrete durability is dos-
age-dependent and not uniformly beneficial. The incor-
poration of GP at 10%, 20%, and 30% improved acid re-
sistance compared to the reference mix, with the best
performance observed at 10% replacement. However, at
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40% GP, the excessive cement replacement led to a net
deterioration in acid resistance, with a mass loss exceed-
ing even that of the reference concrete. This dual behav-
ior reinforces the importance of limiting the glass pow-
der replacement level to preserve both the matrix den-
sity and the chemical buffering capacity, and further con-
firms that 10% GP offers the most favorable balance be-
tween microstructural enhancement and acid durability
for sand concrete.

3.6.2. Visual examination
The physical state of all sand concrete specimens after
90 days of exposure to the 5% HCI solution is docu-

mented in Fig. 13. A visual comparison between the acid-
exposed specimens and the unexposed reference speci-

r immersion in HCI solution

mens revealed several characteristic signs of deteriora-
tion common to all tested compositions. The most prom-
inent feature observed was the formation of a brownish
layer deposited on the external surfaces of all exposed
specimens. This discoloration is attributed to the precip-
itation of calcium chloride (CaCl,) crystals on the con-
crete surface, generated by the chemical reactions be-
tween HCl and the calcium-bearing phases (Ca(OH), and
CaC03) within the cementitious matrix, as previously re-
ported by Ghrici et al. (2007) and Aoual-Benslafa et al.
(2011) for cementitious materials exposed to similar
acidic environments. Additionally, a noticeable deterio-
ration was observed at the corners and edges of the spec-
imens, which represent the most vulnerable zones due
to their higher surface-to-volume ratio that exposes
them to multi-directional acid penetration.

Sample width after immersion in HCI solution

Storage tank for samples in HCI acid solution

Fig. 13. Visual examination of concretes exposed to acid solution at 90 days.

Despite this visible degradation, the specimens gener-
ally retained their overall geometric integrity and sur-
face texture, although a measurable dimensional reduc-
tion was observed. The reported dimensions represent
the average values obtained from three specimens for
each mixture after acid exposure, with the average final
dimensions of approximately 30 x 30 x 145 mm com-
pared to the original 40 x 40 x 160 mm. This dimensional
reduction corresponds to an approximately 43.75% de-
crease in the cross-sectional area and an approximately
49% reduction in specimen volume, quantitatively con-
firming the severity of the acid-induced material disso-
lution over the 90-day exposure period. Siad etal. (2016)
documented comparable physical deterioration patterns
on the surfaces of concrete specimens containing glass
powder after prolonged immersion in aggressive acid

solutions, confirming that surface erosion and material
loss are inevitable consequences of acid exposure for all
concrete compositions, although the extent of damage
varies with the matrix density and pore structure.

3.6.3. X-ray diffraction (XRD) analysis

The XRD diffractograms of the surface samples col-
lected from the sand concrete specimens after 90 days of
exposure to a 5% HCI solution are presented in Figs. 14
and 15 for the reference concrete (SC-WGP) and the SC-
GP40% mixture, respectively. The SC-GP40% specimen
was selected as a representative glass-powder-modified
concrete because all glass-powder mixtures exhibited
essentially the same crystalline phases after acid expo-
sure, with only slight variations in peak intensities.
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Therefore, presenting a single representative diffracto-
gram is sufficient to illustrate the mineralogical charac-
teristics of the glass-powder-modified concretes and to

facilitate comparison with the reference concrete in or-
der to evaluate the influence of glass powder on the min-
eralogical evolution under hydrochloric acid attack.
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Fig. 14. X-ray diffraction analysis of the control concrete (SC-WGP) after hydrochloric acid attack.
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Fig. 15. X-ray diffraction analysis of concrete containing glass powder (SC-GP40%) after hydrochloric acid attack.

The mineralogical analysis of the reference mix (Fig.
14) identified the following crystalline phases: quartz
(Si0y), originating from the siliceous sand aggregate;
dicalcium silicate (Ca,SiO,), corresponding to residual
unhydrated cement; calcium carbonate (CaCO3), associ-
ated with the limestone filler and its reaction products;
portlandite (Ca(OH),), the principal hydration product
of cement; and calcium silicate hydrate (C-S-H), the main
binding phase of the cementitious matrix.

The diffractogram of the SC-GP40% specimen (Fig.

15) revealed the same crystalline phases identified in the
reference mix, with the notable detection of an additional
calcium silicate phase (Ca,SiOs). The exclusive presence
of this supplementary phase in the glass-powder-modi-
fied specimen provides direct mineralogical evidence of
the pozzolanic reaction between the amorphous silica
content of the glass powder and the available calcium hy-
droxide, leading to the formation of addi-tional calcium
silicate compounds that contribute to densifying the ce-
mentitious matrix and refining the pore structure.
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Furthermore, the detection of CaCOz; and Ca(OH),
peaks in both diffractograms, despite the prolonged acid
exposure, indicates that the acid attack did not com-
pletely consume these calcium-bearing phases, suggest-
ing that remnants of these compounds persisted within
the inner regions of the specimens where the acid pene-
tration was limited. Nevertheless, the partial dissolution
of Ca(OH); and CaCO3 through their reaction with HCl, as
described in Egs. (2) and (3), remains the primary mech-
anism responsible for the mass loss and structural deg-
radation observed across all tested compositions.
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3.6.4. Scanning electron microscopy (SEM) analysis

The microstructural characteristics of the SC-GP10%
sand concrete specimens before and after 90 days of ex-
posure to a 5% HCI solution were examined using scan-
ning electron microscopy (SEM), and the representative
micrographs are presented in Figs. 16 and 17, respec-
tively. The analyzed samples were extracted from the
surface region of the specimens, which was directly ex-
posed to the acid solution and therefore represented the
most severely deteriorated zone.
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Fig. 16. SEM micrograph of the SC-GP10% specimen before exposure to the 5% HCI solution
(after 28 days of curing), showing the surface region (magnification x2000).
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Fig. 17. SEM micrograph of the SC-GP10% specimen after 90 days of exposure to the 5% HCI solution,
showing the surface region (magnification x2000).

The SC-GP10% mixture was selected as a representa-
tive glass-powder-modified concrete because all mix-
tures containing glass powder exhibited similar surface
deterioration and comparable microstructural features
after acid exposure, with only minor differences in the
extent of damage. Therefore, the selected SEM micro-
graphs are representative of the microstructural re-

sponse of the glass-powder-modified concretes under
hydrochloric acid attack. The SEM micrograph of the SC-
GP10% specimen before acid exposure (Fig. 16) reveals
a relatively dense and compact cementitious matrix,
characterized by a well-developed microstructure with
identifiable C-S-H gel phases and a coherent interfacial
transition zone (ITZ) between the cement paste and the
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sand grains. The overall morphology indicates adequate
hydration and satisfactory pore filling under normal cur-
ing conditions.

In contrast, the SEM micrograph of the same SC-
GP10% specimen after 90 days of immersion in the 5%
HCI solution (Fig. 17) reveals pronounced microstruc-
tural degradation. The exposed surface exhibits a consid-
erably more porous and disrupted matrix, with the for-
mation of numerous micro-cracks and an increase in the
volume and size of voids compared with the specimen
before acid exposure. This deterioration is attributed to
the progressive dissolution of the calcium-bearing hy-
dration products, primarily Ca(OH), and CaCOs3, through
their chemical reaction with HCl, as described in Egs. (2)
and (3). The dissolution of these phases creates addi-
tional void spaces within the matrix, while the crystalli-
zation of the reaction product CaCl, within the existing
pores generates expansive internal stresses that initiate
and propagate micro-cracks, further weakening the
structural integrity of the cementitious matrix.

4., Conclusions

This study investigated the influence of glass powder
incorporation at varying replacement levels (0%, 10%,
20%, 30%, and 40%) on the durability properties of
sand concrete, including water absorption, capillary ab-
sorption, accelerated carbonation, freeze-thaw re-
sistance, wetting-drying resistance, and resistance to hy-
drochloric acid attack. The experimental findings re-
vealed that the effect of glass powder on sand concrete
durability is dosage-dependent and not uniformly bene-
ficial, with both favorable and unfavorable trends ob-
served depending on the property considered and the
replacement level adopted. The principal conclusions
drawn from this investigation are summarized as fol-
lows:

e The incorporation of glass powder adversely affected
both the total water absorption and capillary absorp-
tion of sand concrete at all replacement levels. The to-
tal immersion absorption increased from 6.24% for
the reference mix to 7.23% for the 40% GP mix (an
increase of 15.87%). The cumulative capillary water
absorption after 24 hours increased from 7.68 kg/m?
for the reference mixture to 12.76 kg/m? for the SC-
GP40% mixture, corresponding to an increase of ap-
proximately 66.1%. This progressive deterioration in
transport properties represents a notable limitation
of glass powder incorporation, particularly at dosages
exceeding 20%, and should be carefully considered in
the design of sand concrete intended for water-ex-
posed environments.

e Regarding accelerated carbonation resistance, the
10% GP mix achieved the shallowest carbonation
depth of 5.49 mm at 28 days, representing a reduction
of 15.41% compared to the reference mix (6.49 mm).
However, higher replacement levels led to a pro-
nounced increase in carbonation depth, reaching
13.68 mm at 40% GP (an increase of 110.79%), due to
the combined effect of reduced Ca(OH), availability
and increased matrix porosity.

e Under freeze-thaw cycling, the 10% GP mix exhibited
the lowest compressive strength loss of 2.89%, while
higher GP dosages led to progressively greater
strength deterioration, reaching 6.13% at 40% GP.
Conversely, mass loss decreased consistently with in-
creasing GP content, with the 40% GP mix recording
the lowest mass loss of 1.47%. A similar divergence
between strength loss and mass loss indicators was
observed under wetting-drying conditions, where the
10% GP mix achieved the lowest strength loss of
3.41% and was the only composition that simultane-
ously improved both performance indicators relative
to the reference mix.

e The acid resistance results demonstrated that glass
powder incorporation at 10%, 20%, and 30% im-
proved the resistance of sand concrete to HCl attack,
with the 10% GP mix recording the lowest mass loss
of 61.16% after 90 days. However, the 40% GP mix
exhibited a mass loss of 69.14%, exceeding even the
reference mix (66.35%), confirming that excessive
glass powder replacement compromises the chemical
resistance of the matrix.

e SEM analyses revealed that the acid-exposed speci-
mens exhibited pronounced microstructural degrada-
tion, characterized by increased porosity and micro-
crack propagation resulting from the dissolution of
calcium-bearing phases and the crystallization of
CaCl, within the pore network. XRD analysis con-
firmed these observations and further identified an
additional calcium silicate phase (Ca,SiOs) exclu-
sively in the glass-powder-containing specimens, sug-
gesting that the observed phase assemblage may be
associated with reactions involving the glass powder;
however, further verification is required to confirm
the occurrence and extent of the pozzolanic reaction.
This additional phase formation may contribute to
matrix densification and could partly explain the en-
hanced acid resistance observed at low GP replace-
ment levels.

Overall, this study demonstrates that 10% glass pow-
der represents the optimal replacement level for sand
concrete durability, not because it is uniformly superior
under every criterion, but because it offers the most fa-
vorable compromise between mechanical integrity, car-
bonation resistance, cyclic durability, and acid re-
sistance, with only a moderate and acceptable increase
in absorption properties. This behavior can be attributed
to the balance between the beneficial pozzolanic contri-
bution of glass powder at moderate replacement levels
and the adverse dilution effect occurring at higher dos-
ages. At 10% GP, the pozzolanic reaction promotes the
formation of additional calcium silicate hydrate (C-S-H)
phases, contributing to matrix refinement and reducing
the penetration of aggressive agents. In contrast, exces-
sive glass powder incorporation reduces the available
cementitious phase and calcium hydroxide content, lim-
iting hydration and pozzolanic reactions and resulting in
a less compact microstructure with increased pore con-
nectivity. Consequently, the durability performance of
sand concrete progressively declines at higher GP re-
placement levels, confirming the existence of an opti-
mum glass powder content beyond which the negative
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effects outweigh the beneficial contributions. These find-
ings provide practical guidelines for the valorization of
glass waste in sand concrete production. Future research
should investigate the long-term natural carbonation be-
havior over extended exposure periods, evaluate the
performance under combined aggressive environments,
and explore the potential use of glass powder in conjunc-
tion with other supplementary cementitious materials to
mitigate the observed increase in absorption properties.
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1. Introduction

Concrete is a composite construction material gener-
ally produced using water, aggregate, and cement, and,
where necessary, admixtures. It is initially workable and
hardens after setting. Concrete is widely used worldwide
due to its durability, workability, and cost-effectiveness
(Barbhuiya et al. 2024; Emarah et al. 2025; Haigh and
Ameri Sianaki 2025). The mechanical performance of
concrete, particularly its compressive strength, is mark-
edly influenced by curing conditions, environmental fac-

tors, and temperature variations (Barbhuiya et al. 2024;
Haigh and Ameri Sianaki 2025; Chu et al. 2024; Lin et al.
2023). In addition, previous studies have shown that
mixture composition, curing history, and production
conditions also contribute to concrete performance
(Wang et al. 2023a; Mohe et al. 2022; Mostofinejad et al.
2016; Akeed et al. 2022).

Curing conditions play a decisive role in the strength
and durability of concrete (Haigh and Ameri Sianaki
2025; Xu et al. 2023). Proper curing reduces shrinkage
and cracking by providing the moisture necessary for hy-
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dration (Haigh and Ameri Sianaki 2025; Chu et al. 2024).
Traditional curing techniques primarily encompass
practices such as water and air curing (Haigh and Ameri
Sianaki 2025), which have long been utilized as conven-
tional approaches to maintain the moisture levels neces-
sary for hydration and strength development (Basyigit et
al. 2011). In addition to these standard methods, ad-
vanced technologies such as steam and autoclave curing
are used to significantly accelerate hydration (Xu et al.
2023). Furthermore, recent innovations have introduced
high-efficiency thermal regimes, including microwave
and electrical curing, to the precast industry (Dong et al.
2024). These specialised modern regimes, which often
include dry-hot, steam and combined curing methods,
are particularly effective for optimising the microstruc-
ture of high-performance construction materials (Wang
etal. 2023a; Wang et al. 2023Db).

Water curing is one of the most effective methods as
it allows hydration to continue by maintaining moisture
within the concrete (Emarah et al. 2025; Haigh and
Ameri Sianaki 2025; Neville 2011). In contrast, with air
curing, moisture loss increases, particularly under high-
temperature conditions, leading to a loss of strength
(Haigh and Ameri Sianaki 2025; Bagyigit et al. 2011). Pe-
riodic curing (controlled moisture and periodic water-
ing), however, lies between these two curing conditions,
and partial moisture loss may occur (Emarah et al
2025).

Cement hydration is highly sensitive to ambient and
curing temperatures; indeed, the rate of hydration reac-
tions is primarily controlled by temperature (Chu et al.
2024; Wang et al. 2023a; Kiernozycki and Btyszko 2021).
At low temperatures, hydration reactions slow down
considerably; this leads in particular to a delay in
strength development during the early stages and the
formation of a weaker or looser microstructure (Chu et
al. 2024; Lin et al. 2023; Xu et al. 2023; Wang et al.
2023b) For example, when the casting temperature falls
below the freezing point, the expansion of water within
the concrete as it forms ice crystals (ice expansion pres-
sure) can damage the internal structure of the cement
paste whilst it is still in the setting stage, thereby reduc-
ing its ultimate strength (Wang et al. 2023a; Shi et al.
2019) Conversely, whilst high temperatures accelerate
hydration thereby providing high early-age strength, in-
creased evaporation and uncontrolled moisture loss re-
sult in a more porous and coarse void distribution within
the concrete’s internal structure; this situation adversely
affects the mechanical properties and durability in the
long term (Haigh and Ameri Sianaki 2025; Chu et al.
2024; Wang et al. 2023b; Dong et al. 2024 ) Conse-
quently, both the slowing of hydration caused by low
temperatures and the structural irregularities and po-
rosity triggered by high temperatures can adversely af-
fect concrete performance (Haigh and Ameri Sianaki
2025; Lin etal. 2023; Xu et al. 2023; Basyigit etal. 2011).

Density is an important indicator of the internal struc-
ture and quality of concrete (Emarah et al. 2025). High
density generally implies a compact structure containing
fewer voids, and this is associated with higher mechani-
cal performance (Barbhuiya et al. 2024; Emarah et al.
2025; Haigh and Ameri Sianaki 2025). However, the re-
lationship between density and compressive strength is

not always direct; it is influenced by numerous parame-
ters, such as curing conditions, temperature history, and
degree of hydration (Emarah et al.2025; Lin et al. 2023;
Xu et al. 2023).

Much of the research on the effects of temperature
and curing on concrete is limited to laboratory condi-
tions, where variables can be precisely controlled (Chu
et al. 2024; Wang et al. 2023a). However, in field condi-
tions, concrete is exposed to various seasonal and re-
gional factors, particularly from the moment of pouring
through the curing period. These uncontrolled environ-
mental factors can directly affect the internal homogene-
ity, hydration process and safety of the concrete (Wang
et al. 2023a; Basyigit et al. 2011). Particularly in high-al-
titude regions or areas subject to substantial tempera-
ture fluctuations, concrete is exposed to accelerated
moisture loss and temperature fluctuations during its
early stages of curing. This can lead to a phenomenon
known as ‘ageing’ in the microstructure or to permanent
damage to the pore structure, thereby markedly reduc-
ing its mechanical performance (Chu et al. 2024; Huang et
al. 2025). Although several studies have investigated the
effects of temperature and curing under laboratory condi-
tions, relatively few have evaluated concrete performance
under actual field conditions (Chu et al. 2024; Wang et al.
2023a). Existing field studies have mainly focused on spe-
cific harsh environmental conditions, such as high-alti-
tude exposure (Chu et al. 2024), whereas the combined in-
fluence of seasonal temperature variations and practical
curing conditions under typical construction-site environ-
ments remains insufficiently investigated.

On construction sites, the neglect of concrete curing
during building inspections, together with seasonal tem-
perature variations, is a critical factor contributing to de-
viations from the concrete's design strength (Emarah et
al. 2025; Kiernozycki and Btyszko 2021). According to
the standard, the strength of properly produced and
formed concrete will decrease by approximately 30-
40% if it is not cured in accordance with the environ-
mental conditions after reaching its initial strength
(Basyigit etal. 2011). In particular, it is difficult to stand-
ardise the manual sprinkling method used under site
conditions. However, this situation prevents the con-
crete’s microstructure from improving. On construction
sites, concrete samples inspected by building inspectors
are stored in unsupervised locations, under unsuitable
weather, and without ideal curing conditions (Basyigit et
al. 2011; Yilmaz et al. 2019). As factors such as ambient
temperature and humidity vary when construction in-
spectors take samples, considerable deviations from the
concrete’s actual performance are observed (Chu et al.
2024; Yilmaz et al. 2019).

A clear gap still exists in the literature between results
obtained in laboratory conditions and the actual perfor-
mance observed in field applications. In this study, un-
like traditional laboratory studies, concrete samples
were collected from a ready-mix concrete plant over 5
months and subjected to 3 different curing conditions.
The concrete samples were evaluated at natural ambient
temperatures and in the direct site environment. The
primary objective of the study is to quantitatively
demonstrate the combined effect of seasonal tempera-
ture variations and curing conditions on the compres-
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sive strength and density of concrete under uncontrolled
environmental conditions. Unlike previous field-expo-
sure studies that focused on concrete performance un-
der specific environmental scenarios, such as high-alti-
tude exposure (Chu et al. 2024), the present study eval-
uates concrete produced at a commercial ready-mix con-
crete plant under naturally varying seasonal conditions.
By monitoring concrete over five consecutive months
under three practical curing conditions, the study pro-
vides field-exposure experimental evidence of the com-
bined influence of seasonal temperature, curing condi-
tion, density, and compressive strength under typical
construction-site conditions. The findings provide prac-

tical guidance for evaluating concrete quality under typ-
ical construction-site conditions and may help improve
curing practices in construction.

2. Materials and Method
2.1. Materials

The type of cement used in this study was CEM II/A-
M (V-L) 42,5 R. The chemical and physical characteristics

of the cement, which comply with TS EN 197-1 (2012),
are given in Tables 1 and 2, respectively.

Table 1. Chemical characteristics of cement.

MgO SO3 CI Naz20 K20 Loss on ignition ~ Undissolved residue
(%) (%) (%) (%) (%) (%) (%)
Cement 1.98 3.07 0.01 0.24 0.76 9.18 1.67
Table 2. Physical characteristics of cement.
Specific Specific Fineness Fineness Initial Final Volumetric
surface area* gravity (32 micron) (40 micron) set set expansion
(cm2/g) (g/cm3) (%) (%) (minute) (minute) (mm)
Cement 4004 3.04 7.8 4.2 211 292 1

*Blaine method

Crushed aggregate in three different sizes (0-5 mm,
5-11 mm and 11-22 mm) was used in the production of
the concrete. The specific gravities of fine (0-5 mm) and
coarse aggregates (5-11 mm and 11-22 mm) are 2.62
g/cm3 and 2.64 g/cm3; the water absorption values of
the aggregates are 1.33%, 1.08%, and 0.86%, respec-
tively. During concrete production, aggregate moisture
was routinely monitored at the ready-mix concrete
plant, and the mixing water was adjusted accordingly.
The aggregate grading is shown in Fig. 1.

A commercial chemical admixture was used at a
dosage of 1% by weight of cement. The technical prop-
erties of the chemical admixture, data taken from the
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manufacturer's product data sheet, are presented in
Table 3.

The target water/cement (w/c) ratio for all concrete
mixtures was 0.53. However, during concrete produc-
tion in July, an additional 5 L of water per m*® was added
to maintain workability under elevated ambient temper-
atures. Consequently, the effective water/cement ratio
of the July mixture increased from 0.53 to approximately
0.545. This modification should be considered when in-
terpreting the July test results, as the increased water
content may have influenced the mechanical properties
in addition to the environmental exposure condition. De-
tailed mixture proportions are presented in Table 4.

31.5 16 8 4

2 1 0.5

Sieve Size (mm)

Aggregate gradation

—o—Upper limit

-3~ Lower limit

Fig. 1. Particle-size distribution of the combined aggregate, together with the specification limits.
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Table 3. The technical properties of the chemical admixture (Sika Tirkiye 2024).

Chemical admixture properties

Value

Admixture type
Chemical base
Standard classification

Recommended dosage

High-range water-reducing superplasticiser
Polycarboxylate-based

TS EN 934-2

0.8-1.5% by weight of cement

Density (20°C) 1.0602 g/cm?
pH 4.82

Solid content 22.46%
Chloride content 0.0570%
Alkali content (Na,O equivalent) 0.31%

Corrosion behaviour

No corrosion effect

Table 4. Mixing proportions and material amounts (kg/m3).

Mixture Months Cement Sand Crushed aggregate Admixture Water w/C
e EORETEE March-June 330 1006 830 3.3 175 0.530
samples July 330 1006 830 33 180 0.545

2.2. Specimen preparation and curing conditions

The concrete mixes used in this study were prepared
at a ready-mix concrete plant in Kastamonu. The batch-
ing, mixing, and production processes under real-world
conditions were carefully executed to ensure precise
composition and thorough homogenization of the con-
crete specimens at a ready-mix concrete plant (Fig. 2).
The essential components of C30/37 concrete, including
coarse crushed aggregate, sand, cement, a chemical ad-
mixture, and water, were systematically and automati-
cally introduced into the mixer in accordance with the TS
EN 206 +A2 standard. The mixing process followed a
structured protocol to achieve a uniform, well-inte-
grated mixture of all concretes each month. The concrete
produced at the concrete plant was placed in 150 x 150
x 150 mm cube moulds in accordance with the TSE EN
12390-2 standard. The concrete in the formwork was
compacted using a vibrating table to ensure a void-free
and homogeneous structure. The concretes were placed
in cube moulds under ambient conditions and
demoulded after 24 hours; each specimen was then
placed under the specified curing conditions. The con-
crete samples used in the study were produced over five
periods in 2025—March, April, May, June, and July—to
assess the effects of seasonal temperature variations.
For each month, nine cube specimens were produced
and divided into three different curing conditions (Fig.
3). Each curing group consisted of three specimens. The
concrete specimens in each curing group were kept in
the same place throughout 28 days. Compressive
strength values are reported as the mean of three meas-
urements.

To evaluate the variability and reliability of the exper-
imental results, the standard deviation (SD) and coeffi-
cient of variation (CV) were calculated for each curing
condition.

The different curing conditions used in this study:

e Water Curing (WC): The concrete samples were cured

by being fully immersed in water tanks under con-

trolled conditions at approximately 20 + 2°C for 28

days, in accordance with TS EN 12390-2. This method

was considered the “reference curing condition”.

e Air Curing (AC): The concrete samples were stored in
direct exposure to outdoor ambient conditions, with-
out a moisture supply, and in fixed positions. They
have been exposed to the normal weather conditions
of the relevant month outdoors, including tempera-
ture, solar radiation, and wind, etc. This condition
represented the actual environment on construction
sites, which are typical conditions for construction.

¢ Intermittent Water Curing (IWC): The concrete sam-
ples were stored under natural ambient conditions
and in fixed positions. Until every part of their surface
was wet, they were sprayed with water (approx. 3 L)
once daily in the evening, when there was no sun ex-
posure. This method was chosen as a practical curing
approach that can be easily implemented on a con-
struction site.

The three curing methods were selected because they
represent the most common curing conditions encoun-
tered during concrete production and quality control in
construction practice in Tiirkiye. Water curing was
used as the reference curing method, air curing repre-
sented the absence of curing under field conditions, and
intermittent water curing simulated the manual water
spraying practice commonly applied on construction
sites.

All curing conditions were maintained for 28 days.
Ambient air temperature (AT) data were recorded dur-
ing the study period. However, relative humidity (RH)
was not measured directly at the experimental site. RH
values presented in this study were obtained from the
Turkish State Meteorological Service database and used
solely to describe the general environmental conditions
during the testing period, March to July in 2025. There-
fore, RH was not included in the quantitative regression
analyses.



Kockar Tugla / Challenge Journal of Concrete Research Letters (2026) 17(3) 341-351 345

(a) Water Curing

(b) Air Curing

(c) Intermittent Water Curing

Fig. 3. The scheme of the different curing conditions.

2.3. Testing of fresh and hardened concrete

For each concrete sample, a slump test was carried
out in accordance with TS EN 12350-2, and workability
was checked to ensure consistency in the fresh concrete
properties. The measured slump values were 20, 22, 23,
23 and 23 cm for March, April, May, June and July, re-
spectively.

The density values were calculated at the age of 28
days using the specimen mass measured immediately
before the compressive strength test. The apparent den-
sity was determined by dividing the specimen mass
measured immediately before the compressive strength
test by the nominal specimen volume.

At the end of the 28-day curing period, compressive
strength tests were performed on all specimens in ac-
cordance with TS EN 12390-3. The tests were conducted
on a calibrated hydraulic pressure press with a maxi-
mum capacity of 2000 kN (Fig. 4). The load was in-
creased continuously at a constant rate until the speci-
men failed, and the maximum load was recorded. The
compressive strength was calculated as the breaking
load divided by the specimen's cross-sectional area. The
average compressive strength and standard deviation
values were determined for each curing group and cast-
ing period.

3. Results and Discussion

In this study, the compressive strength (CS) of con-
crete samples with a design CS of C30/37 was investi-
gated under different curing conditions. The experi-
mental data obtained have been analysed; compressive
strength, density and ambient temperature conditions
have been evaluated together. The parameters affecting
concrete strength and their relationships are presented
in detail in this section.

Concrete samples (AC and IWC) were exposed to out-
door curing conditions at the same location during
March, April, May, June, and July. The recorded tempera-
ture data for each month are presented in Table 5. Ac-
cording to the first-day measurements, April was the
coldest month, while July had the highest temperatures.
Furthermore, the average temperature values calculated
for 7-day and 28-day periods indicate a consistent in-
crease from March to July, reflecting seasonal variations.
The relative humidity in Kastamonu gradually decreases
from approximately 70-75% in March to 55-60% in
July, suggesting a higher potential for evaporation dur-
ing the summer period. Since these RH values were ob-
tained from meteorological records rather than direct
field measurements, they are presented only to describe
the general environmental conditions.
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Fig. 4. The photograph of the compressive strength testing press.

Table 5. Variation of minimum (7min), maximum (Tmax), average temperatures (Tavg) (°C)
and relative humidity (RH) during the curing period.

. Relative
: First day for concrete Average 7 da Average 28-da - 1
Months Cur}ng Y 8 Y E v humidity*
period

Tmin Tmax Tavg Tmin Tmax Tavg Tmin Tmax Tavg RH %
March 28-day 2 13 7.5 -2.4 9.3 3.5 1.5 13 7.3 70-75
April 28-day -1 8 3.5 3.7 10.7 7.2 29 17.8 10.4 65-70
May 28-day 8 25 16.5 6.7 20.7 13.7 7.5 23.1 15.3 65-70
June 28-day 7 23 15 10.1 271 18.6 13.3 30.7 22 60-65
July 28-day 21 37 29 19.0 35.1 27.1 18.9 34.7 26.8 55-60

*Data was taken from the Turkish State Meteorological Service.

The data on the weight, density and compressive
strength of the concrete samples are presented in Table
6. The results show that curing conditions affect con-
crete performance. The variation of density values un-
der different curing conditions is presented in Fig. 5. The
results show that specimens subjected to water curing
(WC) consistently exhibit higher density than those sub-
jected to air curing (AC) or intermittent water curing
(IWC). A general decrease in density with increasing
temperature is observed, particularly under AC and IWC
conditions. This behaviour is primarily attributed to in-
creased evaporation and moisture loss under higher
temperatures. Moisture loss limits the availability of wa-
ter required for continued cement hydration and con-
tributes to the formation of a less compact internal struc-
ture, particularly under insufficient curing conditions.
However, a slight increase in density was observed for
the AC specimens in July compared with June, despite the
higher ambient temperature. This deviation may also be
associated with the additional 5 L/m? of mixing water in-
troduced in the July mixture, which slightly increased the
effective water/cement ratio. Therefore, the July density
values should be interpreted with caution, as they reflect
the combined influence of environmental exposure and
the slightly increased water/cement ratio. In contrast,
water-cured specimens exhibited higher apparent den-
sity values. This may be attributed to both improved in-

ternal compactness resulting from continuous hydration
and the higher moisture content of the specimens at the
time of testing. Consequently, density changes observed
under field conditions should be interpreted as the com-
bined outcome of hydration progress, moisture condi-
tion at testing, and environmental exposure rather than
solely as an indicator of internal compactness. These
findings are in strong agreement with previous studies
(Emarah et al. 2025; Haigh and Ameri Sianaki 2025; Chu
etal. 2024; Bagyigit et al. 2011).

The compressive strength results under different cur-
ing conditions are shown in Fig. 6. The compressive
strength of water-cured concrete was 56.36 MPa, and
that of air-cured concrete was 53.22 MPa in April (Table
6). It is observed that the compressive strength data of
the intermittent water curing (IWC) generally fall be-
tween the two types of curing (WC and AC). It is evident
that water curing provides the highest strength values
across all conditions, while air curing results in the low-
est. A general decrease in strength is observed at higher
temperatures, particularly under insufficient curing con-
ditions. However, slight deviations are observed in
March, where lower temperatures may have slowed hy-
dration and delayed strength development (Fig. 6).
These findings highlight the critical role of curing condi-
tions in controlling strength development under varying
environmental conditions.
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Table 6. Data on the weight, density and compressive strength of concrete samples
under different curing conditions by months.

Water curing (WC) Air curing (AC) Intermittent water curing (IWC)
Month i i i
OnHas Weight Density Compre551*ve Weight Density Compress?e Weight Density Compresst:/e
@ (g/cm?) strength @ (g/cm?) strength @ (g/cm?) strength
& & (MPa) & & (MPa) g g (MPa)
March 8047 2.38 48.51+1.50 7926 2.35 37.10+£0.36 7914 2.34 40.77+2.17
April 8107 2.40 56.36+1.90 7936 2.35 53.22£2.76 7905 2.34 52.06+£1.57
May 7930 2.35 53.85+1.43 7851 2.33 50.16+1.87 7810 2.31 49.88+2.98
June 7822 2.32 47.36%1.62 7631 2.26 42.97+1.02 7604 2.25 44.19+1.84
July 7952 2.36 48.42+1.82 7671 2.27 42.82+1.93 7690 2.28 45.19+0.99
*Values are presented as mean * standard deviation.
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Fig. 5. Variation of density values under different curing conditions (WC, AC, and IWC) across months.
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Since the WC specimens were cured under a constant
water temperature (20 + 2°C) throughout the study, only
the AC and IWC specimens were considered when eval-
uating the relationship between ambient temperature
and compressive strength (Fig. 7). The highest compres-
sive strength values were observed under the average
curing temperatures recorded in April (10.4°C) and May
(15.3°C), whereas lower strengths were obtained at both
lower and higher temperatures. The present results sug-
gest that the moderate ambient temperatures recorded
during April and May provided favorable conditions for
compressive strength development, which is consistent
with previous studies reporting improved hydration un-
der moderate curing temperatures (Huang et al. 2025;
Yilmaz et al. 2019). As expected, WC specimens consist-
ently exhibited higher compressive strength than AC and
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IWC specimens because continuous moisture availabil-
ity allowed cement hydration to proceed uninterrupted
and likely promoted a denser microstructure (Emarah et
al. 2025). Lower compressive strength values were ob-
served in March because the low ambient temperatures
slowed the hydration process, whereas a partial increase
was observed in July despite the elevated ambient tem-
peratures (Fig. 7). The partial strength increase ob-
served in July, despite the high temperatures, may be at-
tributed to accelerated early-age hydration (Xu et al.
2023; Wang et al. 2023b). However, considering the in-
creased evaporation and porosity associated with high
temperatures, this trend may also have been influenced
by early-age curing conditions and mixture parameters
(Haigh and Ameri Sianaki 2025; Chu et al. 2024; Wang et
al. 2023b).

w
o

7 10

15 22 27

Temperature,°C

m Air Cure (AC)

Intermittent Water Curing (IWC)

Fig. 7. Relationship between compressive strength and the measured average 28-day ambient temperature
for air-cured (AC) and intermittent water-cured (IWC) specimens.

Although an additional 5 L of water per m*® was intro-
duced during concrete production in July to compensate
for the increased water demand associated with ele-
vated ambient temperatures, this amount represented
only a minor fraction of the total mixing water. Moreo-
ver, the slump value measured in July (23 cm) was iden-
tical to those recorded in May and June, suggesting that
the additional water mainly contributed to maintaining
workability rather than substantially modifying the
fresh concrete characteristics. The July results should be
interpreted with caution because the additional 5 L of
water increased the effective water/cement ratio from
0.53 to approximately 0.545. Consequently, the ob-
served behaviour cannot be attributed solely to elevated
ambient temperature and curing conditions. The modi-
fied mixture proportion may also have contributed to the
measured density and compressive strength values.
Therefore, the July results reflect the combined influence
of environmental exposure and a slightly increased wa-
ter/cement ratio.

The coefficients of variation obtained for the com-
pressive strength results ranged from 0.98% to 5.98%,

indicating good consistency among replicate specimens.
These relatively low values suggest that the observed
differences in compressive strength are predominantly
related to curing conditions and environmental expo-
sure rather than experimental variability.

When the relationships among temperature, density,
and compressive strength are considered together, it is
evident that concrete behaviour is governed by a com-
plex interaction mechanism.

To better understand the influence of temperature, a
regression analysis was conducted between tempera-
ture and density. The results are presented in Fig. 8. Re-
gression analysis indicated a negative relationship be-
tween temperature and density for AC (R? = 0.8696) and
IWC (R? = 0.8075) (Fig. 8). These results suggest that
temperature primarily affects concrete through in-
creased evaporation and moisture loss.

In contrast, the relationship between density and
compressive strength was found to be relatively weak.
The relationship between density and compressive
strength is shown in Fig. 9. Very low correlation coeffi-
cients were obtained for air curing (R? = 0.0749) and in-
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termittent water curing (R? = 0.0516), while a relatively
higher, yet still limited, relationship was observed for
water curing (R? = 0.3377). These results suggest that
the compressive strength of concrete cannot be ex-
plained solely by density and that factors such as curing
conditions, ambient temperature, and water content also
play important roles. In particular, the fact that different

strength results are obtained for specimens with similar
density values indicates that concrete behaviour has a
multi-parameter structure. These findings suggest that
approaches based on a single parameter may be insuffi-
cient when evaluating concrete performance under field
conditions, and that multiple parameters must be con-
sidered together.
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Fig. 8. Relationship between temperature and density for AC and IWC conditions.
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Fig. 9. Relationship between density and compressive strength under different curing conditions.

Overall, the findings demonstrate that the effect of
temperature on concrete performance occurs through
both direct and indirect mechanisms. Temperature al-
ters the microstructure (represented by density) indi-
rectly, while simultaneously influencing strength de-
velopment directly through hydration kinetics and
moisture loss. Furthermore, when temperature and
compressive strength are considered together, a de-
crease in strength is observed at high temperatures,
particularly when curing is insufficient. This indicates

that temperature not only affects density indirectly but
also directly influences hydration and moisture loss,
thereby affecting the development of strength. These
results clearly indicate that concrete performance can-
not be explained by a single parameter and that tem-
perature, curing conditions, and microstructural char-
acteristics must be evaluated together. This is particu-
larly critical in field conditions, where the combined in-
fluence of these parameters governs concrete's overall
behaviour.
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4., Conclusions

This study investigated the combined effects of tem-
perature, curing conditions, and density on the compres-
sive strength of concrete under field conditions. Based
on the experimental results, the following conclusions
can be drawn:

e Curing conditions play a dominant role in concrete
performance. Water curing (WC) consistently pro-
vided the highest compressive strength and density,
while air curing (AC) yielded the lowest performance
due to insufficient moisture retention.

e Ambient temperature substantially affects concrete
behaviour. Low temperatures, as observed in March,
reduced compressive strength due to slower hydra-
tion, whereas high temperatures increased moisture
loss, negatively affecting both density and strength.

e The comparison between the March and April results
suggests that the average temperature during the 28-
day curing period may have had a greater influence on
compressive strength development than the temper-
ature on the day of casting under the conditions of the
present study.

e A negative correlation was found between tempera-
ture and density (R* = 0.8696 for AC and R? = 0.8075
for IWC), indicating that increasing temperature leads
to increased evaporation and reduced density.

e The relationship between density and compressive
strength was found to be weak (low R? values),
demonstrating that compressive strength cannot be
explained by density alone.

o The coefficients of variation ranged from 0.98% to
5.98%, indicating good repeatability and consistency
of the experimental results.

e Despite identical curing conditions, variations in com-
pressive strength highlight the critical role of early-
age temperature conditions prior to curing, indicating
that initial environmental exposure has a lasting im-
pact on concrete performance.

e The July results should be interpreted cautiously be-
cause the additional mixing water slightly increased
the effective water/cement ratio from 0.53 to approx-
imately 0.545. Therefore, the observed performance
reflects the combined effects of curing conditions, en-
vironmental exposure, and a minor variation in mix-
ture proportion, rather than temperature alone.
Overall, the results show that temperature influences

concrete performance both directly (through hydration

kinetics) and indirectly (through density changes), and
that these effects should be evaluated together rather
than independently. This study has several limitations.

The experimental program was conducted using a single

cement type, a single concrete strength class (C30/37),

and concrete produced at one ready-mix concrete plant
under local environmental conditions. In addition, the
number of specimens was limited, and no microstruc-
tural analyses were performed. Therefore, the findings
should be interpreted within the scope of the present
study and should not be generalised to other concrete
types, mixture proportions, or environmental condi-
tions. It is recommended that further research investi-
gate the effects of different field-curing conditions on the
compressive strength of concrete, particularly in cold
weather, and evaluate other practical curing techniques,

including membrane curing, wet coverings, plastic sheet
curing, and sealed curing, to further extend the applica-
bility of the present findings.
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The increasing consumption of plastic and its long decomposition period necessitate
innovative strategies for utilizing Polyethylene Terephthalate (PET) plastic waste in
civil engineering applications, particularly through its conversion into artificial
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gregates. Despite this reduction in strength, the significant decrease in concrete den-
sity indicates the potential of RHA-PET artificial aggregates for lightweight and non-
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1. Introduction

The development of sustainable concrete materials has
attracted increasing attention due to the growing environ-
mental concerns associated with plastic waste accumula-
tion and the depletion of natural aggregate resources.
Among various plastic wastes, Polyethylene Terephthalate
(PET) is one of the most widely generated and persistent
materials, creating serious disposal and environmental
concerns (Soong et al. 2022; Wang et al. 2022; Bohre et al.

2023; Tladi et al. 2023). Consequently, the incorporation
of PET waste into concrete has gained attention as a sus-
tainable approach to reduce landfill disposal while decreas-
ing the environmental footprint associated with conven-
tional construction materials (Askar et al. 2023; Marvila et
al. 2022; Sosoi et al. 2022; Qaidi et al. 2023). However, de-
spite its environmental benefits, the incorporation of PET
aggregates often leads to reductions in mechanical perfor-
mance, highlighting the need for effective strategies to im-
prove the properties of PET-based concrete.
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In addition to environmental concerns related to plas-
tic waste, the construction sector faces increasing pres-
sure due to the extensive consumption of natural aggre-
gates. Continuous extraction of natural aggregates has
resulted in resource depletion and environmental degra-
dation, motivating researchers to explore recycled and
alternative aggregate materials (Zulkernain et al. 2021;
AbdelMoti and Mustafaa 2019; Mousavimehr and
Nematzadeh 2020; M. Correa et al. 2020). PET waste has
therefore been investigated as a potential aggregate re-
placement because of its availability, low density, and
contribution to circular economy principles.

Previous studies have demonstrated that PET can be
used as a substitute aggregate in concrete, producing
lighter concrete and providing an environmentally
friendly solution for plastic waste utilization (Dawood et
al. 2021; Qaidi et al. 2023; Almeshal et al. 2020;
Jaskowska-Lemanska et al. 2022; Bachtiar et al. 2020).
However, despite these environmental benefits, many
researchers have reported reductions in mechanical
properties, particularly compressive strength, due to the
relatively smooth surface texture and lower stiffness of
PET compared with conventional mineral aggregates
(Dawood et al. 2021; Almeshal et al. 2020; Qaidi et al.
2023). These findings suggest that additional measures
are required to improve the performance of concrete in-
corporating PET aggregates.

Rice Husk Ash (RHA), an abundant agro-industrial by-
product in many developing countries, has emerged as a
promising supplementary cementitious material be-
cause of its high silica content and pozzolanic reactivity
(Endale et al. 2023; Kang et al. 2019; Jittin et al. 2020;
Zareeietal. 2017; Amran et al. 2021; Siddika et al. 2018).
Numerous studies have shown that RHA can enhance the
mechanical and durability properties of concrete
through both pozzolanic reactions and filler effects
(Faried et al. 2021; Satwarnirat et al. 2023; Gencel et al.
2021; Abolhasani et al. 2022; Siddika et al. 2021). In par-
ticular, the fineness of RHA plays a critical role in deter-
mining its effectiveness. Finer RHA particles provide a
larger specific surface area, resulting in greater poz-
zolanic activity, improved particle packing, and a denser
concrete microstructure. Consequently, the use of finely
ground RHA has been reported to improve compressive
strength and long-term durability more effectively than
coarser RHA (Sandhu and Siddique 2017; Farid and
Zaheer 2023; Lin et al. 2023; Pu et al. 2024).

The combined utilization of PET waste and RHA offers
a promising strategy for producing more sustainable
concrete while simultaneously addressing plastic waste
management and agricultural waste disposal (Awolusi et
al. 2023; Hu et al. 2020; Tayeh et al. 2021; Hasan et al.
2022). Likewise, the development of lightweight and en-
vironmentally friendly cementitious materials has at-
tracted increasing research interest as a means of reduc-
ing the environmental impact of the construction indus-
try. For example, Paikara and Gyawali (2023) developed
aerated lightweight mortar using aluminum powder to
reduce material density and improve sustainability. Alt-
hough their study employed a different lightweight
mechanism and material system, it highlights the grow-
ing need to develop sustainable lightweight construction
materials with acceptable mechanical performance. In

the context of PET-RHA artificial aggregates, recent stud-
ies have demonstrated their potential for sustainable
concrete production; however, reductions in mechanical
performance remain a major challenge. Moreover, lim-
ited attention has been given to the influence of RHA
fineness on the quality of PET-based artificial aggregates
and the resulting concrete performance. Therefore, fur-
ther research is required to clarify the role of RHA parti-
cle size in enhancing the properties of concrete contain-
ing PET-based artificial aggregates.

This gap is particularly important because the mech-
anisms of the two materials may complement each other.
While PET aggregates tend to reduce mechanical
strength due to weaker aggregate-paste bonding, finer
RHA particles can enhance matrix densification and im-
prove the interfacial transition zone. Therefore, it is rea-
sonable to hypothesize that increasing RHA fineness
may compensate for the strength reduction commonly
associated with PET aggregate utilization.

Accordingly, this study investigates the effect of RHA
fineness on the mechanical performance of concrete con-
taining PET-based artificial aggregates. Unlike previous
PET-RHA studies that mainly examined material re-
placement levels, the present research systematically
evaluates the influence of different RHA fineness levels
on the strength development of PET aggregate concrete.
This approach provides new insight into the interaction
between PET aggregates and finely ground RHA and es-
tablishes whether RHA fineness can be used as an effec-
tive strategy to overcome the mechanical limitations of
PET-based concrete. The PET waste utilized in this study
was processed into artificial aggregates through the
treatment procedure shown in Fig. 1, while the RHA was
obtained and prepared following the process illustrated
in Fig. 2. The findings are expected to contribute to the
development of sustainable concrete materials that ef-
fectively utilize both plastic and agricultural wastes
while maintaining adequate mechanical properties.

2. Methodology
2.1. Materials

Ordinary Portland Cement (OPC) Type I, manufac-
tured by Semen Gresik (Indonesia), was used as the ce-
mentitious binder throughout this study. Potable tap wa-
ter, free from visible impurities and suitable for concrete
production, was used for both mixing and curing. Natural
fine aggregate and natural coarse aggregate were ob-
tained from local suppliers in Jember, East Java, Indonesia,
and their physical properties are summarized in Table 1.

The rice husk ash (RHA) used for manufacturing the
artificial coarse aggregates was obtained from CV. Pabrik
Beras Rajawali, Rambipuji, Jember, East Java, Indonesia.
The RHA was produced by controlled combustion of rice
husks at approximately 450-500 °C for 4-6 h before be-
ing sieved into the designated particle-size ranges. Since
the objective of this study was to investigate the effect of
RHA particle fineness as a filler in PET-based artificial ag-
gregates rather than its pozzolanic activity as a cement re-
placement material, chemical characterization of the RHA
(e.g., SiO, content and loss on ignition) was not conducted.
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Fig. 1. Treatment process of waste PET plastic:
(a) Raw waste PET plastic; (b) Cutting process of PET plastic; (c) Processed PET plastic after cutting.

Fig. 2. Production process of rice husk ash (RHA):
(a) Red brick firing process; (b) Produced RHA; (c) Sieving of RHA.

Table 1. Test results of natural aggregates.

Testing Fine aggregate Coarse aggregate
Sieve analysis Zone 2 Pass 20 mm
Specific gravity 2.40 2.69

Bulk density (g/cm 3) 1.34 1.41
Water absorption (%) 3.99 2.46
Moisture content (%) 3.45 2.01

2.2. Artificial coarse aggregate

Artificial coarse aggregates were manufactured from
waste PET plastic and rice husk ash (RHA). The RHA was
used exclusively as a filler material within the PET ma-
trix rather than as a supplementary cementitious mate-
rial. Therefore, the primary experimental variable in this
study was the particle fineness of the RHA. All RHA frac-
tions were obtained from the same source and produc-
tion batch, ensuring identical chemical composition
while varying only the particle size through sieving. The
artificial coarse aggregates were produced using a con-
stant RHA-to-PET ratio of 1:4. For each production batch,
400 g of shredded PET plastic and 100 g of RHA were
used, corresponding to an RHA-to-PET ratio of 1:4. The
mixture was sufficient to produce approximately three
cube specimens measuring 50 x 50 x 50 mm prior to
crushing and sieving.

To evaluate the effect of RHA fineness, three different
RHA particle size ranges were utilized. As summarized in
Table 2, the artificial coarse aggregates were classified as

ASP50, ASP100, and ASP200, corresponding to RHA par-
ticles passing sieve No. 50 (300 um) and retained on
sieve No. 100 (150 um), passing sieve No. 100 (150 um)
and retained on sieve No. 200 (75 pm), and passing sieve
No. 200 (75 um), respectively. The resulting artificial
coarse aggregates were produced with particle sizes
ranging from 5 to 10 mm.

Artificial coarse aggregates were produced by melting
shredded PET plastic in a metal pan under continuous
heating. The melting process was conducted in a well-
ventilated area to minimize the accumulation of fumes
generated during heating and to ensure operator safety.
The PET was heated for approximately 1 h until com-
plete melting was achieved. Subsequently, rice husk ash
(RHA) was gradually added to the molten PET at the
specified proportion, and the mixture was continuously
stirred until a homogeneous blend was obtained. During
the mixing process, the molten mixture gradually turned
black. The homogeneous mixture was then poured into
cube molds measuring 50 mm x 50 mm x 50 mm and al-
lowed to cool at room temperature until fully solidified.
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After hardening, the molded specimens were removed  artificial coarse aggregates with particle sizes ranging
from the molds and crushed manually using a hammer. from 5 to 10 mm. The detailed production process of the
The crushed material was subsequently sieved to obtain  artificial coarse aggregate is illustrated in Fig. 4(a-j).

Table 2. Composition of artificial coarse aggregate.

Gravel code artificial Proportion (RHA:PET) Size of RHA

. Passing sieve No. 50 (300 pum)
LRI L4 and retained on sieve no. 100 (150 pm)

. Passing sieve No. 100 (150 pm)
ASP100 L4 and retained on sieve No. 200 (75 pum)

ASP200 1:4 Passing sieve No. 200 (75 pm)

Fig. 4. Production process of artificial coarse aggregate: (a) Preparation of equipment and materials;
(b) Melting of PET; (c) Mixing with rice husk ash (RHA); (d) Stirring PET and RHA until homogeneous;
(e) Melt ready for casting; (f) Pouring into molds; (g) Demolding; (h) Crushing using a hammer;

(i) Sieving; (j) Artificial coarse aggregate after sieving.
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Fig. 5 illustrates the influence of RHA fineness on the
physical characteristics of the produced artificial coarse
aggregates. Finer particles may fill internal voids within
the artificial aggregate, resulting in a denser structure,
improved mechanical integrity, and enhanced bonding
with the surrounding cementitious matrix (Al-Baghdadi
et al. 2021; Stratoura et al. 2023).

Table 3 shows that ASP200-PET had the highest spe-
cific gravity (1.40) and bulk density (0.77 g/cm?),
whereas ASP50-PET had the highest water absorption
(1.40%) and moisture content (0.21%). According to the
test results, the fineness of rice husk ash used as a filler for

T e
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ASP50-PET,
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plastic aggregate affects the properties of the artificial ag-
gregate. The test results indicate that the fineness of the
rice husk ash used as a filler in the PET-based artificial ag-
gregates significantly influenced their physical properties.
As the RHA fineness increased, both the specific gravity
and bulk density of the artificial aggregates increased, in-
dicating the formation of a denser aggregate structure (Al-
Baghdadi et al. 2021; Kannur and Chore 2023; Shirgire et
al. 2024). In contrast, water absorption and moisture con-
tent decreased with increasing RHA fineness, reflecting
the reduction in pore volume within the artificial aggre-
gates (Ganasen et al. 2023; Abellan-Garcia et al. 2023).
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Fig. 5. Manufacturing results and material testing of artificial coarse aggregate.

Table 3. Test results of artificial lightweight coarse aggregate.

Testing ASP50-PET ASP100-PET  ASP200-PET Condition Control  Reference
Sieve analysis Pass 20 mm Pass 20 mm Pass 20 mm Max. 37.5mm OK ACIE1-07 (2007)
Specific gravi 1.35 138 1.40 LIE: OK SNI 03-2461-2002 (2002)
P gravity ' ' ’ aggregate (1.0-1.8)
. Lightweight

3 o
Bulk density (g/cm?) 0.72 0.75 0.77 aggregate < 0.88 0K ASTM C29/C29M-97 (1997)
Water absorption (%) 1.40 1.04 0.92 0.5-4% OK ACIE1-07 (2007)

. Difference test

Moisture content (%) 0.21 0.19 0.10 OK ASTM C566-04 (2004)

max. 0.79%

To further explain the physical and mechanical prop-
erties of the artificial aggregates, microscopic observa-
tions were conducted using a digital microscope. The mi-
crostructural characteristics of the aggregates are pre-
sented in Fig. 6(a-d). The ASP50-PET aggregate exhib-
ited a rougher surface texture and a greater number of
visible pores compared with ASP100-PET and ASP200-
PET. In contrast, ASP200-PET displayed a denser and
more homogeneous surface with fewer visible pores.
These observations indicate that increasing the fineness
of the rice husk ash filler contributed to a reduction in
pore formation within the PET-RHA composite aggre-
gate.

The observed microstructural differences are con-
sistent with the measured physical properties of the ag-
gregates. Aggregates containing a larger number of
pores generally exhibit lower specific gravity and bulk
density because a greater proportion of their volume
consists of void spaces. Conversely, the presence of inter-
connected pores increases the capacity of the aggregate to
absorb and retain water, resulting in higher water absorp-
tion and moisture content values (Bouarroudj et al. 2023;
Duan et al. 2022; Rao et al. 2020; Théréné et al. 2020).
Therefore, the denser microstructure observed in
ASP200-PET is expected to contribute to higher density
and lower water absorption compared with ASP50-PET.
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Furthermore, the microstructure of the artificial aggre-
gate directly influences its mechanical behavior and its in-
teraction with the surrounding cementitious matrix. The
finer RHA particles in ASP200-PET act as fillers that oc-
cupy void spaces within the PET matrix, producing a
denser internal structure and reducing stress concentra-
tion points associated with pores. As a result, the aggregate
becomes mechanically stronger and less susceptible to
cracking under load. The denser aggregate structure also
promotes improved contact and bonding with the sur-

rounding mortar, leading to a more effective transfer of
stresses across the aggregate-paste interface. These mech-
anisms explain the higher compressive strength obtained
for concrete containing ASP200-PET aggregates compared
with ASP50-PET and ASP100-PET aggregates. Therefore,
the improvement in concrete mechanical performance can
be attributed not only to the increased density of the arti-
ficial aggregate but also to the enhancement of its micro-
structural quality and aggregate-mortar interfacial bond-
ing (Rocha et al. 2023; Herrera Rosas et al. 2023).

Fig. 6. Digital microscope observations of artificial coarse aggregates:
(a) ASP50-PET; (b) ASP100-PET; (c) ASP200-PET; (d) Digital microscope.

2.3. Mix proportion

The concrete mixtures were prepared using Ordinary
Portland Cement (OPC) Type [, manufactured by Semen
Gresik, as the binder; potable tap water as the mixing
water; natural fine aggregate; and either natural or arti-
ficial coarse aggregate. The target compressive strength
was 25 MPa. The mix proportions, expressed on a per-
cubic-meter basis (kg/m?), are presented in Table 4. The
constituent materials were proportioned on a 1 m® ba-
sis. The quantities of the artificial coarse aggregates
were calculated based on their specific gravities to pro-
vide an equivalent coarse aggregate volume to that of
the control mixture while maintaining the target con-
crete volume. For laboratory production, the mix pro-
portions were proportionally scaled down to produce
approximately 15 L of concrete per batch, which was suf-
ficient to cast six cylindrical specimens (100 mm x 200
mm) for compressive strength and splitting tensile
strength testing.

Three types of artificial aggregates were produced us-
ing a mixture of PET plastic waste and rice husk ash
(RHA), namely ASP50, ASP100, and ASP200. BNO de-
notes the control mixture consisting of conventional
concrete with natural gravel as the coarse aggregate.
BN1 incorporates artificial coarse aggregate coded
ASP50 with an RHA ratio of 1:4. The ASP50 aggregate
was produced through a melting-mixing process using

RHA passing sieve No. 50 (300 pm) and retained on sieve
No.100 (150 pm), combined with PET plastic waste. BN2
incorporates artificial aggregate coded ASP100 with the
same RHA ratio of 1:4. The ASP100 aggregate was man-
ufactured using RHA passing sieve No. 100 (150 um) and
retained on sieve No. 200 (75 pm), mixed with PET plas-
tic waste through the same process. BN3 contains artifi-
cial aggregate coded ASP200 with an RHA ratio of 1:4
and was produced by melting and mixing PET plastic
waste with RHA passing sieve No. 200 (75 um). The re-
sulting artificial aggregates were subsequently used as
coarse aggregate replacements in the concrete mixtures.

Concrete mixing was carried out using a 50 L capacity
concrete mixer. Each laboratory batch consisted of ap-
proximately 15 L of fresh concrete, prepared by propor-
tionally scaling the 1 m*® mix design presented in Table
4. The constituent materials were weighed according to
the required proportions. The mixing process began
with the dry mixing of cement, fine aggregate, and coarse
aggregate (natural or artificial aggregate) for approxi-
mately 2 min to ensure uniform distribution of the mate-
rials. Subsequently, water was gradually added while the
mixer was in operation, and mixing was continued for an
additional 3 min until a homogeneous concrete mixture
was obtained. After mixing, the fresh concrete was im-
mediately subjected to slump testing and then cast into
cylindrical molds (100 mm x 200 mm) for compressive
strength and splitting tensile strength tests.
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Table 4. Concrete mix design.

Code  Cement (kg/m3) Water (kg/m3) Sand (kg/m?3) Gravel (kg/m3)  ASP50 (kg/m3)  ASP100 (kg/m3) ASP200 (kg/m3)
BNO 385 211 739.06 1039.74 - - -

BN1 385 211 739.06 - 521.80 - -

BN2 385 211 739.06 - - 533.40 -

BN3 385 211 739.06 - - - 541.13

2.4. Compressive strength and splitting tensile
strength testing

The mechanical properties of the concrete were eval-
uated through compressive strength and splitting tensile
strength tests using cylindrical specimens. The speci-
mens had a diameter of 100 mm and a height of 200 mm.
After casting, the specimens were cured under labora-
tory conditions until the designated testing age.

Compressive strength tests were conducted in ac-
cordance with ASTM C39/C39M (2021) using a compres-
sion testing machine with a maximum capacity of 1500
kN. The load was applied continuously at a rate of 2.5-6.0
kN/s until specimen failure occurred. The compressive
strength was calculated by dividing the maximum ap-
plied load by the cross-sectional area of the specimen.

Splitting tensile strength tests were performed in ac-
cordance with ASTM C496/C496M (2017) using the same
compression testing machine. The cylindrical specimens
were positioned horizontally between the loading platens,
and the load was applied continuously until splitting fail-
ure occurred. The splitting tensile strength was deter-
mined from the maximum load recorded during the test.

For each concrete mixture, three cylindrical speci-
mens were tested for compressive strength and three cy-
lindrical specimens were tested for splitting tensile
strength at 28 days. The reported strength values repre-
sent the arithmetic mean of the three test results. To eval-
uate the variability of the experimental data, the standard
deviation (SD) was calculated using the sample standard
deviation (n - 1), while the coefficient of variation (COV)
was calculated as the ratio of the sample standard devia-
tion to the mean value and expressed as a percentage.

3. Results and Discussion
3.1. Workability

The slump test was conducted to evaluate the worka-
bility of fresh concrete. The test was performed using a
standard slump cone with a top diameter of 100 mm, a
bottom diameter of 200 mm, and a height of 300 mm.
The slump values reported in Table 5 represent the re-
sults of a single slump test conducted for each concrete
mixture.

Based on Table 5 and Fig. 7, the slump values of BNO,
BN1, BN2, and BN3 were 110 mm, 100 mm, 95 mm, and
80 mm, respectively. All mixtures satisfied the target
slump range of 60-180 mm, indicating acceptable worka-
bility for concrete placement. However, a gradual reduc-
tion in slump was observed as the fineness of the RHA
used in the PET-based artificial aggregates increased.

Fig. 7. Slump test results.

Table 5. Slump test results.

Test object code Slump value Unit
BNO 110 mm
BN1 100 mm
BN2 95 mm
BN3 80 mm

This reduction in workability can be attributed to the
finer RHA particles incorporated into the artificial aggre-
gates. Finer RHA possesses a larger specific surface area,
which increases water demand and reduces the amount
of free water available for lubrication within the con-
crete mixture. In addition, the denser microstructure of
aggregates produced with finer RHA may contribute to
greater internal friction among solid particles during
mixing. As a result, BN3 concrete containing ASP200-
PET aggregate exhibited the lowest slump value. Never-
theless, the measured slump values indicate that all mix-
tures maintained adequate workability despite the re-
duction associated with increasing RHA fineness (Liang
etal. 2024; Mohsen et al. 2023; Shaheen 2025; Tanash et
al. 2025; H. Wang et al. 2023)
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The observed reduction in slump with increasing RHA
fineness is consistent with findings reported by previous
researchers. Liang et al. (2024) and Wang et al. (2023)
reported that finer ash particles increase the specific
surface area of the solid constituents, thereby increasing
water demand and reducing the amount of free water
available for flow. Similarly, Mohsen et al. (2023) and Ta-
nash et al. (2025) observed that the incorporation of fine
pozzolanic materials can decrease concrete workability
due to enhanced particle packing and internal friction.
The trend obtained in the present study therefore agrees
with previous investigations, confirming that the use of
finer RHA in PET-based artificial aggregates contributes
to lower slump values while maintaining acceptable
workability for concrete placement.

3.2. Compressive strength

Based on Fig. 8 and Table 6, the 28-day compressive
strength results indicate that BN3 concrete incorporat-
ing ASP200-PET artificial coarse aggregate achieved the
highest compressive strength among the modified mix-
tures, with an average value of 17.42 MPa. In compari-
son, BN1 concrete containing ASP50-PET aggregate and
BN2Z concrete containing ASP100-PET aggregate
achieved average 28-day compressive strengths of 14.58

30
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MPa and 15.52 MPa, respectively. The control concrete
(BNO) incorporating natural coarse aggregate exhibited
the highest 28-day compressive strength overall, with an
average value of 27.50 MPa.

To evaluate the variability of the compressive
strength results, the sample standard deviation (SD) and
coefficient of variation (COV) were calculated from the
three specimens tested for each concrete mixture. The
control concrete (BNO) exhibited alow COV of 3.50%, in-
dicating excellent test consistency. Similarly, BN2 and
BN3 showed COV values of 6.82% and 9.13%, respec-
tively, demonstrating acceptable repeatability of the
compressive strength results. In contrast, BN1 exhibited
a relatively high COV of approximately 23.20%, indicat-
ing greater variability among the test specimens. This
higher variability is likely associated with the more po-
rous and heterogeneous microstructure of the ASP50-
PET artificial aggregate, which may have caused non-
uniform stress distribution and specimen-to-specimen
variation during testing. Therefore, the BN1 results
should be interpreted with caution and represent a limi-
tation of the present study. Nevertheless, despite the
greater variability observed for BN1, the overall trend of
increasing compressive strength with increasing RHA
fineness (BN1 < BN2 < BN3) remained consistent across
the experimental program.
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Fig. 8. Compressive strength and bulk density of concrete.

Although the target compressive strength of 25 MPa
was not achieved by the PET-based artificial aggregate
concretes, compressive strength increased consistently
with increasing RHA fineness. BN3 reached 17.42 MPa
(approximately 69.7% of the target strength), demon-
strating that finer RHA improved the performance of
PET-based artificial aggregates. This improvement can
be attributed to the filler effect of fine RHA particles,
which reduced pore volume within the PET matrix, pro-
duced denser artificial aggregates, and enhanced stress
transfer between the aggregate and the surrounding
mortar. Unlike conventional applications in which RHA
acts as a supplementary cementitious material, the RHA
in this study functioned primarily as a micro-filler during
artificial aggregate production, improving aggregate
quality through physical densification rather than poz-
zolanic reactions.

The compressive strength results were consistent
with the density measurements. Concrete containing
natural coarse aggregate exhibited the highest average
density (2380.04 kg/m?), whereas BN1, BN2, and BN3
exhibited average densities of 1821.66, 1887.47, and
1923.57 kg/m?, respectively. The increase in density
with increasing RHA fineness indicates that finer RHA
particles reduced internal voids within the PET-RHA ar-
tificial aggregates, producing a denser and more homo-
geneous microstructure. Consequently, ASP200-PET ex-
hibited the highest density and compressive strength
among the modified mixtures.

The observed improvement in compressive strength
with increasing RHA fineness agrees with previous stud-
ies reporting that finer RHA enhances particle packing
and reduces porosity, resulting in a denser microstruc-
ture. Although the PET-based aggregate concrete exhib-
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ited lower strengths than conventional concrete because
of the lower stiffness of PET and its weaker bond with
the cementitious matrix, BN3 provided the most favora-
ble balance between mechanical performance and re-
duced density. These results demonstrate the potential
of PET-RHA artificial aggregates for lower-density, non-

structural and semi-structural concrete applications, in-
cluding partition walls, paving blocks, pedestrian walk-
ways, and landscape elements. Further optimization of
the aggregate production process and concrete mixture
design is recommended to improve mechanical perfor-
mance for broader engineering applications.

Table 6. Density and compressive strength of all specimens.

Specimen Coarse Density Density Compressive strength Compressive strength SD cov
code aggregate type (kg/m3) average (MPa) average (MPa) (MPa) (%)
BNO Normal concrete 2,528.66 28.32
BNO Normal concrete 2,254.78 2380.04 26.44 27.50 0.96 3.50
BNO Normal concrete 2,356.69 27.74
BN1 ASP50-PET 1,840.76 18.04
BN1 ASP50-PET 1,796.18 1821.66 11.28 14.58 3.38 23.20
BN1 ASP50-PET 1,828.03 14.42
BN2 ASP100-PET 1,859.87 16.00
BN2 ASP100-PET 1,847.13 1887.47 16.26 15.52 1.06 6.82
BN2 ASP100-PET 1,955.41 14.31
BN3 ASP200-PET 1,993.63 16.38
BN3 ASP200-PET 1,808.92 1923.57 16.62 17.42 1.59 9.13
BN3 ASP200-PET 1,968.15 19.25

3.3. Splitting tensile strength

Based on Fig. 9 and Table 7, the 28-day splitting ten-
sile strength results indicate that BN3 concrete incorpo-
rating ASP200-PET artificial coarse aggregate achieved
the highest splitting tensile strength among the modified
mixtures, with an average value of 1.58 MPa. In compar-
ison, BN1 concrete containing ASP50-PET aggregate and
BN2 concrete containing ASP100-PET aggregate
achieved average splitting tensile strengths of 1.35 MPa
and 1.53 MPa, respectively. The control concrete (BNO)
incorporating natural coarse aggregate exhibited the
highest splitting tensile strength overall, with an average
value of 2.67 MPa.
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Fig. 9. Splitting tensile strength of concrete.

To evaluate the reliability of the splitting tensile
strength results, the standard deviation (SD) and coeffi-
cient of variation (COV) were calculated from the three
specimens tested for each mixture. The control concrete
(BNO) exhibited an SD of 0.055 MPa and a COV of 2.07%,
while BN1, BN2, and BN3 exhibited SD values of 0.044
MPa, 0.046 MPa, and 0.156 MPa, respectively, corre-
sponding to COV values of 3.23%, 3.01%, and 9.89%.
These relatively low COV values indicate good repeata-
bility of the splitting tensile strength tests and demon-
strate that the observed strength trends are consistent
among the tested specimens.

Although the incorporation of PET-based artificial ag-
gregates reduced the splitting tensile strength compared
with natural coarse aggregate concrete, a clear improve-
ment was observed with increasing RHA fineness. The
lower tensile strength of the PET-based mixtures can be
attributed to the relatively smooth surface texture and
lower stiffness of PET aggregates, which may weaken the
interfacial bond between the aggregate and the sur-
rounding cementitious matrix (Zahid et al. 2024; Xiong
et al. 2023; Badache et al. 2025). However, the use of
finer RHA particles improved the internal structure of
the artificial aggregates by reducing pore content and
producing a denser aggregate matrix. Consequently, BN3
containing ASP200-PET aggregate achieved the highest
splitting tensile strength among the PET-based mixtures.

The results further indicate that increasing RHA fine-
ness increased the density of the PET-RHA artificial ag-
gregates and improved their mechanical performance.
The denser aggregate structure likely enhanced the ag-
gregate-mortar bond and facilitated more effective
stress transfer under tensile loading, thereby contributing
to the observed increase in splitting tensile strength.
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Table 7. Density and splitting tensile strength of all specimens.

Specimen Coarse Density Density Splitting tensile izl SD cov
code aggregate type (kg/m3) average Strength (MPa) aveigx;:%;}[lPa) (MPa) (%)
BNO Normal concrete 2,452.23 2.73
BNO Normal concrete 2,509.55 2460.72 2.63 2.67 0.055 207
BNO Normal concrete 2,420.38 2.64
BN1 ASP50-PET 1,834.39 1.30
BN1 ASP50-PET 1,783.44 1821.66 1.38 1.35 0.044 3.23
BN1 ASP50-PET 1,847.13 1.37
BN2 ASP100-PET 1,955.41 1.48
BN2 ASP100-PET 1,828.03 1893.84 1.56 1.53 0.046 3.01
BN2 ASP100-PET 1,898.09 1.56
BN3 ASP200-PET 1,923.57 1.76
BN3 ASP200-PET 1,898.09 1895.97 1.50 1.58 0.156 9.89
BN3 ASP200-PET 1,866.24 1.48

The splitting tensile strength results are also con-
sistent with previous studies investigating plastic-based
aggregates and supplementary cementitious materials.
Previous researchers have reported that concretes con-
taining PET aggregates generally exhibit lower tensile
strength than conventional concrete because of the rela-
tively smooth surface texture and weaker interfacial
transition zone between the aggregate and cement ma-
trix. Nevertheless, improvements in tensile strength
have been observed when finer pozzolanic materials are
incorporated, owing to their ability to refine the micro-
structure and enhance aggregate-matrix bonding. The
increase in splitting tensile strength from 1.35 MPa for
BN1 to 1.58 MPa for BN3 obtained in this study supports

Fig. 10. Fracture patterns of concrete specimens: (a) BN1; (b) BN2; (c) BN3.

4., Conclusions

This study investigated the mechanical properties of
concrete incorporating rice husk ash (RHA)-PET artifi-
cial coarse aggregates produced using different RHA par-
ticle sizes. The control concrete (BNO) achieved a 28-day
compressive strength of 27.50 MPa, exceeding the target
strength of 25 MPa and confirming the adequacy of the
reference mixture. In contrast, the incorporation of PET-
based artificial aggregates reduced the compressive

these observations and confirms the positive influence
of finer RHA on the mechanical performance of PET-
based artificial aggregate concrete.

Fig. 10(a-c) presents the fracture patterns of concrete
specimens after the splitting tensile strength test. The
BN3 concrete incorporating ASP200-PET exhibits the
roughest fracture surface, followed by BN2 concrete
with ASP100-PET, while the smoothest fracture surface
is observed in BN1 concrete with ASP50-PET.

These observations indicate that concretes with
higher compressive strength and splitting tensile
strength tend to produce rougher fracture surfaces, re-
flecting improved internal bonding and crack propaga-
tion resistance within the concrete matrix.

strength to 14.58-17.42 MPa. Nevertheless, compressive
strength increased with increasing RHA fineness, with
BN3 (ASP200-PET) exhibiting the highest compressive
strength among the modified mixtures (17.42 MPa), fol-
lowed by BN2 (15.52 MPa) and BN1 (14.58 MPa).

The density measurements obtained from the com-
pressive-strength specimens (Table 6) indicate that the
incorporation of PET-based artificial aggregates sub-
stantially reduced concrete density. While the control
concrete exhibited an average density of 2380.04 kg/m?,



Nurtanto et al. / Challenge Journal of Concrete Research Letters (2026) 17(3) 352-363 362

the average densities of BN1, BN2, and BN3 were
1821.66 kg/m?3, 1887.47 kg/m?, and 1923.57 kg/m?, re-
spectively. The density measurements obtained from the
splitting tensile-strength specimens (Table 7) showed
similar trends, with minor differences attributable to
normal specimen-to-specimen variability because sepa-
rate sets of cylinders were used for each mechanical test.
Overall, increasing the fineness of the RHA produced
denser artificial aggregates, resulting in a gradual in-
crease in concrete density. These results demonstrate
that the incorporation of PET-RHA artificial aggregates
produced lower-density concrete compared with con-
ventional concrete.

The splitting tensile strength followed a trend similar
to that of compressive strength. The control concrete
achieved the highest tensile strength (2.67 MPa),
whereas BN1, BN2, and BN3 achieved average values of
1.35 MPa, 1.53 MPa, and 1.58 MPa, respectively. The im-
provement observed with increasing RHA fineness sug-
gests that finer RHA particles enhanced the internal
structure of the PET-based aggregates and improved
stress transfer within the concrete matrix.

Overall, the incorporation of RHA-PET artificial ag-
gregates reduced the mechanical properties of concrete
compared with conventional natural aggregate concrete
but substantially decreased its density. Among the inves-
tigated mixtures, BN3 (ASP200-PET) exhibited the most
favorable combination of compressive strength (17.42
MPa), splitting tensile strength (1.58 MPa), and density
(1923.57 kg/m?®). Therefore, BN3 is considered the opti-
mum mixture in this study and shows potential for use
in lightweight partition walls, non-load-bearing ma-
sonry blocks, paving blocks, pedestrian walkways, land-
scape elements, and other lightweight precast products
where reduced self-weight and sustainable material uti-
lization are desirable. Further optimization of the aggre-
gate production process and concrete mixture design is
required to achieve higher strength levels suitable for
broader structural applications.
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Predicting the shear strength of polypropylene fiber-reinforced concrete (PFRC)
beams remains challenging because most formulations were calibrated using steel
fiber-reinforced concrete (SFRC) data, while post-cracking tensile properties re-
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1. Introduction along with yielding of longitudinal steel and plastic de-
formation, shear failure normally involves the fast for-
mation and spread of diagonal cracks. Therefore, the in-
crease of shear strength, restraint of crack propagation,
and increase of load-bearing capability after the for-

mation of cracks have been some of the challenges that

The shear performance of reinforced concrete (RC)
beams has received considerable attention due to the
brittle behavior associated with shear failure and its sud-
den occurrence. While flexural failure normally occurs
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civil engineers face in the analysis and design of RC struc-
tures. Among the different methods developed to meet
these challenges, the use of fibers in concrete has proven
to be an effective method for increasing the tensile prop-
erties of concrete (Majdzadeh et al. 2006; Greenough and
Nehdi 2008; Jongvivatsakul et al. 2013; Sahoo et al. 2015;
Campione et al. 1999; Parmentier et al. 2012).

Fiber reinforced concrete (FRC) has proven itself
highly promising in improving the structural behavior of
reinforced concrete members. The presence of fibers
across cracks helps in transferring tensile stresses, ar-
resting crack opening, increasing aggregate interlocking
and improving the residual load carrying capacity of the
member post cracking. FRC members generally show
higher ductility, energy dissipation capacity, crack distri-
bution and shear strength when compared to ordinary
reinforced concrete members (Majdzadeh et al. 2006;
Greenough and Nehdi 2008; Jongvivatsakul et al. 2013;
Sahoo etal. 2015; Campione et al. 1999; Parmentier et al.
2012). Such promising results have paved the way for in-
vestigating and using FRC in structural members that are
subjected to shear loading. Of all the fibers that have
been studied, steel fiber reinforced concrete (SFRC) has
attracted more research interest than any other fiber
type both experimentally and analytically. Steel fibers'
mechanical properties like high tensile strength, high
stiffness and effective bonding properties make them
highly useful in bridging shear cracks. Experimental
studies have shown that steel fibers help in increasing
shear strength of the member and also partly replace
transverse reinforcing steel bars (Greenough and Nehdi
2008; Sahoo et al. 2015; Parmentier et al. 2012). Hence,
many of the shear strength equations that have been
proposed were based on SFRC data (Majdzadeh et al.
2006; Jongvivatsakul et al. 2013; Parmentier et al. 2012).
However, their applicability to other fiber types might be
questioned since contribution of fibers to the shear re-
sistance depends not only on amount of fibers but also
on such factors as fiber stiffness, tensile strength, aspect
ratio, bond properties, anchoring process and interac-
tion with concrete matrix. These parameters differ be-
tween various fibers which results in decreased effi-
ciency of prediction based on the models created for
SFRC. The importance of fiber characteristics, reinforce-
ment distribution, and fiber-matrix interaction mecha-
nisms has also been highlighted in recent theoretical
studies on short-fiber-reinforced composite systems.
Advanced continuum formulations incorporating non-
local elasticity, strain-gradient effects, stress-driven con-
stitutive models, and doublet mechanics have shown
that reinforcement configuration, constituent interac-
tion, and scale-dependent effects can considerably influ-
ence the mechanical response of fiber-reinforced struc-
tures (Akpiar et al. 2025a, 2025b, 2026a, 2026b). This
problem is particularly significant for polypropylene fi-
ber-reinforced concrete (PFRC) and other macro syn-
thetic fiber systems. Compared to steel fibers, polypro-
pylene fibers usually demonstrate such characteristics
as lower elastic modulus, specific bond properties and
pull out behavior. This makes contribution of polypro-
pylene fibers to crack bridging and post cracking prop-
erties different from steel fibers. At the same time, there

are several advantages provided by use of polypropyl-
ene fibers, including corrosion resistance, low density,
easy processing and durability (Conforti et al. 2015; Ab-
abneh et al. 2017; Arslan et al. 2017; Yang et al. 2021;
Sahoo et al. 2015).

Recent experiments have shown that polypropylene
fibers could significantly affect the shear properties of
RC beams. Studies show that crack control, ductility,
toughness, and shear resistance were improved, espe-
cially for beams with no transverse reinforcements or
beams with low stirrup ratios (Conforti etal. 2015; Xiang
etal. 2022; Ababneh et al. 2017; Arslan et al. 2017; Yang
etal. 2021; Zhang et al. 2020; Unal et al. 202 1). Addition-
ally, the application of polypropylene fibers was also
found to positively affect the structural performance of
lightweight concrete beams, wide shallow beams, and
other types of special structural sections (Conforti et al.
2015; Xiang et al. 2022; Ababneh et al. 2017; Yang et al.
2021). The positive effects of macro-synthetic fibers on
the post-cracking properties have also been shown in
different studies (Lakavath et al. 2021; Ababneh et al.
2017). However, despite these promising findings, the
behavior of polypropylene fibers has proven to be incon-
sistent among different experimental studies. While in
some cases significant improvements in the shear prop-
erties of polypropylene fibers were noticed, in others
there were no significant changes, especially for lower
amounts of polypropylene fibers (Lakavath et al. 2021).
On the other hand, many factors such as the compressive
strength of concrete, fiber volume fraction, fiber shape,
longitudinal reinforcement ratio, beam depth, shear
span-to-depth ratio, and many others affect the shear
performance of PFRC members (Lakavath et al. 2021;
Xiang et al. 2022; Ababneh et al. 2017; Shaaban et al.
2021; Said et al. 2021; Hossain et al. 2023; Al Ghali et al.
2023; Atea 2017). These issues lead to the difficulty in
designing reliable and universally acceptable shear
strength prediction models. The second significant fac-
tor to consider is the variety of experimental data col-
lected so far concerning the elements of PFRCs. In partic-
ular, the previously conducted research on various beam
types, types of concrete, loading conditions, reinforce-
ment arrangement, and the use of different materials, in-
cluding lightweight concrete, pre-stressed concrete, re-
cycled aggregate concrete, hybrid fiber systems, and sus-
tainable concrete mixes has been carried out (Lakavath
etal. 2021; Xiang et al. 2022; Ababneh et al. 2017; Shaa-
ban et al. 2021; Said et al. 2021; Hossain et al. 2023; Al
Ghali et al. 2023; Atea 2017). While these studies yield
valuable data concerning specific cases, the variety of the
test conditions creates problems in assessing their gen-
eral applicability.

This diversity of experimental conditions creates addi-
tional challenges in developing reliable shear strength
prediction models for PFRC members. Various studies
have been performed on different beam types, concrete
classes, loading scenarios, reinforcement configurations,
and material combinations, including lightweight con-
crete, prestressed concrete, recycled aggregate concrete,
hybrid fiber systems, and sustainable concrete mixes
(Lakavath et al. 2021; Xiang et al. 2022; Ababneh et al.
2017; Shaaban et al. 2021; Said et al. 2021; Hossain et al.
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2023; Al Ghali et al. 2023; Atea 2017). While these studies
have considerably improved the current understanding of
PFRC shear behavior, the applicability and reliability of ex-
isting shear strength prediction models across such a di-
verse range of structural configurations remain insulffi-
ciently established. Furthermore, most available analytical
and code-based formulations have been developed and
calibrated using steel fiber-reinforced concrete (SFRC) da-
tabases, whereas their predictive performance for PFRC
beams has not yet been comprehensively evaluated.

An additional challenge arises from the implementa-
tion of design-oriented approaches such as fib Model
Code 2010 (fib 2010), which require residual tensile
strength parameters to represent the post-cracking be-
havior of fiber-reinforced concrete. These parameters
are unavailable for most PFRC beam specimens reported
in the literature, introducing considerable uncertainty
into model implementation and limiting the direct eval-
uation of such approaches. Moreover, most available an-
alytical and code-based shear strength formulations
were originally developed or calibrated using steel fiber-
reinforced concrete databases, and their predictive per-
formance for PFRC beams has not yet been comprehen-
sively established. Therefore, a systematic assessment
based on a sufficiently broad PFRC database is required
to clarify the applicability, accuracy, and limitations of
the available prediction models.

Accordingly, the primary objective of this study is to
evaluate the predictive performance of existing analyti-
cal, semi-empirical, and code-based shear strength mod-
els using a database of 98 PFRC beams without transverse
reinforcement collected from published experimental
studies. The evaluated formulations include the models
proposed by Said et al. (2021), Zhang et al. (2020), Arslan
etal. (2017), and Albidah and Abbas (2024), together with
the fib Model Code 2010, DAfStB, and RILEM TC 162-TDF
approaches. Particular attention is given to fib Model
Code 2010 because the residual tensile strength param-
eters required for its implementation were unavailable
for most specimens. To address this limitation, three al-
ternative residual tensile strength estimation proce-
dures were applied separately within the same fib Model
Code 2010 shear resistance formulation, allowing the in-
fluence of residual tensile strength characterization on
predicted shear capacity to be isolated. Model perfor-
mance was evaluated using multiple statistical indica-
tors and the distributions of safe and unsafe predictions.
Through this framework, the study clarifies the applica-
bility and limitations of existing shear strength models
for PFRC beams and demonstrates the importance of
PFRC-specific residual tensile strength characterization
in design-oriented prediction procedures.

2. Experimental Database
2.1. Database compilation

An extensive database for polypropylene fiber rein-
forced concrete (PFRC) beams without transverse rein-

forcement has been prepared based on published exper-
imental tests available in literature. The database con-

tains only those PFRC beams that were subjected to
monotonic loading and failed in shear. Beam specimens
that failed in any other mode besides shear failure have
been omitted from the database. In addition, beams con-
taining conventional transverse reinforcement within
the investigated shear span were not considered in order
to isolate the contribution of polypropylene fibers to
shear resistance. The adopted selection criteria were in-
tended to ensure a consistent database focused specifi-
cally on the assessment of fiber contribution to shear re-
sistance in PFRC beams. The compiled database consists
0f 98 beam specimens collected from 28 independent ex-
perimental investigations (Altoubat et al. 2009; Navas et
al. 2018; Al-Alawi and Mashrei 2022; Xiang et al. 2022;
Altoubat et al. 2020; Ugur and Unal 2022; Zhang et al.
2014; Ababneh etal. 2017; Arslan etal. 2017; Majdzadeh
et al. 2006; Sahoo et al. 2015; Shaaban et al. 2021;
Bastami 2019; Murad and Abdel-Jabbar 2022; Altoubat
etal. 2012; Parmentier etal. 2012; Furlan Jr and de Hanai
1997; Hossain et al. 2023; Shoeib et al. 2023; Mori et al.
2017; Bajaj and Shrivastava 2011; Al-Khafaji and Harba
2023; Kamal et al. 2014; Al Ghali et al. 2023; Atea 2017;
Rao 2011; Ozturk et al. 2017; Ketenci 2022). To ensure
database consistency, duplicate inclusion of specimens
reported in multiple publications was avoided whenever
overlapping experimental datasets were identified. The
collected specimens cover a wide range of concrete com-
pressive strengths (f¢), fiber volume fractions (V), fiber
aspect ratios (ls/df), longitudinal reinforcement ratios
(p), effective depths (d), and shear span-to-effective
depth ratios (a/d). The wide range of material, geomet-
ric, reinforcement-related, and fiber parameters repre-
sented in the database provides a suitable basis for eval-
uating both the robustness and general applicability of
existing shear strength prediction models for PFRC
beams. For each specimen, the value of the compressive
strength of concrete (f;), effective depth (d), ratio of lon-
gitudinal steel reinforcement (p), ratio of shear span to
effective depth (a/d), volume fraction of fibers (V¢), fiber
aspectratio (ls/dy), and shear strength (V,,,) were doc-
umented if they were available. This selection of param-
eters was based on their importance as influential fac-
tors of the shear performance of fiber-reinforced con-
crete members. Table 1 presents a summary of the ex-
perimental works used in the database along with the
number of specimens per source.

Concrete compressive strength values stated in the
original literature were not reported using the same type
of specimens. Some reports were using cylinder com-
pressive strengths while others were using cube com-
pressive strengths. In order to unify all the reported
compressive strength values, all were converted to the
equivalent cylinder compressive strengths. In case of re-
ports stating the cube compressive strength values,
f.'=0.80f,, was adopted. Hence, the f,' parameter used
in this study denotes the equivalent cylinder compres-
sive strength for all specimens. It is acknowledged that
the relationship between cube and cylinder compressive
strengths may vary depending on concrete strength
level, aggregate characteristics, specimen geometry, and
testing procedures. Nevertheless, the conversion factor
fi = 0.80f, was adopted as a practical standardization
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approach to ensure a consistent compressive-strength
parameter across the compiled database and facilitate a
uniform comparison of the investigated prediction mod-
els. For sake of clarity, the full specimen-based database
is provided in Appendix B. The database consists of spec-
imen number, reference source, geometric information,
reinforcement information, fiber information, equivalent

cylinder compressive strengths, failure modes and ex-
perimental shear strengths. All specimens were sub-
jected to monotonic loading by either three point or four
point bending schemes. In case where experimental shear
strength values were not stated, they were calculated
from ultimate load values based on the static equilibrium
equations for the given loading and support condition.

Table 1. Experimental studies included in the database and corresponding number of specimens.

Reference

Number of Specimens

Altoubat et al. (2009)

Navas et al. (2018)

Al-Alawi and Mashrei (2022)
Xiang et al. (2022)

Altoubat et al. (2020)

Ugur and Unal (2022)
Zhangetal. (2014)

Ababneh et al. (2017)

Arslan et al. (2017)
Majdzadeh et al. (2006)
Sahoo etal. (2015)

Shaaban et al. (2021)
Bastami (2019)

Murad and Abdel-Jabbar (2022)
Altoubat et al. (2012)
Parmentier et al. (2012)
Furlan Jr. and de Hanai (1997)
Hossain et al. (2023)

Shoeib et al. (2023)

Mori et al. (2017)

Bajaj and Shrivastava (2011)
Al-Khafaji and Harba (2023)
Kamal et al. (2014)

Al Ghali et al. (2023)

Atea (2017)

Rao etal. (2011)

Ozturk et al. (2017)

Ketenci (2022)

11

N W N P AN W W w Pk, OO0 W R PP, W O s

Total

2.2. Characteristics of the database

The developed database includes various types of ge-
ometrical, material, reinforcement, and fiber properties
which affect the shear capacity of PFRC members. The
value of the equivalent cylinder compressive strength
(f2) is between 13.85 MPa and 150 MPa, which shows
that a variety of concrete strength grades are taken into
account in the developed database. The values of the ef-
fective depth are varied from 85.25 mm up to 600 mm,
whereas the values of the volume fraction of fibers vary
from 0.10% to 3.00%. Besides, a great variability can be
found in such parameters as the longitudinal reinforce-

ment ratio (p), shear span-to-depth ratio (a/d), and fiber
aspectratio. Such variability provides a good basis to test
the validity of the existing shear capacity prediction
models for PFRC beams. The ranges of the main param-
eters used in this study are listed in Table 2.

3. Shear Strength Prediction Models

This research investigates the predictability of availa-
ble analytical and code-based shear strength prediction
equations for PFRC beams without transverse reinforce-
ment. The considered equations cover different method-
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ologies for predicting shear resistance and involve dif-
ferent parameters that are related to the strength of con-
crete, the properties of fibers, the ratio of reinforcement,
geometrical properties of the members, size effects, and
post-cracking behavior. An important difference between
the considered equations is the consideration of the con-
tribution of the fibers. Whereas the analytical equations
take into account the properties of the fibers through di-
rect parameters like the volume fraction of fibers and as-

pect ratio of the fibers, the code-based equations use the
residual tensile strength parameters, which try to capture
the post-cracking behavior of the fiber-reinforced con-
crete. Attention is paid to fib Model Code 2010 (fib 2010).
Three different residual tensile strength estimations were
used since there are few reported experimental data
about post-cracking tensile properties. The investigated
models and the corresponding implementation proce-
dures are described in the following sections.

Table 2. Summary of database parameter ranges.

Parameters

Minimum-Maximum Values

Concrete compressive strength, f'. (MPa)

Effective depth, d (mm)

Shear span-to-depth ratio, a/d
Longitudinal reinforcement ratio, p
Fiber volume fraction, V; (%)

Fiber aspect ratio, ls/d

Fiber tensile strength, f;.,r (MPa)
Fiber elastic modulus, Er (MPa)

Experimental shear capacity, V., (kN)

13.850 - 150.000
85.250 - 600.000
0.580 - 4.870
0.0020 - 0.0464
0.100 - 3.000
12.500 - 840.000
375.000 - 685.000
3450.000 - 10500.000
13.720 - 500.000

3.1. Overview of the evaluated models

The investigated models differ considerably in terms
of their theoretical assumptions, required input param-
eters, and implementation procedures. The evaluated
formulations include empirical, semi-empirical, and
code-based approaches that have been proposed for dif-
ferent types of fiber-reinforced concrete (FRC) struc-
tures. Although some of the models were originally de-
veloped for steel fiber-reinforced concrete (SFRC), poly-
vinyl alcohol fiber-reinforced concrete (PVA-FRC), or
FRC members in general, they were included in the pre-
sent study to assess their applicability to PFRC beams
without transverse reinforcement. For example, the
model proposed by Said et al. (2021) was developed for
PVA fiber-reinforced members, whereas the Albidah and
Abbas (2024) formulation was calibrated using an SFRC
database. Differences in fiber stiffness, bond characteris-
tics, pull-out behavior, and post-cracking tensile re-
sponse may therefore limit the direct transferability of
these formulations to PFRC beams. Nevertheless, both
models were included to evaluate their predictive per-
formance when extended beyond their original calibra-
tion domains. The principal characteristics, required in-
put parameters, and implementation requirements of
the investigated models are summarized in Table 3. As
shown in Table 3, the investigated formulations differ
not only in their theoretical background but also in the
way fiber contribution is incorporated into shear re-
sistance predictions. While empirical and semi-empirical
models generally utilize directly reported material, geo-
metric, reinforcement-related, and fiber parameters, the
code-based approaches rely on residual tensile strength
parameters intended to represent the post-cracking be-

havior of fiber-reinforced concrete. This distinction is
particularly important in the present study because re-
sidual tensile properties were unavailable for a large
proportion of the specimens included in the compiled
database. Consequently, additional estimation proce-
dures were required for the implementation of the code-
based formulations. The adopted procedures and associ-
ated assumptions are described in the following section.

It should be noted that the applicability information
available from the original studies is summarized in Ta-
bles 2 and 3 through the reported parameter ranges of
the present PFRC database and the original fiber types
used during model development. However, explicit ap-
plicability limits were not consistently defined in several
of the original formulations. Consequently, all selected
models were evaluated using the same PFRC beam data-
base in order to provide a consistent basis for compari-
son. In particular, the residual strength equations
adopted in fib Model Code 2010 Approach I were origi-
nally developed using hook-end steel-fiber-reinforced
concrete specimens with low fiber volume fractions.
Since the objective of this study was to evaluate the pre-
dictive performance of existing models for PFRC beams,
these original calibration ranges were not used as exclu-
sion criteria during database compilation.

3.2. Model implementation and assumptions

Several of the investigated formulations require input
parameters that were unavailable for a considerable
portion of the experimental studies included in the data-
base. In particular, residual flexural tensile strength pa-
rameters (fz; and fz3) and residual tensile strength pa-
rameters required by the code-based approaches (e.g.,
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frewir fetrur and fry4) were generally not reported in
the original experimental publications. As a result, addi-
tional implementation procedures and assumptions
were required to ensure the consistent application of all
investigated models across the compiled database.
Whenever sufficient information was available, the orig-
inal formulations were implemented without modifica-
tion. When required parameters were missing, they
were estimated using procedures proposed in the corre-
sponding references or commonly adopted in the litera-
ture. Consequently, the predictive performance of some

models reflects not only the accuracy of the shear re-
sistance formulation itself but also the reliability of the
adopted parameter-estimation procedure. This issue is
particularly relevant for the code-based approaches,
namely fib Model Code 2010 (fib 2010), DAfStB (2012),
and RILEM TC 162-TDF (2003), whose implementation
depends on residual tensile strength parameters used to
represent the post-cracking behavior of fiber-reinforced
concrete. The implementation procedures and assump-
tions adopted for these formulations are described in the
following sections.

Table 3. Characteristics and implementation requirements of the evaluated shear strength prediction models.

Model Original Model Main Required Residual ~ Implementation Additional
Fiber Type Category Parameters Parameter Procedure Assumptions
Said etal. (2021) PVA-FRC Empirical fe, V¢ /Fiber factor No Direct None
Zhang et al. (2020) PP-FRC Empirical fe, Vs /Fiber factor No Direct None
Arslan et al. (2017) FRC Semi-empirical  f., V;, p, a/d,d No Direct None
Albidah and Abbas (2024) SFRC Empirical fo Veop, a/d No Direct None
Indirect residual
fib Model Code 2010 strength Residual strength
(fib 2010) 4 (AL R fer P d, freur Freur characterization  estimation required
(3 approaches)
Indirect residual e el e
DAfStB (2012) SFRC Code-based for dfrceru fretru strength . estimation required
characterization
Indirect residual foea=f.
RILEM TC 162-TDF (2003) SFRC Code-based fod, frica frica strength [0 = Jepts

> assumption
characterization p

3.2.1. fib Model Code 2010 (fib 2010)

The shear resistance of PFRC beams without trans-
verse reinforcement was evaluated using the provisions
of fib Model Code 2010 (fib 2010). The model accounts for
the contribution of fibers through the post-cracking ten-
sile behavior of fiber-reinforced concrete, represented by
the characteristic ultimate residual tensile strength pa-
rameter, frq,x- In fib Model Code 2010, fzyyx is derived
from the residual flexural tensile strength parameters fz,
and fr; obtained from standardized bending tests and
therefore plays a central role in the prediction of shear re-
sistance. Although fib Model Code 2010 (fib 2010) was
originally developed and calibrated for steel fiber-rein-
forced concrete (SFRC), it was included in the present
study to evaluate its applicability to PFRC beams. How-
ever, the residual strength parameters required for its im-
plementation were unavailable for the majority of the
specimens included in the compiled database. Conse-
quently, the post-cracking tensile properties could not be
determined directly from the original experimental stud-
ies. To overcome this limitation, three alternative residual
tensile strength estimation procedures were adopted.
These approaches were incorporated into the same fib
Model Code 2010 formulation in order to systematically
investigate the influence of residual tensile strength char-
acterization on shear strength predictions. In Approaches
[ and II, the residual flexural tensile strengths fz; and fz3

were first estimated and subsequently converted into the
characteristic ultimate residual tensile strength fz;,, ac-
cording to fib Model Code 2010 provisions. In Approach
I1I, the implementation procedure adopted by Lantsoght
(2019) was followed. The adopted approaches are de-
scribed in the following sections.

Approach I: Residual strength estimation using the model
of Nzambi et al. (2022)

In the first approach, the residual flexural tensile
strengths were estimated using the empirical model pro-
posed by Nzambi et al. (2022). The model predicts the
residual strength parameters based on fiber characteris-
tics and pull-out behavior. The estimated residual flex-
ural tensile strengths fz; and fzr; were subsequently
used to determine the characteristic ultimate residual
tensile strength fr;,, according to the fib Model Code
2010 (fib 2010) procedure, as expressed in Eq. (1). The
equations proposed by Nzambi et al. (2022) are pro-
vided in Appendix A.

freuk = frts = gyam: frts = 0-5frs + 0.2fr1) &)
where fr;s is the serviceability residual tensile strength,
fr1 and frs are residual flexural tensile strengths ob-
tained at CMOD values of 0.5 mm and 2.5 mm, respec-
tively, and w,, is the crack width at ultimate. Detailed def-
initions of all parameters are provided in Appendix A.
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The calculated fps, values were then incorporated
into the fib Model Code 2010 (fib 2010) shear resistance
formulation to determine the predicted shear capacities
of the specimens included in the database.

Approach II: Residual strength estimation using the model
of Moraes-Neto et al. (2013)

In the second approach, the empirical equations pro-
posed by Moraes-Neto et al. (2013) were used to esti-
mate the residual flexural tensile strengths fz; and fzs.
The corresponding equations are presented in Appendix
A. The estimated residual flexural tensile strengths were
subsequently converted into the characteristic ultimate
residual tensile strength fz;,, according to the fib Model
Code 2010 (fib 2010) procedure, as expressed in Eq. (1).
The calculated fr,,, values were then incorporated into
the fib Model Code 2010 (fib 2010) shear resistance for-
mulation to determine the predicted shear capacities of
the specimens included in the database.

Approach IlI: implementation based on the procedure
adopted by Lantsoght (2019)

The third approach followed the implementation pro-
cedure adopted by Lantsoght (2019) for the evaluation
of fiber-reinforced concrete beam databases. In this pro-
cedure, the splitting tensile strength of fiber-reinforced
concrete was first estimated using the empirical rela-
tionship proposed by Thomas and Ramaswamy (2007).
The corresponding equation is presented in Appendix A
as Eq. (A13). The estimated splitting tensile strength was
subsequently used to determine the residual tensile
strength parameter ff.g, according to the DAfStB
(2012) procedure. Consistent with the methodology
adopted by Lantsoght (2019), the calculated ff.g,, val-
ues were directly used as the fg,, parameter required
for the implementation of fib Model Code 2010 (fib
2010). The resulting fz:,x values were then incorpo-
rated into the fib Model Code 2010 shear resistance for-
mulation to determine the predicted shear capacities of
the specimens included in the database.

3.2.2. DAfStB (2012)

The DAfStB (2012) formulation evaluates the contri-
bution of fibers to shear resistance through the residual
tensile strength parameter ff..g,,. Since direct measure-
ments of the required residual tensile properties were
unavailable for most specimens included in the database,
the implementation procedure adopted by Lantsoght
(2019) was followed. In this procedure, the splitting ten-
sile strength of fiber-reinforced concrete was first esti-
mated using the empirical relationship proposed by
Thomas and Ramaswamy (2007). The corresponding
splitting tensile strength equation proposed by Thomas
and Ramaswamy (2007) is presented in Appendix A as
Eqg. (A13). The estimated splitting tensile strength was
subsequently used to determine the residual tensile
strength parameter f.p, according to the DAfStB
(2012) procedure. The calculated fr.g, values were
then incorporated into the DAfStB shear resistance for-
mulation to predict the shear capacities of the specimens
included in the database. Consequently, the predictive

performance obtained for the DAfStB model reflects
both the accuracy of the shear resistance formulation
and the reliability of the adopted residual tensile
strength estimation procedure.

3.2.3. RILEM TC 162-TDF (2003)

The RILEM TC 162-TDF (2003) recommendations
evaluate the contribution of fibers to shear resistance
through the residual flexural tensile strength parameter
frk4- Since direct measurements of this parameter were
unavailable for most specimens included in the database,
the implementation procedure adopted by Lantsoght
(2019) was followed. In this procedure, the splitting ten-
sile strength of fiber-reinforced concrete was first esti-
mated using the empirical relationship proposed by
Thomas and Ramaswamy (2007). The corresponding
splitting tensile strength equation proposed by Thomas
and Ramaswamy (2007) is presented in Appendix A as
Eq. (A13). Following the methodology adopted by
Lantsoght (2019), the residual flexural tensile strength
required by the RILEM formulation was assumed equal
to the estimated splitting tensile strength, ie., frr4 =
fspfc- The resulting fry 4, values were subsequently in-
corporated into the RILEM TC 162-TDF (2003) shear re-
sistance formulation to determine the predicted shear
capacities of the specimens included in the database.
Consequently, the predictive performance obtained for
the RILEM model reflects both the accuracy of the RILEM
shear resistance formulation and the reliability of the
adopted residual tensile strength estimation procedure.

The code-based formulations were implemented fol-
lowing the procedures and parameter values reported in
their original recommendations and in the implementa-
tion framework adopted by Lantsoght (2019), as de-
tailed in Appendix A. Accordingly, the prescribed partial
safety factors were retained and were not uniformly set
equal to 1.0. This implementation was adopted to evalu-
ate each code-based formulation in accordance with its
published framework rather than to derive uniformly
unfactored nominal capacities. Therefore, the compari-
son with the empirical and semi-empirical models
should be interpreted as an assessment of the predictive
performance of the formulations under their respective
implementation frameworks.

4. Statistical Evaluation Methodology

The predictive performance of the investigated shear
strength models was evaluated by comparing the exper-
imentally measured shear capacities (V,,) with the cor-
responding predicted values (V},¢4). For each specimen,
the experimental-to-predicted shear strength ratio
(Vexp/Vprea) was calculated and used as the primary in-
dicator of model performance. A ratio equal to unity in-
dicates perfect agreement between experimental and
predicted values, whereas values greater than and less
than unity indicate conservative and unconservative
predictions, respectively. Since unconservative predic-
tions may lead to unsafe structural assessments, partic-
ular attention was given to cases where Vo, /Vpreq < 1.0.
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To provide a comprehensive evaluation of model per-
formance, the mean value (), standard deviation (o), co-
efficient of variation (COV), mean absolute error (MAE),
root mean square error (RMSE), and coefficient of deter-
mination (R?) were calculated. These statistical indica-
tors were used to assess prediction accuracy, con-
sistency, scatter, and overall reliability.

The mean value was determined as:

p= YR (), (2)

n Vpred

where n denotes the total number of specimens included
in the database.
The standard deviation was calculated using:

(3)
The coefficient of variation was obtained from:
cov==2 4
’ “)
The mean absolute error was calculated as:
1
MAE = n ?:1|Vexp,i - Vpred,i' (5)
The root mean square error was determined from:
1 2
RMSE = \/;E?zl(vexp,i - Vpred,i) (6)

The coefficient of determination (R?) was obtained as
the square of the Pearson correlation coefficient (r) be-
tween the experimental and predicted shear strengths:

R? =r? (7

where r denotes the Pearson correlation coefficient.

Models exhibiting mean values close to unity, low co-
efficients of variation, low prediction errors (MAE and
RMSE), high coefficients of determination (R?), and a
limited proportion of unconservative predictions were
considered to provide more accurate and reliable shear
strength estimates. The investigated formulations were
subsequently compared based on the collective interpre-
tation of these statistical indicators.

5. Results and Discussion

The predictive capabilities of the selected shear
strength models were evaluated using the assembled da-
tabase of polypropylene fiber-reinforced concrete
(PFRC) beams without transverse reinforcement. The in-
vestigated models included empirical, semi-empirical,
mechanics-based, and code-based formulations availa-
ble in the literature. In addition to the analytical models
proposed by previous researchers (Arslan et al. (2017);
Albidah and Abbas (2024); Said et al. (2021); Zhang et al.
(2020)), the RILEM TC 162-TDF (2003), DAfStB (2012),

and fib Model Code 2010 (fib 2010) approaches were
also assessed. For the latter models, several assumptions
and parameter estimation procedures were adopted ow-
ing to the limited availability of residual tensile strength
data in the collected experimental database.

5.1. Statistical evaluation of existing shear strength
models

The statistical performance of the investigated shear
strength prediction models is summarized in Table 4,
while the corresponding MAE values are illustrated in
Fig. 1. The results reveal substantial differences among
the evaluated formulations in terms of prediction accu-
racy, consistency, and overall reliability. As shown in Ta-
ble 4 and Fig. 1, the MAE values vary considerably, rang-
ing from 31.53 kN to 140.23 kN, indicating that the pre-
dictive capability of existing shear strength models for
PFRC beams without transverse reinforcement differs
significantly.

Among the directly applicable analytical and semi-
empirical formulations, the model proposed by Arslan et
al. (2017) provided the most balanced overall perfor-
mance. The model achieved a mean experimental-to-
predicted shear strength ratio close to unity (1.029), to-
gether with relatively low prediction errors (MAE =
32.22 kN and RMSE = 61.22 kN). These results indicate
a good balance between prediction accuracy and con-
sistency over a wide range of PFRC beam configurations.
The satisfactory performance of the model may be at-
tributed to its consideration of several parameters
known to influence shear behavior, including concrete
compressive strength, longitudinal reinforcement ratio,
shear span-to-depth ratio, size effect, and fiber contribu-
tion.

The formulation proposed by Albidah and Abbas
(2024) achieved the highest coefficient of determination
(R? = 0.784) and the lowest coefficient of variation
(COV = 0.337) among all investigated models, demon-
strating a strong ability to capture the overall trend of
the experimental database. However, the corresponding
mean value of 0.828 indicates a tendency toward uncon-
servative predictions. Although the prediction scatter re-
mained relatively low, the observed bias suggests that
the model may overestimate the shear capacity of some
PFRC beams.

In contrast, the models proposed by Zhang et al
(2020) and Said et al. (2021) exhibited less satisfactory
predictive performance. The formulation of Zhang et al.
(2020) produced a mean value of 0.711 and relatively
high prediction errors, whereas the model proposed by
Said etal. (2021) yielded highly conservative predictions
with a mean value of 1.999 and the lowest coefficient of
determination (R? = 0.225) among the directly applica-
ble formulations. These results indicate a limited ability
of both models to consistently predict the shear strength
of the PFRC beams included in the database.

Different trends were observed for the code-based
formulations. In general, the predictive performance of
these approaches was strongly influenced by the proce-
dures adopted to characterize the residual tensile prop-
erties of fiber-reinforced concrete. The RILEM TC 162-
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TDF (2003) formulation produced relatively low predic-
tion errors and a competitive level of accuracy, whereas
the DAfStB (2012) model exhibited the largest predic-
tion errors among all investigated formulations. The per-
formance of the fib Model Code 2010 (fib 2010) imple-
mentations also varied considerably depending on the
adopted residual tensile strength estimation procedure.
A more detailed discussion of the code-based ap-
proaches is presented in Sections 5.2 and 5.3.

Overall, the results presented in Table 4 and Fig. 1 in-
dicate that the predictive performance of existing shear
strength models for PFRC beams varies substantially.
Models incorporating the combined effects of concrete
strength, reinforcement ratio, member geometry, and fi-
ber contribution generally provided more accurate and

consistent predictions. Furthermore, the observed vari-
ability among the code-based formulations suggests that
the characterization of post-cracking tensile behavior
plays a critical role in the reliability of shear strength
predictions for PFRC members.

In addition to the statistical indicators presented in
Table 4, the distribution of experimental-to-predicted
shear strength ratios was also examined to assess model
reliability. Table 5 summarizes the distribution of safe
and unsafe predictions based on the V., /Vyreq = 1.00
criterion for the investigated models, while Fig. 2 illus-
trates the relationships between experimental and pre-
dicted shear strengths. Together, these results provide
additional insight into prediction accuracy, bias, and
overall model reliability.

Table 4. Statistical performance of the investigated shear strength prediction models.

Model Mean cov RMSE (kN) R? MAE (kN)
Arslan et al. (2017) 1.029 0.367 61.220 0.592 32.220
Albidah and Abbas (2024) 0.828 0.337 58.110 0.784 39.730
Said etal. (2021) 1.999 0.574 93.670 0.225 54.840
Zhang et al. (2020) 0.711 0.537 86.070 0.536 63.330
RILEM TC 162-TDF (2003) 1.281 0.584 76.380 0.400 32.600
DASStB (2012) 0.458 0.561 202.470 0.333 140.230
FibMC2010 Approach I 0.713 0.608 110.000 0.390 73.540
FibMC2010 Approach II 1.046 0.608 75.470 0.389 37.560
FibMC2010 Approach III 1.139 0.566 72.460 0.430 31.530
MAE (kN)

Arslan et al. (2017)

Albidah and Abbas (2024)

Said et al. (2021)

Zhang et al. (2020)

RILEM TC 162-TDF (2003)

DAFStB (2012)

FibMC2010- Aprroach I
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Fig. 1. Comparison of MAE values obtained from the investigated shear strength prediction models.

Table 5. Distribution of experimental-to-predicted shear strength ratios (Vzxp,/Vpreq) for the investigated models.

Model Vesp/Virea Unsafe (%) Safe (%)
< 1.00 > 1.00

Arslan et al. (2017) 53 45 54 46
Albidah and Abbas (2024) 78 20 80 20
Said et al. (2021) 14 84 14 86
Zhang et al. (2020) 85 13 87 13
RILEM TC 162-TDF (2003) 29 69 30 70
DAfStB (2012) 93 5 95 5
FibMC2010-Approach I 86 12 88 12
FibMC2010-Approach II 68 30 69 31
FibMC2010-Approach III 60 38 61 39

The columns “< 1.00” and “2 1.00” represent the number of unsafe and safe predictions, respectively.
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Fig. 2. Experimental-versus-predicted shear strength relationships

for the investigated shear strength prediction models.

The scatter plots presented in Fig. 2 further highlight
the differences among the investigated formulations.
Models exhibiting lower prediction errors and mean
Vexp/Vprea ratios close to unity generally produced data
points more closely distributed around the line of per-
fect agreement. In contrast, models with larger predic-
tion errors showed greater scatter and more pro-
nounced deviations from the experimental results.

Inspection of the experimental-versus-predicted
shear strength relationships shown in Fig. 2 also pro-
vides insight into possible prediction bias. The Said et
al. (2021) model generally produced conservative pre-

dictions, with deviations becoming more pronounced
for specimens with relatively high experimental shear
capacities. In contrast, the DAfStB (2012) model exhib-
ited a strong tendency to overestimate shear strength,
consistent with its low mean experimental-to-pre-
dicted ratio and high proportion of unsafe predictions.
The formulations proposed by Arslan et al. (2017) and
fib Model Code 2010 Approach III showed a compara-
tively more balanced distribution of predictions across
the investigated shear-strength range. These observa-
tions complement the statistical indicators presented in
Table 4.
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5.2. Performance of the code-based shear models

The code-based formulations exhibited markedly dif-
ferent levels of predictive performance when applied to
the compiled PFRC beam database. Since the implemen-
tation of both RILEM TC 162-TDF (2003) and DAfStB
(2012) required estimated residual tensile strength pa-
rameters, the obtained results reflect not only the accu-
racy of the underlying shear resistance formulations but
also the reliability of the adopted parameter-estimation
procedures. Among the investigated code-based ap-
proaches, the RILEM TC 162-TDF (2003) model demon-
strated a relatively balanced predictive performance.
Although a certain degree of prediction scatter was ob-
served, the overall error levels remained comparable to
those obtained from the better-performing analytical
formulations. As shown in Table 5, the RILEM formula-
tion produced a substantially lower percentage of unsafe
predictions than the DAfStB model, suggesting that the
adopted implementation procedure can provide reason-
able estimates of PFRC beam shear strength despite the
absence of experimentally determined residual flexural
tensile strength parameters. In contrast, the DAfStB
(2012) formulation consistently exhibited the weakest
performance among the investigated code-based ap-
proaches. As indicated by the safety classification results
presented in Table 5, the DAfStB model produced the
highest proportion of unsafe predictions (95%) among
the investigated formulations. This behaviour indicates
a strong tendency to overestimate the shear resistance
of PFRC beams and may be attributed to both the char-
acteristics of the DAfStB shear resistance formulation
and the residual tensile strength estimation procedure
adopted for its implementation. Since neither the shear
formulation nor the parameter-estimation framework
was originally developed for PFRC members, additional
uncertainty may have been introduced when the ap-
proach was applied to the present database. It is difficult
to isolate the contribution of individual parameters
within the DAfStB procedure. However, part of the ob-
served discrepancy may stem from the estimation of the
splitting tensile strength using the Thomas and
Ramaswamy model, which was originally calibrated us-
ing steel-fiber-reinforced concrete data. In addition, the
orientation and residual-strength factors embedded in
the DAfStB formulation were developed for SFRC sys-
tems and may not fully represent the fiber-matrix inter-
action, pull-out behavior, and post-cracking response of
polypropylene fibers. Consequently, both the residual
tensile strength estimation procedure and the original
DAfStB parameter calibration are likely contributors to
the high proportion of unsafe predictions observed for
PFRC beams. The contrasting performances of the
RILEM TC 162-TDF (2003) and DAfStB (2012) ap-
proaches highlight the importance of residual tensile
strength characterization in code-based shear strength
prediction. Although both formulations attempt to incor-
porate the post-cracking contribution of fibers through
residual strength parameters, their predictive capabili-
ties differed substantially when applied to the PFRC
beam database considered in this study. These findings
suggest that the reliability of code-based shear strength

predictions depends not only on the shear resistance for-
mulation itself but also on the procedure used to charac-
terize the residual tensile behaviour of the material. Ow-
ing to its particular relevance to this issue, the perfor-
mance of fib Model Code 2010 (fib 2010) is discussed
separately in the following section.

5.3. Sensitivity of fib Model Code 2010 to residual
strength estimation procedures

The statistics for the three fib Model Code 2010 (fib
2010) approaches are reported in Table 6 below. While
the same shear resistance equation was utilized in all
cases, there were noticeable disparities in the results
produced through the three different methods of esti-
mating residual tensile strength. Given that the key fac-
tor that distinguishes between the considered ap-
proaches is their representation of tensile behavior after
cracking, the comparison will be beneficial in demon-
strating the influence of residual tensile strength estima-
tions on the accuracy of the predictions under fib Model
Code 2010. The fib approach relying on the Nzambi et al.
(2022) model (Approach I) was the least accurate one
among the three approaches. According to Table 6, the
model had the lowest mean experimental-to-predicted
ratio of 0.713 as well as the highest RMSE (110.00 kN)
and MAE (73.54 kN) values out of all the fib-based ap-
proaches. Moreover, the coefficient of variation (COV =
0.608) was quite high. These results suggest that the
adopted residual tensile strength estimation procedure
was less compatible with the PFRC beam database con-
sidered in this study. Part of this discrepancy may be at-
tributed to the fact that the residual-strength relation-
ships proposed by Nzambi et al. (2022) were originally
calibrated using hook-end steel-fiber-reinforced con-
crete specimens. Differences in elastic modulus, fiber-
matrix bond characteristics, pull-out mechanisms, and
crack-bridging behavior between steel fibers and poly-
propylene fibers may therefore contribute to the re-
duced compatibility of the resulting residual tensile
strength estimates when applied to PFRC beams.

Significant improvement was made possible through
the use of the approach described by Moraes-Neto et al.
(2013) (Approach II). In this case, the accuracy of predic-
tion of shear strength was greatly improved, which al-
lowed for the attainment of the mean ratio equal to 1.046,
which is rather close to unity. In addition, RMSE and MAE
were significantly reduced when compared to Approach L.
This implies that the values of residual tensile properties
estimated through the application of the Moraes-Neto et
al. (2013) approach can be considered as being more ap-
propriate for the utilization of the fib Model Code 2010 in
the analysis of the given PFRC specimens. The most suc-
cessful implementation of the fib Model Code 2010 was
attained through the application of the procedure sug-
gested by Lantsoght (2019) (Approach III). According to
Table 6, this approach allowed for the reduction of MAE to
31.53 kN, RMSE to 72.46 kN, COV to 0.566 and provided
R? 0f 0.430, which was higher than for other approaches.
These results indicate a more accurate and consistent
representation of the post-cracking tensile contribution
incorporated into the fib Model Code 2010 framework.
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The results of the safety classifications provided in
Table 5 confirm these findings. The percentage of the un-
safe predictions (V.xp/Vprea < 1.00) was reduced from
88% in Approach I to 69% in Approach Il and 61% in
Approach I1], thus reflecting the progressively improving
reliability of predictions with the change of the applied
residual tensile strength estimation procedure. Among
all considered approaches, the lowest percentage of un-
safe predictions and the highest percentage of safe pre-
dictions were obtained for Approach III. This confirms
the significant impact of the residual tensile strength es-
timation procedure on the reliability of fib Model Code
2010 shear strength predictions. A particularly im-
portant finding is that considerable differences were ob-
tained between the three approaches even though the
same shear resistance formula of the fib Model Code
2010 (fib 2010) was used. The main difference between
the three approaches being in the method used to esti-
mate the residual tensile behavior of fiber reinforced
concrete, the discrepancies in terms of prediction accu-

racy could be largely attributed to the method chosen to
characterize the residual tensile strength. This implies
that the prediction capabilities of the fib Model Code
2010 are extremely dependent on the method used to es-
timate the post cracking behavior of fiber reinforced
concrete especially where no experimental residual
strength is available. It must be acknowledged that the
residual strength estimation procedures employed in
Approaches I, II and III were initially developed through
databases not identical to the one used in this experi-
ment for polypropylene fiber reinforced concrete beams.
Some of the discrepancies in terms of prediction accu-
racy therefore can be explained by differences in fiber
type, bond behavior and post cracking behavior. How-
ever, it is clear from the results obtained that a good
method to characterize residual tensile properties is im-
portantin achieving accurate fib Model Code 2010 predic-
tions. The findings further highlight the need for residual
tensile strength estimation procedures specifically cali-
brated for polypropylene fiber-reinforced concrete.

Table 6. Statistical comparison of fib Model Code 2010 implementations.

Approach Mean cov RMSE (kN) R? MAE (kN)
Approach I (Nzambi et al. (2022)) 0.713 0.608 110.000 0.390 73.540
Approach II (Moraes-Neto et al. (2013)) 1.046 0.608 75.470 0.389 37.560
Approach III (Lantsoght (2019)) 1.139 0.566 72.460 0.430 31.530

5.4. Influence of shear span-to-depth ratio and
concrete strength

To further examine the influence of database hetero-
geneity on model performance, additional subgroup
analyses were conducted based on the shear span-to-ef-
fective depth ratio (a/d) and concrete compressive
strength. The specimens were classified into two groups
accordingto a/d (< 2.5and 2 2.5) and cylinder compres-
sive strength (f', < 50 MPa and f’, = 50 MPa). The cor-
responding statistical results are presented in Table 7.
Particular attention was given to the performance of the
three fib Model Code 2010 implementations, since the
primary objective of this study was to investigate the in-
fluence of alternative residual tensile strength estima-
tion procedures on shear strength prediction accuracy.

It can be observed from the results above that the pre-
dictive performance of fib Model Code 2010 is affected
by the ratio between shear span and depth of the mem-
ber. Where a/d = 2.5, Approach III gave the best predic-
tion out of the three approaches under consideration,
having a V., /Vpreq 0f 1.006 and MAE of 19.60 kN. Ap-
proach II and I had MAE of 27.26 kN and 77.16 kN, re-
spectively. However, where a/d < 2.5, the prediction
performance of all three approaches worsened with an
increase in MAE to 45.03 kN, 49.20 kN, and 69.44 kN, re-
spectively. From the results, it is clear that the predictive
performance of fib Model Code 2010 decreases in cases
where the a/d ratio is relatively low.

A comparison of the three residual tensile strength es-
timation procedures reveals that the relative ranking of

the fib Model Code 2010 implementations remains es-
sentially unchanged across both a/d categories. Ap-
proach III consistently exhibited the lowest prediction
errors and mean values closest to unity, whereas Ap-
proach I produced the largest deviations from the exper-
imental results. Approach II generally provided interme-
diate performance between the other two procedures.
This observation confirms that the procedure adopted
for residual tensile strength characterization has a sub-
stantial effect on fib Model Code 2010 predictions re-
gardless of member geometry.

The influence of concrete compressive strength was
also investigated by separating the database into speci-
mens with f'.< 50 MPa and f’. = 50 MPa. Although the
effect of concrete strength was less pronounced than
that of the a/d ratio, the prediction accuracy of the fib
Model Code 2010 implementations generally decreased
for higher-strength concretes. For Approach III, the MAE
increased from 24.83 kN for specimens with f'. < 50
MPa to 56.10 kN for specimens with f’.> 50 MPa. Simi-
larly, the mean V,y;, /Vpeq ratio increased from 1.075 to
1.375. Comparable trends were observed for Ap-
proaches I and 1], indicating that the investigated resid-
ual tensile strength estimation procedures tend to pro-
duce increasingly conservative predictions as concrete
compressive strength increases.

Similar tendencies were also observed for several of
the other investigated models. In particular, the Arslan
et al. and RILEM formulations generally exhibited lower
prediction errors for specimens with a/d = 2.5 than for
those with a/d < 2.5. Nevertheless, the subgroup anal-
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yses consistently demonstrated that the conclusions ob-
tained from the full database remained unchanged.
Among the three fib Model Code 2010 implementations,
the procedure adopted from Lantsoght (Approach III)
provided the most reliable and consistent predictions,
whereas the implementation based on the residual

strength equations proposed by Nzambi et al. (Approach
[) exhibited the weakest overall predictive performance.
These findings further demonstrate the critical im-
portance of residual tensile strength characterization in
the implementation of fib Model Code 2010 for PFRC
beams.

Table 7. Statistical performance of the investigated models for different a/d ratios and concrete-strength ranges.

Model Arslan etal. Albidahand Said etal. Zhangetal. RILEM TC DAFStb FibMC2010 FibMC2010 FibMC2010
(2017)  Abbas (2024) (2021) (2020) 162-TDF (2003) (2012) Approachl Approach Il Approach III
Mean 1.045 0.901 1.794 0.696 1.158 0.415 0.594 0.887 1.006
cov 0.326 0.316 0.421 0.447 0.378 0.380 0.348 0.355 0.378
a/d >=2.5 RMSE (kN)  31.859 49.692 45.411 85.099 22.682 194.465 112.509 37.187 28.185
R? 0.885 0.891 0.691 0.872 0.877 0.832 0.884 0.878 0.877
MAE (kN) 21.517 32.541 35.600 59.224 14.343 138.600 77.164 27.259 19.595
Mean 1.012 0.746 2.230 0.727 1.420 0.506 0.847 1.226 1.289
cov 0.414 0.336 0.648 0.621 0.687 0.653 0.669 0.681 0.644
a/d<2.5 RMSE (kN) 82.694 66.358 127.910 87.162 108.839 211.147 107.092 102.809 101.432
R? 0.528 0.789 0.102 0.543 0.286 0.193 0.321 0.305 0.389
MAE (kN) 44313 47.863 76.580 67.961 53.245 142.063  69.436 49.201 45.031
Mean 1.019 0.856 1.830 0.710 1.210 0.431 0.668 0.950 1.075
cov 0.368 0.335 0.575 0.529 0.527 0.538 0.588 0.545 0.494
f'.<50 RMSE (kN)  52.826 61.269 71.381 86.204 51.827 222.247 113.805 54.983 48.309
R? 0.632 0.768 0.278 0.614 0.530 0.416 0.538 0.571 0.601
MAE (kN) 29.665 40.263 46.219 62.766 24.640 152915  77.961 32.674 24.834
Mean 1.066 0.727 2.618 0.712 1.540 0.556 0.876 1.398 1.375
cov 0.369 0.312 0.492 0.579 0.674 0.575 0.614 0.630 0.680
f'c>=50 RMSE (kN)  85.208 44.673 149.203 85.592 131.809 100.941  94.750 124.467 126.280
R? 0.928 0.958 0.749 0.751 0.683 0.718 0.674 0.698 0.702
MAE (kN) 41.574 37.789 86.429 65.375 61.801 93.697 57.315 55.468 56.104

5.5. Implications for PFRC shear strength prediction

It can be clearly seen from the results of the current
investigation that the performance of the shear strength
prediction of existing models of PFRC beams highly de-
pends on the parameters that describe the role of fibers
in providing resistance to shear forces. In general, the
models, which take into account the influence of various
factors such as concrete strength, reinforcement ratio,
geometrical dimensions of members and the influence of
fibers, provided better predictions than models using
fewer parameters. These results mean that an accurate
evaluation of the shear strength of PFRC beams cannot
be done by means of simplified descriptions of fiber con-
tribution. In particular, an important point is the use of
code-based approaches. While these models attempt to
capture the post-cracking behavior of fiber reinforced
concrete based on the parameters of the residual tensile
strength of fibers, it has been shown that the accuracy of
such prediction heavily relies on the methodology used
to define the above properties. Such an influence was
seen to be the strongest for the case of fib Model Code

2010 (fib 2010), with a considerable variation in the ac-
curacy of prediction being achieved even while using the
same shear resistance equation. This means that the way
of estimating the residual tensile strength plays a deci-
sive role in the accuracy of code-based prediction of
shear strength. In view of the design practice, this can be
considered to mean that currently available formula-
tions for the steel fiber reinforced concrete could be em-
ployed to provide reasonably accurate estimation of
PFRC shear resistance if proper methodology is applied
to estimate the post-cracking behavior of tensile
strength. Yet, the difference between the methods evalu-
ated suggests that one should be careful when applying
residual tensile strength estimation techniques based on
the SFRC database to the PFRC members. This limitation
is largely associated with the fundamental differences
between polypropylene and steel fibers. Compared with
steel fibers, polypropylene fibers generally exhibit a
lower elastic modulus, different pull-out behavior, re-
duced bond stiffness, and distinct crack-bridging mecha-
nisms. As a result, residual tensile strength relationships
calibrated using SFRC databases may not accurately rep-
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resent the post-cracking behavior of PFRC members.
Overall, the results emphasize that improvements in the
characterization of post-cracking tensile properties may
have a greater influence on prediction reliability than
modifications to the shear resistance equations them-
selves. Future research should therefore focus on devel-
oping PFRC-specific residual tensile strength characteri-
zation procedures and design-oriented prediction
frameworks capable of more accurately representing the
contribution of polypropylene fibers to shear resistance.

6. Conclusions

This study evaluated the predictive performance of
existing analytical and code-based shear strength pre-
diction models using a database of 98 polypropylene fi-
ber-reinforced concrete (PFRC) beams without trans-
verse reinforcement collected from the literature. Partic-
ular attention was given to the implementation of fib
Model Code 2010 (fib 2010) and the influence of differ-
ent residual tensile strength estimation procedures on
prediction accuracy. Based on the results obtained, the
following conclusions can be drawn:
¢ Important distinctions have been found between the

analyzed models of shear strength prediction, sug-

gesting that the choice of the model used is an im-

portant factor in estimating the shear strength of

PFRC.
¢ Among the applicable forms of analysis or semi-em-

pirical equations, the model suggested by Arslan et al.

(2017) performed relatively evenly across all aspects

of predictions, whereas the model suggested by Al-

bidah and Abbas (2024) showed a good capability to
represent the trend of the experimental database.

¢ Performance of the code-based methods was quite
variable. The RILEM TC 162-TDF (2003) model per-

formed reasonably well in terms of prediction accu-
racy while the DAfStB (2012) method performed
worst among all for the constructed PFRC dataset.

¢ The examination of the distribution of the ratio of ex-
perimentally determined to predicted shear strengths
demonstrated considerable variability in the reliabil-
ity of the model predictions, particularly in terms of
the percentage of unsafe predictions.

¢ The predictive capability of fib Model Code 2010 (fib
2010) was found to be highly sensitive to the adopted
residual tensile strength estimation procedure. De-
spite the use of the same underlying shear resistance
formulation, substantial variations in prediction accu-
racy were observed among the investigated imple-
mentations.

e The results demonstrate that reliable characteriza-
tion of post-cracking tensile behavior is essential for
accurate code-based shear strength prediction.
Among the investigated alternatives, the implementa-
tion based on the procedure adopted by Lantsoght
provided the most consistent overall performance.

e Additional subgroup analyses indicated that the pre-
dictive performance of most investigated models was
affected by the shear span-to-depth ratio. Lower pre-
diction errors were generally observed for specimens
with a/d = 2.5, while prediction accuracy tended to
decrease for members with smaller a/d ratios.
Overall, the findings highlight the importance of re-

sidual tensile strength characterization in the assess-
ment of PFRC shear resistance and demonstrate the need
for PFRC-specific material characterization procedures
and design-oriented prediction approaches. Future re-
search should focus on developing residual tensile
strength estimation methods specifically calibrated for
polypropylene fiber-reinforced concrete and on expand-
ing the available database of experimentally determined
post-cracking tensile properties.

Appendix A. Prediction procedures for shear resistance of FRC beams

A.1. fib Model Code 2010 (fib 2010)

For the purposes of this study, the shear resistance was evaluated using the provisions of fib Model Code 2010 (fib
2010). The corresponding shear resistance was determined as:

0.18

©2 k [100p (1 + 7.5 Lrek) fck]l/3 byd

VRd,F =
The size effect factor was determined from:

k=1+ % <2.0

(A1)

(A2)

The residual tensile strength corresponding to the serviceability limit state was obtained as:

fres = 0.45fp4

(A3)

The residual tensile strength corresponding to the ultimate limit state was calculated as:

freukWy) = fres — % [fres — (0.5fps + 0.2fz1)]

(A4)
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In accordance with fib Model Code 2010, the crack width at ultimate was taken as w,= 1.5 mm.

The mean tensile strength of concrete was determined from:

form = 03f23 (A5)

For the purpose of the present comparative assessment, the characteristic tensile strength was assumed equal to
the mean tensile strength (f.;x = f:tm) in all implementations. This assumption was adopted uniformly for all spec-
imens and all fib Model Code 2010 implementations in order to ensure consistency among the investigated residual
tensile strength estimation procedures and to isolate their influence on the resulting shear strength predictions.

In these equations, V4 r denotes the shear resistance provided by SFRC; k is the size-effect factor; p is the longitu-
dinal reinforcement ratio; frs, is the characteristic ultimate residual tensile strength; f,;,, and f,;; are the mean and
characteristic tensile strengths of concrete, respectively; f, is the characteristic compressive strength of concrete;
b,, is the web width; and d is the effective depth. The parameters fz;s and fz., represent the residual tensile strengths
associated with the serviceability and ultimate limit states, respectively.

The residual flexural tensile strengths fz; and frs, required in Eqs. (A3) and (A4), were determined using the pro-
cedures described in Appendices A.2 and A.3. Alternatively, the procedure presented in Appendix A.4 was used to
estimate the residual tensile strength parameter required for the fib Model Code 2010 method.

A.2. Residual strength equations proposed by Nzambi et al. (2022)

The residual flexural tensile strengths fz; and fzr; were estimated using the empirical equations proposed by
Nzambi et al. (2022). The maximum fiber tensile stress was first calculated as:

19

Ofmax = 4 fee o (A6)
The residual flexural tensile strength corresponding to CMOD = 0.5 mm was determined from:

firyy = 1'121(6f,maxv}){0.91} (A7)
The residual flexural tensile strength corresponding to CMOD = 2.5 mm was determined from:

firsy = 1'150(6f,maxv}){0.76} (A8)

In this equation, gy 4, represents the tensile strength of the fiber, 4 is the coefficient relating to the pull out
strength of the fiber, ¢ represents the coefficient due to the fiber matrix interaction, f;; is the tensile strength of the
concrete, V; represents the fiber volume fraction, lf is the fiber length and df is the fiber diameter. The resulting val-
ues of fp1 and fr3 were subsequently used in Egs. (A3) and (A4).

A.3. Residual strength equations proposed by Moraes-Neto et al. (2013)

The residual flexural tensile strengths fz; and fz; were also estimated using the equations proposed by Moraes-
Neto et al. (2013). The fiber reinforcement index was calculated as:

RI =V, <;—’;) (A9)
The residual flexural tensile strength corresponding to CMOD = 0.5 mm was calculated as:

fr1 = 7.5(RI)%8 (A10)
The residual flexural tensile strength corresponding to CMOD = 2.5 mm was calculated as:

frs = 6.0(R)°7 (A11)

where RI is the fiber reinforcement index, Ve is the fiber volume fraction, lf is the fiber length, and df is the fiber di-
ameter. The resulting values of fz; and fz; were subsequently used in Egs. (A3) and (A4).
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A.4. Thomas model and Lantsoght-based procedure

A third approach was adopted following the methodology proposed by Lantsoght. First, the fiber factor was calcu-
lated as:

ga
F=V (d—f) T¥ (A12)
The splitting tensile strength of fiber-reinforced concrete was estimated as:

fopre = 0.63\/feur + 0.288F [feuy + 0.052F (A13)

where F is the fiber factor, Vris the fiber volume fraction, lf is the fiber length, df is the fiber diameter, 77 is the fiber
bond factor, f,, s is the splitting tensile strength of steel fiber-reinforced concrete, and f, is the cube compressive
strength of fiber-reinforced concrete.

Since all database compressive strengths were standardized to equivalent cylinder compressive strengths, the cor-
responding cube compressive strengths required by Eq. (A13) were obtained using the inverse of the adopted con-
version relationship (f, = f'./0.80). Therefore, Eq. (A13) was implemented using the compressive strength defini-
tion originally required by the Thomas and Ramaswamy formulation.

The splitting tensile strength obtained from Eq. (A13) was subsequently employed in the DAfStB procedure de-
scribed in Appendix A.5. Following the approach proposed by Lantsoght, the residual tensile strength obtained from
the DAfStB model was assumed to represent the characteristic ultimate residual tensile strength required by the fib
Model Code 2010 procedure.

A.5. DAStB (2012)

The DAfStB (2012) formulation was implemented using the residual tensile strength parameter ffcg,. The total
shear resistance was calculated as:

Vrrae = Vrac + Vraer (A14)
The concrete contribution was determined from:

k(100p;f i)Y/ bwd

Vrae = Cra,c Ye (A15)
The fiber contribution was calculated as:

Veaer = age Lo (A16)
The residual tensile strength parameter was obtained from:

fretru = kprkse(037) frepip2 (A17)
The size factor was determined as:

ke =1+ 0545, < 1.7 (A18)

where

Afce = by, min(d, 1.5m) (A19)

and the size effect factor was calculated from:

k=1+ /2%:’ <20 (A20)

In these equations, Vi rq ¢, Vra,cr and Vgq o refer to the total shear resistance, the resistance due to the concrete
material and the resistance due to the fibers respectively. Additionally, f;c., represents the tensile strength residual
parameter, b,,, h and d are the dimensions of the member. ks and ks represent fiber orientation effect parameter
and size effect parameter respectively while A¢., represents tensile effective area.

Based on the recommendations by Lantsoght, the following values were chosen during calculations:



Sengun and Akkaya / Challenge Journal of Structural Mechanics (2026) 17(3) 364-386 380

kpp = 0.50, @, = 0.85, 7, = 1.25 (A21)

The resulting value of f;.;r, was subsequently used as the residual tensile strength parameter required by the fib
Model Code 2010 procedure.

A.6. RILEM TC 162-TDF (2003)

The shear resistance was evaluated according to the recommendations of RILEM TC 162-TDF (2003). The total
shear resistance was calculated as:

Vea = Vea + Vsa (A22)
The concrete contribution was determined from:

V.q = 0.12k(100p,f.,)*/3by,d (A23)
The fiber contribution was calculated as:

Viq = 0.7ksktsqb,d (A24)

where the flange factor was determined as:

ke =1+n (:—va) (¥) <15 (A25)
and
n=2l-1<3 (A26)

w

The design bond strength parameter was obtained from:
de = 0.12ka,4_ (A27)

Following the methodology adopted by Lantsoght, the characteristic residual flexural tensile strength required by
the RILEM procedure was assumed equal to the splitting tensile strength predicted by the Thomas model:

frka = fspre (A28)

In Egs. (A22)-(A28), Vg, represents total shear resistance, V4 represents the concrete contribution, V¢, repre-
sents the fiber contribution, k is the size effect factor, p; is the longitudinal reinforcement ratio, f,; represents the
characteristic compressive strength of concrete, b, is the web width, d is the effective depth, k; is the flange factor,
hs is the flange depth, by is the flange width, 7,4 represents the design bond strength parameter, fzy 4 is the charac-
teristic residual flexural tensile strength corresponding to a CMOD of 3.5 mm and f, . is the splitting tensile strength
determined using the Thomas model.

For rectangular beam specimens, kf=1.0. The splitting tensile strength f;, - computed using Eq. (A13) was then
used in Eq. (A28) for calculation of the fiber contribution to shear resistance using the RILEM method.

A.7. Zhang et al. (2020)

Zhang et al. proposed a modified compression field theory (MCFT)-based shear model for polypropylene fiber re-
inforced concrete beams. In the original formulation, the principal tensile stress consists of the sum of aggregate in-
terlock stress and fiber-induced tensile stress. In the present study, only the fiber-induced tensile stress component
was considered and directly adopted as the principal tensile stress.

The crack inclination angle was determined according to:

0 = 29° + 7000¢, (A29)
where &, is the longitudinal strain. Following the recommendation of Zhang et al.,

g, = 0.002 (A30)

was assumed, resulting in a crack inclination angle of 8 = 43°.
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The principal tensile stress was then calculated directly from the fiber-induced tensile stress expression proposed
by Zhang et al.:

l
or = (1 +nommaVy L) £ (A31)
where V; is the fiber volume fraction, l¢ /d; is the fiber aspect ratio, and f; is the tensile strength of concrete. Here,
Mo, N1, and 1, denote the fiber orientation factor, fiber length efficiency factor, and bond coefficient, respectively.
Zhang et al. suggested using the values 1,=0.20, 7,=0.50, and 1,=1.0 for a 3-D random fiber orientation.

In the current analysis, the interlock effect which forms part of the original equation was ignored, and the maximum
tensile stress was taken to be the same as the tensile stress due to the fibers, f; = Of. This was then used to estimate
the residual tensile effect of the PFRC.

A.8. Said et al. (2021)

Said et al. proposed a modified shear strength model based on the Canadian Standards Association (CSA) provi-
sions to account for the contribution of polyvinyl alcohol (PVA) fibers to beam shear resistance. The total shear re-
sistance is expressed as the sum of the concrete, fiber, and stirrup contributions:

Vu=V+V:+ 1 (A32)

where V;, V¢, and V; represent the contribution of the concrete, fibers, and transverse reinforcement, respectively.
The concrete contribution is calculated by the CSA model formula:

Ve = ¢ckBy f'cbd, (A33)
where ¢, = 0.65, k = 1.0, and 8 = 0.21. The effective shear depth, d,, is determined as follows:
d, = max (0.9d,0.75h) (A34)

where d is the effective depth and h is the overall section depth.
The fiber contribution is given by:

V,=F;Bythd, (A35)

in which Fyis the fiber factor, B, is the fiber orientation factor, and t is the fiber-matrix interface bond strength.
The fiber factor is given by:

o4
in which Ve stands for volume fraction of fibers, lf represents length of fibers, df is diameter of fibers, and kf repre-
sents shape factor of fibers.

For PVA fibers, Said et al. adopted the following parameters:

By = 0.41 and ks = 0.50 (A37)

T =293 MPa (A38)

Although the original model includes the contribution of transverse reinforcement, all specimens in the present
database were tested without stirrups. Therefore, the contribution of transverse reinforcement was neglected:

=0 (A39)

Consequently, the predicted shear resistance was calculated as:

Vo=V, + Vs (A40)

In the present study, the coefficients suggested by Said et al. were used as such without any change; however, the
effect of transverse reinforcement was not included due to lack of any stirrup in the tested specimens.
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A.9. Arslan et al. (2017)

Arslan et al. proposed a shear strength model for polypropylene fiber-reinforced concrete (PFRC) beams without
stirrups. The model was derived from a previously developed formulation for steel fiber reinforced concrete beams
and modified by introducing a polypropylene-to-steel ratio (PSR) to account for the lower efficiency of polypropylene
fibers. The model incorporates the effects of concrete strength, longitudinal reinforcement ratio, fiber contribution,
and shear span-to-depth ratio.

The nominal shear strength is calculated as:

1
. :
s 3
v, =22 + PSR (—V”“t’”fC) (A41)
@ 3(3)

where f; is the concrete cylinder compressive strength in MPa, p is the longitudinal steel ratio, a/d is the shear span
to effective depth ratio, PSR is the polypropylene to steel fiber ratio, and F is the fiber factor.
The depth of the compression zone is obtained from:

(5) + 600 () ()00 (2) =0 (842

where c is the depth of the compression zone and d is the effective depth.
The fiber factor is defined as:

F=1 (ﬂ) Vid, (A43)

where 1 is the fiber perimeter, [ is the fiber length, Ay is the fiber cross-sectional area, Vy is the fiber volume fraction,
and d; is the fiber shape and bond factor.

In this formulation, df denotes the fiber shape and bond factor, which differs from the notation adopted in some
of the other models where d¢ represents the fiber diameter.

For non-circular fibers, Arslan et al. adopted the fiber intrinsic efficiency ratio proposed by Naaman and incorpo-
rated it into the fiber factor expression to better represent the bond characteristics of polypropylene fibers.

To account for the reduced bond and stiffness characteristics of polypropylene fibers relative to steel fibers, the
polypropylene-to-steel ratio was taken as:

PSR = 0.70 (A44)

as recommended by the authors.

The fiber shape bond factor depends on fiber geometry. According to Narayanan and Darwish, values of 0.50, 0.75,
and 1.00 may be used for round, crimped, and indented fibers, respectively.

In the present study, the original formulation proposed by Arslan et al. was adopted without modification. All spec-
imens in the database were tested without transverse reinforcement; therefore, no stirrup contribution was consid-
ered. The nominal shear strength predicted was used directly for comparison with the experimentally measured shear
strengths.

A.10. Albidah and Abbas (2024)

The authors, Albidah and Abbas, came up with a simpler design-oriented model based on a stacked ensemble ma-
chine learning model using a database consisting of 394 SFRC beams without stirrups. The sensitivity analysis re-
vealed that the most important factors influencing the shear capacity of the beam were the shear span to depth ratio,
the ratio of longitudinal reinforcement, the compressive strength of the concrete, and the fiber factor. Using these

results, an empirical equation was formulated by the researchers.
The predicted shear strength is calculated as:

v, = aFf[f7 (&) (A45)

where v, = Shear strength in MPa, f,/ = Concrete compressive strength in MPa, p = Longitudinal reinforcement ratio,
d = Effective depth, a = Shear span length and F = Fiber Factor. The formula for the fiber factor is:

F=v(£) (A46)

where V is the fiber volume fraction, I is the fiber length, and d¢ is the fiber diameter.
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Using the Gauss-Newton iterative calibration technique, the parameters of the model were obtained as follows:

a = 6.588 (A47)
B =0.134 (A48)
y = 0.537 (A49)

Appendix B. Complete specimen-level database
The complete specimen-level database used in the present study is provided in Table B. The database contains the

geometric, material, reinforcement-related, fiber-related, and experimental properties of all specimens included in
the assessment of shear strength prediction models.

Table B. The complete specimen-level database

B.N. Research Beams (mbm) (mhm) (m‘in) afd  ps (M};yaa) (gZ) Arsaptfgt (hflrl;a) (N{ga) (D/fl;fa) FK?II(I)ZI: (Kexle]
1 Altoubat et al. (2009) L1-0.50-b 280 460 400 3.53 0.0215 420 050 90.00 41.90 620 9500 Shear 193.00
2 Altoubat etal. (2009) 1.2-0.50-a 230 390 330 3.50 0.0318 420 050 90.00 41.90 620 9500 Shear 131.50
3 Altoubat etal. (2009) 1.2-0.50-b 230 390 330 3.50 0.0318 420 050 90.00 41.90 620 9500 Shear 133.50
4 Altoubat et al. (2009) L1-0.75-a 280 460 400 3.53 0.0215 420 0.75 90.00 41.90 620 9500 Shear 214.50
5 Altoubat etal. (2009) L1-0.75-b 280 460 400 3.53 0.0215 420 0.75 90.00 41.90 620 9500 Shear 213.00
6 Altoubat etal. (2009) 1.2-0.75-b 230 390 330 3.50 0.0318 420 0.75 90.00 41.90 620 9500 Shear 139.50
7 Altoubat et al. (2009) 12-1.0-b 230 390 330 3.50 0.0318 420 1.00 90.00 3560 620 9500 Shear 151.50
8 Altoubat et al. (2009) Sh1-0.50-a 280 460 400 228 0.0215 420 0.50 90.00 41.90 620 9500 Shear 219.50
9 Altoubat et al. (2009) Sh2-0.50-b 230 390 330 227 0.0318 420 0.50 90.00 41.90 620 9500 Shear 150.00
10 Altoubat et al. (2009) Sh2-0.75-a 230 390 330 227 0.0318 420 0.75 90.00 41.90 620 9500 Shear 168.50
11 Altoubat et al. (2009) Sh2-0.75-b 230 390 330 227 0.0318 420 0.75 90.00 41.90 620 9500 Shear 170.50
12 Navas etal. (2018) 0AP1 305 552 472.9 3.87 0.0167 579 1.10 5650 43.12 400 4700 Shear 22334
13 Navas etal. (2018) 0AP2 305 552 472.5 4.84 0.0223 579 1.10 5650 4491 400 4700 Shear 243.13
14 Navas etal. (2018) 0BP1 229 552 470.6 3.89 0.0224 579 1.10 56.50 42.67 400 4700 Shear 180.87
15 Navas etal. (2018) 0BP2 229 552 469.2 4.87 0.0225 579 1.10 5650 42.00 400 4700 Shear 147.80
16 Al-Alawi and Mashrei (2022) ~ B-SyMPF1-6.4 100 150 130 231 0.0464 500 0.69 64.00 150.00 685 10500 Shear 65.26

=
~

Al-Alawi and Mashrei (2022) B-Sy M PF1-48 100 150 130 2.31 0.0464 500 0.52 64.00 150.00 685 10500 Shear 58.84

Uy
[ee]

Al-Alawi and Mashrei (2022) B-Sy M PF1-3.2 100 150 130 2.31 0.0464 500 0.34 64.00 150.00 685 10500 Shear 57.77

[u=y
e

Al-Alawi and Mashrei (2022) B-Sy MPF2-6.4 100 150 130 2.31 0.0464 500 0.69 180.00150.00 620 6600 Shear 64.72

N
(=}

Al-Alawi and Mashrei (2022) B-Sy M PF2-4.8 100 150 130 2.31 0.0464 500 0.52 180.00150.00 620 6600 Shear 57.77

[y}
[

Al-Alawi and Mashrei (2022) B-Sy M PF2-3.2 100 150 130 2.31 0.0464 500 0.34 180.00150.00 620 6600 Shear 54.56

22 Al-Alawi and Mashrei (2022)  B-Sy M PF1-4.8-p3 100 150 130 2.31 0.0464 500 0.52 64.00 150.00 685 10500 Shear 66.86
23 Al-Alawi and Mashrei (2022)  B-Sy M PF1-4.8-p2 100 150 130 2.31 0.0396 500 0.52 64.00 150.00 685 10500 Shear 58.84
24 Al-Alawi and Mashrei (2022)  B-Sy M PF1-4.8-p1 100 150 130 2.31 0.0329 500 0.52 64.00 150.00 685 10500 Shear 44.93
25 Xiangetal. (2022) F3-A-3 150 300 241.5 2.98 0.0281 542 0.32 37.50 34.50 543 8200 Shear 62.86
26 Xiangetal. (2022) F6-A-3 150 300 241.5 2.98 0.0281 542 0.63 37.50 37.50 543 8200 Shear 83.89
27 Xiangetal. (2022) F9-A-3 150 300 241.5 2.98 0.0281 542 0.95 37.50 36.90 543 8200 Shear 96.72
28 Altoubat et al. (2020) VB-0L-0.50 230 390 330 3.48 0.0318 420 0.50 90.00 32.30 620 9500 Shear 90.00
29 Ugur and Unal (2022) SCC-F2-S1 125 250 240 2.50 0.0052 366 0.28 77.14 38.61 550 7060 Shear 23.35
30 Zhangetal. (2014) RE-00 150 300 250 2.80 0.0270 400 3.00 333.33 32.80 482 5000 Shear 104.38
31 Ababnehetal. (2017) B1V3S0 100 150 125 2.40 0.0322 470 0.33 90.00 44.40 620 9500 Shear 32.00
32 Ababnehetal. (2017) B1V5S0 100 150 125 2.40 0.0322 470 0.54 90.00 45.10 620 9500 Shear 35.00
33 Ababneh etal. (2017) B1V7S0 100 150 125 2.40 0.0322 470 0.76 90.00 4590 620 9500 Shear 38.50
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34 Arslanetal. (2017) B2.5P1.0 150 240 210 2.50 0.0128 492 1.00 50.00 27.00 470 3600 Shear 47.92
35 Arslanetal. (2017) B2.5P2.0 150 240 210 2.50 0.0128 492 2.00 50.00 13.85 470 3600 Shear 42.94
36 Arslanetal. (2017) B2.5P3.0 150 240 210 2.50 0.0128 492 3.00 50.00 18.45 470 3600 Shear 56.06
37 Arslanetal. (2017) B3.5P1.0 150 240 210 3.50 0.0128 492 1.00 50.00 27.00 470 3600 Shear 46.75
38 Arslanetal. (2017) B3.5P2.0 150 240 210 3.50 0.0128 492 2.00 50.00 13.85 470 3600 Shear 42.50
39 Arslanetal. (2017) B3.5P3.0 150 240 210 3.50 0.0128 492 3.00 50.00 18.45 470 3600 Shear 50.72
40 Majdzadeh et al. (2006) B6 150 150 120 3.02 0.0262 500 0.50 85.00 43.90 620 9500 Shear 86.00
41 Majdzadeh etal. (2006) B7 150 150 120 3.02 0.0262 500 1.00 85.00 44.20 620 9500 Shear 113.00
42 Majdzadeh etal. (2006) B8 150 150 120 3.02 0.0262 500 1.50 85.00 43.10 620 9500 Shear 104.00
43 Majdzadeh et al. (2006) B9 150 150 120 3.02 0.0262 500 0.50 360.00 43.40 375 3500 Shear 82.00
44 Majdzadeh et al. (2006) B10 150 150 120 3.02 0.0262 500 1.00 360.00 44.80 375 3500 Shear 100.00
45 Majdzadeh et al. (2006) B11 150 150 120 3.02 0.0262 500 1.50 360.00 42.00 375 3500 Shear 99.00
46 Sahoo etal. (2015) PFRC 150 200 172 3.49 0.0234 500 1.00 25.00 37.60 460 5000 Shear 38.40
47 Shaaban etal. (2021) B5 120 300 260 2.350.0326 700 1.50 666.67 4590 400 3450 Shear 63.00
48 Shaaban etal. (2021) B6 120 300 260 2.350.0326 700 2.50 666.67 4590 400 3450 Shear 70.80
49 Shaaban etal. (2021) B7 120 300 260 2.350.0326 700 0.75 666.67 45.05 400 3450 Shear 55.00
50 Bastami (2019) SCC-0.75%S1-15M-0 125 250 201 3.69 0.0160 434 0.75 74.00 51.60 625 9500 Shear 42.85
51 Bastami (2019) HSC-0.75%S1-15M-0 125 250 201 3.69 0.0160 434 0.75 74.00 71.40 625 9500 Shear 56.10
52 Bastami (2019) HSC-0.75%S1-20M-0 125 250 201 3.69 0.0238 426 0.75 74.00 78.30 625 9500 Shear 85.00
53 Murad and Abdel-Jabbar (2022) P2 150 250 225 1.56 0.0119 420 0.22 76.50 4530 585 6600 Shear 73.90
54 Murad and Abdel-Jabbar (2022) P4 150 250 225 1.56 0.0119 420 0.44 76.50 40.80 585 6600 Shear 57.85
55 Murad and Abdel-Jabbar (2022) P8 150 250 225 1.56 0.0119 420 0.88 76.50 37.70 585 6600 Shear 69.75
56 Altoubatetal. (2012) L-F 230 390 330 3.50 0.0318 420 0.50 90.00 42.00 620 9500 Shear 132.50
57 Altoubatetal. (2012) Sh-F 230 390 330 2.27 0.0318 420 0.50 90.00 42.00 620 9500 Shear 159.00
58 Parmentier etal. (2012) Sy4.5-1-1 200 300 270 1.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 128.10
59 Parmentier etal. (2012) Sy4.5-1-2 200 300 270 1.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 162.60
60 Parmentier etal. (2012) Sy4.5-2-1 200 300 270 2.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 105.50
61 Parmentier etal. (2012) Sy4.5-2-2 200 300 270 2.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 111.70
62 Furlan Jr. and de Hanai (1997) P2B 100 100 85.25 3.52 0.0166 500 0.50 840.00 48.00 400 3500 Shear 17.50
63 Hossain etal. (2023) ROC5F1 200 300 268 1.850.0075 496 0.15 666.67 28.30 400 4010 Shear 86.70
64 Hossain etal. (2023) ROC10F1 200 300 268 1.850.0075 496 0.15 666.67 41.90 400 4010 Shear 105.10
65 Shoeib etal. (2023) B2 120 650 600 0.58 0.0141 400 0.30 56.47 44.20 400 4700 Shear 440.00
66 Shoeib etal. (2023) B3 120 650 600 0.58 0.0141 400 0.60 56.47 51.00 400 4700 Shear 480.00
67 Shoeib etal. (2023) B4 120 650 600 0.58 0.0141 400 0.90 56.47 54.40 400 4700 Shear 500.00
68 Mori etal. (2017) C-P12 100 200 164 1.22 0.0130 500 0.40 42.86 49.10 500 9500 Shear 71.45
69 Mori etal. (2017) D-P12 250 500 434 1.15 0.0136 500 1.20 42.86 57.60 500 9500 Shear 443.15
70 Bajaj and Shrivastava (2011) 1-B2 100 150 130 3.85 0.0121 428 0.10 158.80 40.12 680 5800 Shear 19.95
71 Bajaj and Shrivastava (2011) 2-B2 100 150 130 3.85 0.0174 423 0.10 158.80 40.12 680 5800 Shear 24.30
72 Bajaj and Shrivastava (2011) 1-B3 100 150 130 3.85 0.0121 428 0.20 158.80 40.97 680 5800 Shear 21.00
73 Bajaj and Shrivastava (2011) 2-B3 100 150 130 3.85 0.0174 423 0.20 158.80 40.97 680 5800 Shear 25.35
74 Bajaj and Shrivastava (2011) 1-B4 100 150 130 3.850.0121 428 0.30 158.80 39.78 680 5800 Shear 22.20
75 Bajaj and Shrivastava (2011) 2-B4 100 150 130 3.850.0174 423 0.30 158.80 39.78 680 5800 Shear 26.40
76 Bajaj and Shrivastava (2011) 1-B5 100 150 130 3.85 0.0121 428 0.40 158.80 39.53 680 5800 Shear 22.80
77 Bajaj and Shrivastava (2011) 2-B5 100 150 130 3.85 0.0174 423 0.40 158.80 39.53 680 5800 Shear 27.15
78 Bajaj and Shrivastava (2011) 1-B6 100 150 130 3.85 0.0121 428 0.50 158.80 38.25 680 5800 Shear 21.75
79 Bajaj and Shrivastava (2011) 2-B6 100 150 130 3.850.0174 423 0.50 158.80 38.25 680 5800 Shear 26.25
80 Bajaj and Shrivastava (2011) 1-B7 100 150 130 3.85 0.0121 428 0.60 158.80 36.55 680 5800 Shear 21.45
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81 Bajaj and Shrivastava (2011) 2-B7 100 150 130 3.850.0174 423 0.60 158.80 36.55 680 5800 Shear 25.05
82 Al-Khafaji and Harba (2023) BS2 150 200 175 2.86 0.0129 678 0.10 666.67 37.20 400 3500 Shear 57.27
83 Al-Khafaji and Harba (2023) BS3 150 200 175 2.86 0.0129 678 0.20 666.67 39.26 400 3500 Shear 49.32
84 Kamal etal. (2014) B10P 100 150 130 2.31 0.0121 550 0.11 12.50 130.00 400 3500 Shear 20.95
85 Kamal etal. (2014) B12P 100 150 130 2.31 0.0174 550 0.11 12.50 130.00 400 3500 Shear 27.00
86 Al Ghali etal. (2023) PP-42 150 250 225 1.48 0.0186 565 0.25 42.00 49.20 600 9500 Shear 89.15
87 Al Ghali etal. (2023) PP-270 150 250 225 1.48 0.0186 565 0.25 270.00 40.10 570 3500 Shear 81.30
88 Atea (2017) BM(30) 100 300 280 1.00 0.0287 500 0.50 667.00 31.00 400 3500 Shear 160.00
89 Atea (2017) BM(40) 100 300 280 1.00 0.0287 500 1.00 667.00 40.00 400 3500 Shear 166.00
90 Raoetal. (2011) 0,5-MixA 100 300 280 0.71 0.0020 500 0.12 300.00 18.47 600 3500 Shear 13.72
91 Raoetal. (2011) 0,5-MixB 100 300 280 0.71 0.0020 500 0.12 300.00 24.36 600 3500 Shear 20.16
92 Raoetal. (2011) 0,5-MixC 100 300 280 0.71 0.0020 500 0.12 300.00 29.78 600 3500 Shear 24.08
93 Raoetal. (2011) 1-MixA 100 300 280 0.71 0.0020 500 0.23 300.00 19.07 600 3500 Shear 15.12
94 Raoetal. (2011) 1-MixB 100 300 280 0.71 0.0020 500 0.23 300.00 24.60 600 3500 Shear 20.44
95 Raoetal. (2011) 1-MixC 100 300 280 0.71 0.0020 500 0.23 300.00 31.47 600 3500 Shear 24.64
96 Ozturketal. (2017) B2.5P1.0 150 240 210 2.50 0.0128 492 1.00 50.00 27.00 470 3600 Shear 38.34
97 Ketenci (2022) C30PP1 250 400 367 2.45 0.0088 420 0.66 350.00 30.00 630 8000 Shear 164.34
98 Ketenci (2022) C30PP2 250 400 367 2.45 0.0088 420 0.66 350.00 30.00 630 8000 Shear 154.92
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Currently, research is being conducted to investigate the potential of industrial and
agricultural waste as raw materials in the construction industry. Integrating such ma-
terials into concrete diminishes cement consumption and CO:z emissions from ce-
ment manufacturing. Sugarcane bagasse is a by-product of the sugar extraction pro-
cess, and a significant portion of it is used as boiler fuel for electricity generation. This
process releases a considerable amount of waste sugarcane bagasse ash (SCBA),
which is frequently disposed of in the environment. Incorporating this waste can be
both cost-effective and ecologically advantageous, fostering sustainable develop-
ment. This review critically synthesizes published studies on the physical and chem-
ical characteristics of SCBA, fresh-state behaviour, mechanical properties, durability
indicators, and CO:z reduction potential in cementitious materials, including mortar
and concrete. Particular attention is given to the effects of ash processing, fineness,
silica content, burning condition, and loss on ignition on reported performance. The
reviewed evidence indicates that low-to-moderate SCBA contents can enhance com-
pressive and split tensile strength, while durability improvements are commonly re-
flected in reduced water absorption, lower capillary absorption and chloride pene-
tration, and higher electrical resistivity. The literature indicates that mechanical per-
formance is most frequently optimized at about 10-15% replacement, whereas du-
rability benefits are often reported within a broader range of 10-30%, depending on
matrix type and ash quality. The findings also show that the environmental benefit of
SCBA depends on processing intensity and transport burden. Overall, SCBA emerges
as a promising but process-sensitive supplementary cementitious material for sus-
tainable concrete production.
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1. Introduction

The key strategies for sustainable cement manufac-
turing include energy conservation, reduction in CO:
emissions, and the preservation of finite natural re-
sources. However, the production of ordinary Portland
cement (OPC) is highly unsustainable due to its exten-
sive consumption of natural resources and high carbon
emissions (Fairbairn et al. 2010). The global annual con-
crete production exceeds 30 billion metric tons (Ozmen

and Tanriverdi 2025), with the Indian construction in-
dustry using approximately 450 million cubic metres an-
nually (IBEF 2025). Cement reacts chemically with water
and other substances to form a hardened mass that binds
components together. Various additives are often intro-
duced to enhance the properties of fresh and hardened
concrete (Jittin and Bahurudeen 2022; Miller et al.
2016).

Pozzolanic materials derived from agricultural waste
have gained significant attention due to their ability to
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improve the performance of blended cement concrete
while mitigating environmental concerns (Agwa et al.
2022; Zeyad et al. 2016). SCBA is one such promising
pozzolan, available in various regions worldwide. India
alone produces over 300 million tons of sugarcane annu-
ally, generating approximately 10 million tons of SCBA
as waste. The processing of sugarcane in mills results in
about 0.62% residual ash and 26% bagasse per ton of
sugarcane (Chindaprasirt et al. 2008; Dhengare et al.
2020; Juenger et al. 2019).

Bagasse is a fibrous residue generated after juice ex-
traction from sugarcane and is widely used as a fuel
source in the sugar industry. The ash produced from its
combustion known as sugarcane bagasse ash (SCBA) has
been increasingly utilized as a pozzolanic material in
concrete or mortar mixtures as a partial replacement for
cement and thus contribute to reducing disposal con-
cerns. Several studies have investigated the chemical
composition and pozzolanic activity of SCBA, concluding
that it primarily consists of high silica content. However,
unburned carbon particles in SCBA can adversely affect
concrete reactivity and performance (Kumara et al
2023; Praveenkumar et al. 2020).

Several studies on SCBA have provided useful back-
ground on its potential as a supplementary cementitious
material. However, many of them remain largely de-
scriptive or focus on isolated performance aspects with-
out systematically linking ash processing quality to the
variability observed across cementitious materials, in-
cluding mortar and concrete. The present review seeks
to address this gap by providing an integrated analysis
of the physical and chemical characteristics of SCBA,
fresh behaviour, mechanical response, durability perfor-
mance, and CO:z reduction potential within a unified
framework. It further employs comparative tables and
trend-based figures to identify practical optimum re-
placement ranges for key mechanical and durability in-
dicators. Accordingly, this review aims to analyse the in-
fluence of SCBA on cement-based materials based on ex-
isting literature, with particular emphasis on its effects
on mechanical and durability-related performance.

2. Literature Review Methodology

This review adopted a structured literature review
methodology to synthesise the influence of sugarcane
bagasse ash (SCBA) on cementitious materials. Relevant
studies were retrieved from Scopus, Web of Science, Sci-
enceDirect, and Google Scholar to ensure broad coverage
of the peer-reviewed literature. The search was limited
to articles published between 2008 and 2025, which cor-
responds to the main period during which SCBA has
been systematically examined as a partial cement re-
placement material.

The search strategy was developed using combina-
tions of SCBA-related and performance-related terms,
including “sugarcane bagasse ash”, “SCBA concrete”,
“SCBA mortar”, “SCBA supplementary cementitious ma-
terial”, “SCBA mechanical properties”, “SCBA durability”,
“SCBA workability”, “water absorption”, “capillary ab-
sorption”, “sorptivity”, “chloride penetration”, and “elec-
trical resistivity”. These terms were combined using

Boolean operators such as AND and OR to capture stud-
ies addressing the physical and chemical characteristics
of SCBA as well as its effects on fresh, mechanical, and
durability properties.

The retrieved records were screened through title
screening, abstract screening, and full-text eligibility as-
sessment. Studies were included if they investigated
SCBA in concrete or mortar and reported results on at
least one of the following aspects, namely physical or
chemical characteristics, fresh properties, mechanical
performance, or durability behaviour; and provided suf-
ficient quantitative information on mix proportion, re-
placement level, curing condition, and measured proper-
ties. Conference abstracts without full data, non-English
publications, and studies lacking adequate methodologi-
cal detail were excluded.

Approximately 120 studies were initially identified
through database searching. After screening and eligibil-
ity assessment, around 65 studies were retained for de-
tailed synthesis. To improve methodological rigour, the
included studies were further appraised for reporting
quality on the basis of the clarity of SCBA source and pro-
cessing method, mix design details, curing regime, test-
ing procedure, and completeness of quantitative results.
Studies with sufficiently reported experimental data
were prioritised for the comparative tables and trend-
based figures used in this review.

This systematic approach is intended not only to sum-
marise the available evidence, but also to provide a com-
parative and critical synthesis of how SCBA processing,
replacement level, and matrix type jointly influence
fresh, mechanical, durability, and environmental perfor-
mance in cementitious systems.

3. Environmental Impact and COz Reduction
Potential of SCBA

Sugarcane bagasse ash (SCBA) is increasingly re-
garded as a low-carbon supplementary cementitious
material because it can partially replace Portland ce-
ment, the production of which is highly emission inten-
sive due to clinker burning and limestone calcination.
The carbon footprint of conventional cement is generally
reported to be around 0.8-0.9 kg CO: per kg cement, alt-
hough the exact value varies with clinker factor, kiln ef-
ficiency, fuel type, electricity mix, and regional produc-
tion conditions (Benhelal et al. 2013; Chen et al. 2010;
Kajaste and Hurme 2016; Mohamad et al. 2022). The en-
vironmental benefit of SCBA lies in its capacity to valor-
ise an agro-industrial residue while reducing clinker de-
mand. However, the literature does not support a single
universal carbon emission factor for sugarcane bagasse
ash (SCBA). Reported carbon emission values for SCBA
vary markedly with allocation assumptions and the sys-
tem boundary adopted, particularly whether drying,
sieving, grinding, calcination/activation, and transport
are included (Fairbairn et al. 2010; Cordeiro et al. 2008,
2009; Kolawole etal. 2021; Francioso et al. 2024). Torres
de Sande et al. (2023) quantified this variation, reporting
0.024 kg COze /kg (carbon dioxide equivalent per kilo-
gram) for untreated locally used SCBA and 0.46 kg
COz¢/kg for treated or activated imported SCBA, com-
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pared with 0.912 kg COze/kg for cement in the same
study. Other studies have similarly adopted an SCBA
emission factor of about 0.11 kg CO,/kg (Ullah et al.
2025; Li et al. 2022; Chindaprasirt et al. 2020), confirm-
ing that although SCBA is generally far less carbon-inten-
sive than Portland cement, its environmental benefit is
strongly conditioned by processing intensity and
transport burden.

Accordingly, the climate advantage of SCBA is best ex-
pressed as net CO2z reduction. The net CO2 reduction can
be expressed as the difference between the carbon emis-
sions avoided by replacing a given amount of cement and
the carbon emissions generated from processing the
equivalent amount of SCBA. The analysis was performed
using the expression: Net CO2z reduction = (cement re-
placed x 0.85) - (SCBA used x 0.46), assuming mass-
equivalent replacement within 1 tonne of total binder, as
shown in Table 1. The analysis adopted a cement emis-
sion factor of 0.85 kg COz/kg, which lies within the com-
monly reported range of 0.8-0.9 kg COz/kg for conven-
tional cement production (Benhelal et al. 2013; Chen et

al. 2010; IEA 2023, as cited in Environmental Impact &
COz Reduction Potential of SCBA). An emission factor of
0.46 kg COz2/kg was adopted for SCBA in the present
analysis, as this value has been reported for treated or
activated imported SCBA in the literature (Torres de
Sande et al. 2023). Accordingly, it is taken to represent
the cumulative influence of processing-related stages,
including treatment or activation, on the embodied
emissions of SCBA. The analysis shows a linear increase
in net COz savings with rising SCBA replacement levels
under the adopted emission factors. At 5%, 10%, 20%,
and 30% substitution, the estimated net CO2 reductions
are 19.5, 39, 78, and 117 kg COz/t binder, respectively.
The consistently positive savings arise from the lower
embodied emissions of SCBA (0.46 kg CO2/kg) relative to
cement (0.85 kg COz2/kg). These results strengthen the
environmental justification for SCBA as a supplementary
cementitious material and highlight the need to evaluate
net life-cycle benefits rather than relying solely on gross
avoided emissions from cement replacement (Chin-
daprasirt et al. 2020; Li et al. 2022).

Table 1. Calculated net CO2 reduction for different SCBA replacement levels.

SCBA replacing Cement avoided

Gross CO; avoided from cement

COz burden of SCBA processing Net COz reduction

cement (%) (kg/t binder) (kg/t binder) (kg/t binder) (kg/t binder)
5 50 42.5 23 19.5
10 100 85.0 46 39
20 200 170.0 92 78
30 300 255.0 138 117

Note: Calculations are based on 1 tonne of binder and assume one-to-one mass replacement of cement by SCBA.

4. Sugarcane Bagasse Ash Processing and Material
Characteristics

Fig. 1 illustrates the process flow for sugar production
and its byproducts. Bagasse, the fibrous residue after
juice extraction, is burned in sugar mills, producing SCBA
as waste. Fig. 2 presents images of raw sugarcane ba-
gasse and SCBA. The SCBA has been widely investigated
as a supplementary cementitious material. However, ev-
idence from several studies indicates that performance
depends not merely on its agricultural origin, but on the
manner in which the ash is processed before incorpora-
tion into cementitious systems. The most influential pro-
cessing variables include burning temperature, resi-
dence time, oxygen availability, grinding duration, fine-
ness, carbon removal, and the resulting proportion of
amorphous and crystalline silica (Cordeiro et al. 2011;
Bahurudeen and Santhanam 2015; Embong et al. 2016;
Gupta and Sachan 2019; Kolawole et al. 2021). A recur-
ring finding across several studies is that untreated or
poorly processed SCBA often contains fibrous residues,
porous coarse particles, and substantial quantities of un-
burned carbon, all of which reduce pozzolanic reactivity
and contribute to inconsistent material performance
(Bahurudeen etal. 2016; Ouedraogo et al. 2022; Embong
et al. 2016). Accordingly, SCBA should not be treated as
a uniform material; rather, it should be understood as a
process-dependent family of ashes whose engineering

value is governed by combustion history and post-treat-
ment.

4.1. Physical characteristics of SCBA

Morphological observations generally describe irreg-
ularly shaped particles with rough and porous surfaces
(as shown in Fig. 3), while Abdalla et al. (2022) and Ba-
hurudeen and Santhanam (2015) also reported the co-
existence of fine burned particles and unburned fibrous
particles in raw ash. The physical characteristics of SCBA
reported in several studies are summarized in Table 2.
Studies indicate that the specific gravity of SCBA typi-
cally ranges from 1.65 to 2.42, while bulk density com-
monly varies between 410 and 610.6 kg/m3. Reported
fineness values indicates substantial variation, ranging
from 27.4 to 60320 m?/kg, reflecting differences in
grinding and sieving procedures across studies (Abdalla
etal. 2022; Bahurudeen and Santhanam 2015; Patil et al.
2021). Mello et al. (2020), Navaneetha et al. (2025) and
Patil et al. (2021) reported that post-processing of SCBA
resulted in higher fineness values. Treatments such as
grinding, sieving, drying, or their combination was found
to enhance the fineness of the ash. The high surface area
can enhance filler action and pozzolanic reactivity. How-
ever, it can also increase water demand and affect fresh-
state behaviour when accompanied by high porosity or
carbonaceous impurities.
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Fig. 1. Sugar production process (Sua-iam and Makul 2013).
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Fig. 2. a) Raw dry sugarcane; b) SCBA (Zareei et al. 2018).
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Fig. 3. SEM imaging of SCBA (a) Raw (b) Processed (Abdalla et al. 2022).
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Table 2. Physical properties of SCBA reported in previous studies.

Specific  Unit weight  Fineness Dso . — . .
Authors . Sieve description and processing technique
gravity  (kg/m?)  (m%/kg)  (um) P P grea

Patil et al. (2021) 2.1 410 7832 M - Boiler ash (~850 °C), sieved through 90 pm

Kazmi et al. (2017) 2.12 610.6 453.2 @1 - Sieved through 300 pm and ball-milled to <45 pm

e e N ) 181 47433 B B Co-generation ash (~530 °C), sun-dried and sieved through
300 um

Kumara et al. (2023) 1.65 - 225 - Oven-dried at 110 °C for 24 h and sieved through 300 pm
Raw bagasse burnt in open filed (110- 120 °C), sieved through

Praveenkumar et al. (2020) 2.2 - 514 - 300 um and 75 pm, ball-milled (120 min), oven-dried at 600°C
for 3 h, and pulverized (1 h).
Boiler-cleaning residue, oven-dried at 100 + 5 °C for 24 h and

= (€Y)] - 4

slalmeiel (2020) 2y P rotary milled for ~3 hat 61.5 rpm

Sua-iam and Makul (2013) 235 B 274 M 107.9 Ash .coll.ected frqm an open dump, dried and homogenized.
No sieving or grinding reported.
Wet-collected ash, water-washed for density separation, dried

Andredo et al. (2020) 2.42 - 22,631 11.37  at 100 °C for 24 h, re-calcinated (< 800 °C, then 600 °C for 3 h),
and Attritor-milled (1-2 h)

Joseph and Murugan (2024) 1.8 594 268 M - Sieved through 300 pm

Le and Sheen (2023) 2165 _ 444.9 M) B Dried at '105—110 C for 24 h and sieved through 149 pm
(# 100 sieve)

Ashok et al. (2025) 2.18 - 290 - Finely ground (abrasion machine) and sieved through 300 pm

Navaneetha et al. (2025) 2.0 B 39,070 19.58 Boiler ash (550-600 °C), dried at 105 * 5°C, sieved through

300 pm, and ball-milled for 180 min at 33 rpm

Note: The original values from the literature were converted to m?/kg for consistency.

4.2. Chemical properties of SCBA

The chemical composition of SCBA from previous re-
search is summarized in Table 3. Silica is the most abun-
dant oxide in SCBA, followed by alumina and iron oxide
in smaller proportions. The silica content reported in
the literature varies widely from 54.45% to 87.59%, re-
flecting significant differences in ash origin, combustion
conditions, contamination levels, and post-processing
history (Embong et al. 2016; Cordeiro et al. 2009;
Ouedraogo et al. 2022; Gupta et al. 2021). Controlled
combustion and recalcination generally yield ashes with
higher reactive amorphous silica contents, whereas field
burning, mixed ash contamination, or poorly regulated
furnace conditions tend to produce higher crystalline
content and larger quantities of inert impurities (Frias et
al. 2011; Katare and Madurwar 2017; Morales et al.
2009).

4.3. Burning temperature and retention of
amorphous silica

The burning temperature is the most extensively dis-
cussed processing parameters as it governs the removal
of residual organic matter and the stability of the silica
phase. Several studies identify an optimum calcination
range of approximately 600-700 °C, within which carbo-
naceous matter is adequately removed while amorphous
silica is largely retained (Gupta et al. 2021; Cordeiro et
al. 2009; Bahurudeen and Santhanam 2015; Maldonado-
Garcia et al. 2017). Cordeiro et al. (2009) demonstrated

that controlled calcination significantly improved the re-
activity of raw bagasse ash, while subsequent studies
similarly reported that thermal upgrading can enhance
the pozzolanic characteristics of high-carbon ash. How-
ever, the literature does not establish a universal opti-
mum temperature, as the effectiveness of thermal treat-
ment is also influenced by holding time, airflow, initial
ash composition, and the origin of the material, whether
raw bagasse, boiler ash, or previously burned residue
(Soares et al. 2014; Kolawole et al. 2021). Moreover, ex-
cessive burning or prolonged overheating may induce
silica crystallisation, thereby reducing reactivity despite
improving apparent cleanliness of the ash (Arif et al.
2016; Ouedraogo et al. 2022; Bahurudeen and Santha-
nam 2015; Cordeiro et al. 2009).

4.4. Loss on ignition and the problem of unburned
carbon

Loss on ignition (LOI) is one of the most critical indi-
cators of SCBA quality because it reflects the extent of in-
complete combustion and residual carbon content. Re-
ported LOI values from previous studies range from
1.2% to 19.39% (Table 2). The higher values highlight
the extent to which some ashes remain insufficiently
processed for effective cementitious use. High LOI has
been consistently identified as a major barrier to SCBA
utilisation because unburned carbon dilutes the reactive
fraction, increases water demand, interferes with chem-
ical admixture efficiency, and undermines the con-
sistency of both strength and durability performance
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(Bahurudeen et al. 2016; Arif et al. 2016; Ganesan et al.
2007; Gupta et al. 2021). Comparative studies on pro-
cessed and unprocessed SCBA further show that sieving,
washing, removal of fibrous carbonaceous residues, and
recalcination can significantly improve ash quality and

pozzolanic behavior (Lyra et al. 2021; Moraes et al. 2021;
Bahurudeen and Santhanam 2015). Consequently, poor
performance reported in some studies should not neces-
sarily be interpreted as an inherent limitation of SCBA it-
self, but rather as evidence of inadequate pre-treatment.

Table 3. SCBA chemical oxides.

Authors Si02 Al203 Fe203 MgO Ca0 Naz20 K20 SO3 LOI (%)
Jha et al. (2020) 71.11 4.85 6.8 0.5 4.04 2.25 3.89 1.50 4.56
Kazmi et al. (2017) 85.17 1.69 2.73 0.69 2.59 0.29 0.36 0.17 3.55
Kumara et al. (2023) 73.18 3.85 1.96 1.11 3.78 0.96 0.98 0.27 14.78
Praveenkumar et al. (2020) 55.49 4.92 8.29 7.96 8.74 0.93 8.34 - 5.40
Chusilp et al. (2009) 54.45 6.06 3.23 1.37 15.41 = = 0.04 19.39
Abdalla et al. (2022) 80.00 8.92 3.19 2.37 1.48 - 2.70 - 15.08
Ainomugisha et al. (2021) 63.59 5.66 3.39 0.75 3.19 0.62 - 1.30 -
Andredo etal. (2020) 63.9 7.00 3.40 - 7.90 - 6.4 4.20 3.80
Dhengare et al. (2020) 87.59 0.51 0.67 1.65 2.59 0.17 3.64 0.03 4.80
Gupta etal. (2021) 82.68 3.01 1.69 2.86 5.58 0.43 0.47 - 3.23
Kumara et al. (2023) 73.18 3.83 1.96 1.11 3.78 0.96 0.98 0.27 14.78
Zareei et al. (2018) 64.23 9.08 5.47 2.97 8.17 0.87 1.32 - -
Hasnain et al. (2021) 74.34 5.55 3.40 0.67 2.15 0.12 1.46 - 11.42
Wagh and Waghe (2024) 74.40 1.10 1.15 21 2.80 0.14 4.70 1.60 -
Ashok et al. (2025) 75.90 1.55 2.32 1.77 6.25 = = = 4.00
Kirthiga and Elavenil (2023) 75.98 3.71 2.37 2.05 4.86 0.38 2.60 - 7.80
Tabish et al. (2025) 74.16 3.08 1.39 2.6 2.96 1.38 2.94 2.45 -
Khan et al. (2025) 63.78 8.32 1.68 4.76 10.54 1.32 2.60 - 421
Shaban et al. (2024) 81.30 2.50 1.60 2.3 4.10 0.40 3.30 1.00 2.50
Amjad et al. (2025) 62.44 6.74 5.77 2.97 6.16 3.15 6.87 0.72 -
Subedi et al. (2023) 76.90 7.50 3.00 1.30 430 0.70 4.30 0.20 1.20
Navaneetha et al. (2025) 71.11 5.26 7.72 - 11.92 - - 3.66 3.00

4.5. Grinding, fineness, and surface-controlled
reactivity

Grinding duration and resultant fineness are also fun-
damental to SCBA performance because its reactivity is
strongly governed by surface area and particle refine-
ment. Cordeiro et al. (2008) established that SCBA can
contribute both as a pozzolanic material and as micro-
filler, although these functions become more pro-
nounced only when the ash is ground to a sufficiently
fine state. Later studies confirmed that enhanced fine-
ness increases surface area, improves packing density,
promotes portlandite consumption, and facilitates the
formation of secondary calcium silicate hydrate (C-S-H)
(Bahurudeen and Santhanam 2015; Moraes et al. 2021;
Jagadesh et al. 2020). Although finer SCBA may enhance
later-age strength and durability, it may also increase
fresh-state water demand when porosity and residual
carbon content remain high (Klathae et al. 2020; Abdalla
et al. 2022; Sakib et al. 2023; Ainomugisha et al. 2025;
Yaseen 2024). In many cases, performance is governed

not merely by the replacement percentage, but by the ex-
tent to which grinding converts a porous, carbon-rich
ash into a reactive ultrafine material. Accordingly, fine-
ness and carbon content should be interpreted in con-
junction rather than as independent variables (Jagadesh
etal. 2015; Embong et al. 2016).

5. Workability Behaviour of SCBA in Cement-Based
Materials

Several studies have reported that the incorporation
of sugarcane bagasse ash (SCBA) generally reduces
slump, workability, and flowability as the replacement
level increases (Fig. 4). However, the magnitude of this
reduction varies with ash source, fineness, particle mor-
phology, and overall mix design. Abdalla et al. (2022) re-
ported a progressive decline in slump with increasing
SCBA dosage and attributed this response to the rough
texture, flaky shape, and porous surface of SCBA parti-
cles, which increase internal friction and water demand.
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Ainomugisha etal. (2021) similarly observed substantial
slump loss at higher SCBA contents, explaining that the
ash’s high surface area, low specific gravity, angularity,
porous structure, and residual unburnt carbon reduce
the amount of free water available for lubrication. Zareei
et al. (2018) linked lower fluidity to the irregular and fi-
brous morphology of SCBA particles, whereas Wagh and
Waghe (2024) found in self-compacting concrete that
higher bagasse ash contents reduced slump flow and in-
creased both Tseo time and V-funnel time, indicating a
more viscous and less mobile fresh mix.

At the same time, the literature indicates that the ad-
verse effect of SCBA on fresh properties can be moder-
ated through appropriate ash processing and admixture
optimization. Tabish et al. (2025) maintained the re-
quired slump range in SCBA-blended concrete through
the use of a polycarboxylate-based superplasticizer, in-
dicating the effectiveness of PCE-based admixtures in
dispersing fine SCBA particles without increasing water
content. Shaban et al. (2024) also employed a high-range
water-reducing admixture in ultra-high-performance

concrete mixes, reinforcing the view that modern poly-
carboxylate systems are particularly important when
SCBA is used at low water-binder ratios. In SCC mix-
tures, Wagh and Waghe (2024) used both a superplas-
ticizer and a viscosity-modifying admixture to preserve
self-compactability. Amjad et al. (2025) similarly sug-
gested that milling or refining bagasse ash improves
fresh behaviour by enhancing particle packing and re-
ducing the detrimental rheological influence of coarse,
porous particles. Interestingly, Kumara et al. (2023) re-
ported a slight improvement in slump atlower SCBA re-
placement levels, indicating that fresh-state perfor-
mance is not governed by replacement percentage
alone, but also by ash quality, fineness, and carbon con-
tent. Overall, the evidence suggests that SCBA typically
reduces workability because of its high surface area
and porous particle structure, yet this limitation can be
substantially mitigated through controlled replace-
ment levels, ash refinement, ternary blending, and,
most consistently, the use of polycarboxylate-based su-
perplasticizers.
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Fig. 4. Effect of SCBA on workability of cement-based materials.

6. Mechanical Properties

The mechanical properties of SCBA blended cementi-
tious materials have been widely examined to deter-
mine the suitability of SCBA as a supplementary ce-
mentitious material in concrete and mortar. In the ex-
isting literature, mechanical performance is most com-
monly evaluated through strength development, as this
provides a direct indication of the structural applicabil-
ity of the material. The effect of SCBA on mechanical be-

haviour is influenced by several factors, including the re-
placement level, ash characteristics, fineness, burning
conditions, curing regime, matrix type, and water-
binder ratio. At low to moderate replacement levels,
SCBA generally contributes to improved mechanical
performance through filler action and pozzolanic reac-
tivity, both of which promote a denser and more re-
fined cementitious matrix (Ganesan et al. 2007; Khan et
al. 2021; Kiran and Kishore 2017; Ramesh et al. 2017).
Table 4 presents a comparative synthesis of quantitative
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data from selected studies on SCBA blended cementi-
tious materials. The table compiles key experimental
variables, including cement type, matrix type, replace-
ment levels, optimum replacement percentage, curing
period, water-binder ratio, and percentage enhance-
ment in 28-day strength. To ensure comparability, only

the optimum replacement level reported in each study
and the corresponding improvement over the control
mixture is presented. This format facilitates cross-study
comparison and supports the identification of general
trends in the mechanical behaviour of SCBA based sys-
tems.

Table 4. Optimum replacement of SCBA in cementitious materials
and associated improvements in mechanical properties (%).

Replacement

Enhancement in 28-day

Optimum Curing Water-

Cement Cementitious . . strength (%)
Reference o et levels replacement period Binder - - -
typ (% by weight) (%) (days) ratio Compressive Split tensile
strength strength
Kumara et al. (2023) OPC 53 Concrete 5,10, 15, 20, 25, 30 15 7,14, 28,90 0.45 6.43 8.75
Praveenkumar et al. 0PC 53 Mortar 5,10, 15, 20, 25, 30 5 3,7,28 0.5 3.99 -
(2020)
Jha et al. (2021d) OPC 43 Concrete 5,10, 15, 20, 25 10 7,28 0.45 2.14 -
3,7,14, 28,
Abdalla et al. (2022) CEM 1/42.5N Concrete 10, 20, 30,40 10 56 - 5.63 10.54
Gupta et al. (2021) OPC 43 Mortar 5,10, 15, 20, 25 10 3,7,28 - 9.21 -
Dhengare et al. (2020) OPC 53 Concrete 5,10, 15, 20, 25, 30 20 7,28,56,90 - 7.66 -
Gupta et al. (2023a) OPC 43 C‘E‘Sl(c:rce)te 5,10, 15, 20, 25 15 7,28,56,90 0.4 19.57 55.73
Portland
Bheel et al. (2022) Concrete 5,10, 15, 20 10 28 0.5 9.70 8.77
cement
Mittal and Varekar Portland = ¢ erete 5,10, 15, 20 5 3,7,28 0.5 10.29 2.76
(2026) cement
Krishna et al. (2024) OPC 53 Concrete 5,10, 15, 20, 25 10 28 0.48 27.18 -
Sakib et al. (2023) OPC Mortar 5,10, 15, 20, 25, 30 15 7,14, 28, 56 0.56 10.10 -
Ullah et al. (2025) OPC Type | Concrete 5,10, 15 10 14, 28,56 0.4 19.20 22.82
Yaseen (2024) OPC Mortar 5,10, 15, 20, 25, 30 5 7,28 0.54 12.85 -
Sankeeth et al. (2025) OPC Concrete 5,10, 15, 20 10 7,28,90 0.58 18.46 23.35
Kumar and Kumar
OPC 53 Concrete 5,10, 15 10 7,14, 28 0.58 21.02 -
(2023)
Hasan etal. (2014) OPC Concrete 10, 15, 20 10 3,7,28 0.5 3.49 -
Jhaetal. (2021a) OPC 43 Concrete 5,10, 15, 20, 25 10 7,28,90,180 0.49 2.14 8.87
Srinivasanand Sathiya — gp Concrete 5,10, 15,20, 25 5 7,28 - 37.40 30.67
(2010)
Lourdu and Ali (2023) OPC Concrete 2 1'55'21(?' L2 10 3,7,28 0.45 19.67 18.18
Tabish et al. (2025) 0OPC43 Concrete 10, 15, 20, 25 15 7 28'39605' = 0.48 11.42 11.15
Wagh et al. (2024) OPC 43 C‘Eggge 10,15, 20 10 7,14,28,56  0.34 3.96 5.12
E;g;ghury L CEMI/425N  Concrete 5,10,15 5 1,3,7,28 055 12.04 7.74

6.1. Compressive strength

The compressive strength behaviour of SCBA-
blended mortar and concrete reported in the reviewed
studies exhibits a broadly consistent, although not en-
tirely uniform trend. Low-to-moderate replacement lev-

els generally preserve or enhance later-age strength,
whereas higher replacement levels tend to reduce
strength when the dilution of cement surpasses the poz-
zolanic contribution of SCBA. In mortar systems,
strength enhancement is most frequently reported at
about 10-15% replacement. Praveenkumar et al. (2020)
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reported that the incorporation of bagasse ash improved
mortar strength up to 15% replacement, which was at-
tributed to its large surface area, enhanced pozzolanic
reactivity, and filler action. Likewise, Sakib et al. (2023)
found that 5-15% ground bagasse ash produced higher
56-day compressive strength than the control, with 15%
replacement showing the best overall mechanical and
durability performance. Yaseen (2024) similarly ob-
served that 7-day strength decreased with increasing
SCBA content because of early cement dilution and slow
reaction kinetics, whereas 28-day strength increased at
5-15 wt% replacement, with the greatest increase rec-
orded at 5 wt%. Concrete studies show the same broad
pattern. Jha et al. (2021a) reported that compressive
strength increased at 10% SCBA replacement and de-
clined beyond that level, while Bheel et al. (2022) also
identified 10% bagasse ash as the optimum replacement
level for improving 28-day compressive strength. More-
over, Abdalla et al. (2022) concluded that bagasse ash
can enhance long-term strength when used at low dos-
ages, especially around 10%, although higher replace-
ment levels generally produce strength reductions be-
cause of clinker dilution.

Evidence from several studies indicates that compres-
sive strength development in SCBA-based systems is
governed by the interaction of physical densification and
pozzolanic reactivity. Several studies explicitly relate
strength enhancement to the reaction of SCBA-derived
silica and alumina with calcium hydroxide released dur-
ing cement hydration. Abdalla etal. (2022) reported that
these reactions produce secondary calcium silicate hy-
drate (C-S-H), calcium aluminate hydrate (C-A-H), and
calcium aluminosilicate hydrate (C-A-S-H) phases,
which contribute to strength development and micro-
structural refinement. In the same way, Yaseen (2024)
explained that SCBA acts both as a micro-filler, which im-
proves particle packing, and as a later-age pozzolana
that forms secondary hydration products. Sakib et al.
(2023) further noted that ground bagasse ash provides
nucleation sites for hydration products, reduces poros-
ity, and improves interfacial bonding. This interpreta-
tion is consistent with the microstructural observations
reported by Praveenkumar et al. (2020), who attributed
the increase in compressive strength at moderate re-
placement levels to the combined effects of fine particle
filling and activated pozzolanic reaction. Likewise, Gupta
et al. (2023b) identified SCBA as a pozzolanic material
with good binder potential, although the benefit was
confined to modest replacement levels. Overall, the liter-
ature indicates that SCBA improves compressive
strength only when its filler effect and pozzolanic reac-
tivity are sufficient to offset clinker dilution. Once the re-
placement level becomes excessive, however, reduced
calcium availability, slower hydration, higher porosity,
and weaker binder formation become dominant, result-
ing in strength loss (Bheel et al. 2022; Jha et al. 2021b;
Kumara et al. 2023; Gupta et al. 2022; Ainomugisha et al.
2021; Kumar and Kumar 2023).

As shown in Table 4, the optimum replacement level
of cement with SCBA for improving mechanical proper-
ties varies considerably across studies, reflecting the
strong influence of ash processing, fineness, silica reac-
tivity, loss on ignition, curing conditions, and mix com-

position. Although this variability prevents the identifi-
cation of a universal optimum dosage, the compiled re-
sults still reveal a consistent performance range. Be-
cause compressive strength is the most widely reported
mechanical property, its trends are further illustrated in
Figs. 5 and 6. Fig. 5 compares the optimum SCBA con-
tents reported in the literature and their corresponding
percentage gains in compressive strength, while Fig. 6
shows the trend of average compressive strength across
different replacement levels. Taken together, Table 4,
Figs. 5 and 6 indicate that the most favourable mechani-
cal performance is generally achieved at 10-15% SCBA
replacement. This range likely reflects a balance be-
tween the pozzolanic contribution of reactive silica,
which promotes additional C-S-H formation and matrix
densification, and the dilution effect associated with
higher cement replacement. However, the reported im-
provements are not universal, and performance declines
beyond this range are common when ash quality or pro-
cessing is inadequate. Thus, SCBA should be regarded as
a processing-sensitive supplementary cementitious ma-
terial, and 10-15% should be interpreted as a practical
optimum range rather than a fixed dosage.

6.2. Split tensile strength

SCBA influences split tensile strength in a manner
closely aligned with compressive strength, with im-
provements generally occurring only at low-to-moder-
ate replacement levels. Across conventional and self-
compacting concrete, most studies report that tensile
strength rises up to an optimum SCBA content and then
declines at higher dosages. Lourdu and Ali (2023) iden-
tified 10% SCBA as optimal, increasing split tensile
strength from 3.3 MPa to 3.9 MPa, while Gupta et al.
(2023a) reported improvement up to 15% SCBA in SCC
before a reduction at higher contents. Kumara et al.
(2023) similarly observed an increase from 2.97 MPa in
the control mix to 3.23 MPa at 15% SCBA, followed by
progressive decline beyond this level. Comparable
trends were reported by Bheel et al. (2022), Chowdhury
et al. (2024) and Ullah et al. (2025), indicating that the
most consistent enhancement in tensile performance oc-
curs within the 5-15% replacement range, although the
precise optimum depends on ash fineness, curing age,
concrete type, and mix design (Sankeeth et al. 2025).

The improvement in split tensile strength arises from
the same mechanisms that govern compressive strength
development, namely pozzolanic reactivity, filler action,
and matrix densification. Gupta et al. (2023a) explained
that silica-rich SCBA reacts with calcium hydroxide re-
leased during cement hydration to form additional C-S-
H, thereby strengthening and densifying the matrix. Ul-
lah et al. (2025) similarly linked higher tensile strength
to secondary C-S-H formation, improved particle inter-
locking, and a denser internal structure, especially at
later curing ages. Bheel et al. (2022) and Kumara et al.
(2023) further emphasized that reactive silica refines
the cementitious matrix and improves resistance to
crack initiation and propagation. However, beyond the
optimum dosage, the same adverse effects observed for
compressive strength - cement dilution, reduced lime
availability, unreacted ash particles, and higher poros-
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ity—begin to dominate, leading to lower tensile perfor-
mance (Bayapureddy et al. 2020; Srinivasan and Sathiya

2010; Abdalla et al. 2022; Ullah et al. 2025; Chowdhury
etal. 2024; Kumara et al. 2023).

= Optimum replacement (wt %)
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® Enhancement in 28 days compressive strength (%)

Fig. 5. Comparative representation of optimum SCBA content and corresponding percentage increase
in compressive strength of cement-based materials.
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Fig. 6. Trend analysis average compressive strength value from various studies.

Similar to compressive strength, the results in Table 4
show that the optimum SCBA replacement level for im-
proving split tensile strength generally lies within the
10-15% range, although some variation exists across
studies. For comparison, the tensile strength data are
presented in Figs. 7 and 8. Fig. 7 shows the reported op-
timum SCBA contents and the corresponding percentage
increase in 28-day split tensile strength, while Fig. 8 pre-
sents the trend in average split tensile strength across

different replacement levels. Taken together, Table 4,
Figs. 7 and 8 indicate that split tensile strength follows a
trend broadly similar to that of compressive strength,
with improvement at intermediate replacement levels
and decline at higher dosages. Thus, the available evi-
dence suggests that 10-15% SCBA is the most practical
range for enhancing both compressive and split tensile
strength, although the exact optimum remains study-
specific.
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7. Durability Performance

Sugarcane bagasse ash (SCBA) has been widely re-
ported to improve the durability performance of ce-
mentitious materials when used at appropriate replace-
ment levels, primarily through matrix densification and
pore refinement, which reduce the ingress of water and
aggressive ions. The literature indicates that durability
has mainly been evaluated through transport-related pa-
rameters such as water absorption, capillary absorption,
chloride penetration resistance, and electrical resistiv-
ity, with most studies showing improved performance at
low to moderate SCBA contents. However, the extent of
improvement varies with the physico-chemical charac-
teristics of SCBA, particularly fineness, amorphous silica

content, calcination condition, and loss on ignition, as
well as with the type of cementitious matrix and replace-
ment level adopted (Ainomugisha et al. 2021; Zareei et
al. 2018; Gupta et al. 2023b; Sakib et al. 2023; Yaseen
2024; Sankeeth et al. 2025). Therefore, in this section,
the effect of SCBA on the durability of cement-based ma-
terials is evaluated through the key parameters most
consistently reported in the uploaded studies, namely
water absorption, capillary absorption, chloride re-
sistance, and electrical resistivity.

Table 5 summarizes the studies on the durability per-
formance of SCBA-blended cementitious materials, pre-
senting the investigated replacement levels, the opti-
mum SCBA content, and the corresponding changes in
water absorption, capillary absorption, chloride pene-
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tration, and electrical resistivity. The optimum replace-
ment level generally ranges from 10% to 30%, although
it varies with the durability parameter, matrix type, and
ash characteristics. In several studies, the same optimum
content applies to multiple durability indicators,
whereas in others it differs across properties. Compari-
son of Table 4 and Table 5 further shows that the opti-
mum SCBA content for durability does not always coin-
cide with that for mechanical properties. Overall, low to

moderate SCBA replacement commonly reduces water
absorption, capillary absorption, and chloride penetra-
tion while increasing electrical resistivity, indicating im-
proved resistance to fluid and ion transport. The varia-
bility among studies nevertheless suggests that durabil-
ity performance is influenced not only by replacement
level, but also by SCBA fineness, processing condition,
chemical composition, and the nature of the cementi-
tious system.

Table 5. Optimum content of SCBA in cementitious materials for durability studies.

Reference Replacement levels

Optimum

Decrease percentage (%) Increase percentage

(%) in electrical

Cobywa) | cepscement () Walr - collay - clonie 8 Lo
Jittin and Bahurudeen (2022) 10,20,30 30 - 14.71 80.40 -
Joshaghani and Moeini (2018) 10,15,20,25 25 4.32 14.00 44.53 159.29
Praveenkumar et al. (2020) 5,10,15,20,25,30 30 - 86.26 - -
Ainomugisha et al. (2021) 5,10,15,20,25,30 30 93.34 - - -
Arenas-Piedrahita et al. (2016) 10, 20 20 - - 67.03 234.51
Cupim et al. (2025) 5,10,15,20 20 16.97 = = =
Allende et al. (2024) 10,20,30 30 - - 23.01 -
Gupta et al. (2023b) 5,10,15,20,25 15 52.45 15.6 - -
Sankeeth et al. (2025) 5,10,15,20 20 26.27 - 56.36 -
Yaseen (2024) 5,10,15,20,25,30 30 94.35 - - -
Jiménez-Quero et al. (2019) 10, 20 10 - - - 75.00
Reddy and Kumar (2026) 5,10,15,20 10 34.06 - - -
Nassar et al. (2022) 5,10,15 15 - - - 92.23
Le and Sheen (2023) 5,10,15,20 20 19.19 - - 19.26

7.1. Water absorption

Water absorption is a key durability indicator in
SCBA-based cementitious materials because it reflects
pore structure, and resistance to water ingress. Fig. 9
depicts the variation of water absorption with different
proportion of SCBA. The reviewed studies show that
SCBA can reduce water absorption at low-to-moderate
replacement levels when its filler effect and pozzolanic
reactivity promote matrix densification and additional
C-S-H formation. Abdalla et al. (2022) reported a reduc-
tion in water absorption from 1.21% in the control mix
to 1.03% at 40% SCBA, attributing this improvement
to the fine-particle filling effect of SCBA. Likewise,
Joshaghani and Moeini (2017) found lower water ab-
sorption and capillary uptake in SCBA mortars than in
the control, while Joshaghani and Moeini (2018) ob-
served similar reductions in a binary SCBA-RHA (Rice
Husk Ash) system due to filler action, pozzolanic activ-
ity, and secondary C-S-H formation. Comparable im-
provements were also reported in blended systems
containing SCBA with metakaolin and polypropylene fi-
bres (Althaqafi et al. 2024) and in self-curing concrete

incorporating copper slag and polyethylene glycol-400,
particularly at 15-20% SCBA replacement (Reddy and
Kumar 2026).

However, the literature also indicates that the effect
of SCBA is highly dependent on ash quality, dosage, and
curing conditions. Zareei et al. (2018) reported that
higher SCBA contents increased water demand and wa-
ter absorption because of the irregular and porous na-
ture of the ash, with the most favourable response occur-
ring at around 5% replacement. Similar trends were ob-
served by Ainomugisha et al. (2021), who found increas-
ing water absorption with higher contents of raw co-
generation SCBA, and by Yaseen (2024), who reported a
marked nonlinear increase at elevated replacement lev-
els. Sankeeth et al. (2025) further confirms this thresh-
old-dependent behaviour, showing an 8.5% reduction in
water absorption at 5% SCBA but a 28% increase at
20%, although extended curing partially mitigated this
adverse effect. Overall, the findings suggest that finely
processed and optimally dosed SCBA can refine the pore
structure and reduce water absorption, whereas exces-
sive or poorly processed ash may increase absorption by
introducing greater internal porosity.
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Fig. 9. Effect of SCBA on water absorption of cement-based materials.

7.2. Capillary absorption

Capillary absorption, commonly expressed as sorptiv-
ity, is a key transport property used to evaluate the rate
at which unsaturated concrete absorbs water through
capillary action and, therefore, serves as an important
indicator of durability rather than merely a physical de-
scriptor. In SCBA-blended concrete, lower capillary ab-
sorption is generally attributed to the filler effect and
pozzolanic reaction of fine ash particles, which improve
packing density, consume calcium hydroxide, and gener-
ate secondary C-S-H, thereby refining the pore structure
and reducing transport continuity. This overall mecha-
nism is widely supported in the literature, and several
studies have reported improved sorptivity performance
at moderate replacement levels when the ash is ade-
quately processed and sufficiently reactive (Bahurudeen
and Santhanam 2015; Ganesan et al. 2007; Gupta et al.
2023b).

However, the evidence does not justify a universal
conclusion that SCBA always improves capillary perfor-
mance, because the outcome remains highly dependent
on ash quality, fineness, loss on ignition, replacement
dosage, curing conditions, and testing protocol. While
several studies have observed reduced capillary absorp-
tion and improved matrix densification at moderate re-
placement levels (Bahurudeen and Santhanam 2015;
Praveenkumar et al. 2020; Andrade Neto et al. 2021;
Memon et al. 2022; Gupta et al. 2023b), others have re-
ported increased sorptivity or noted that improvements
in sorptivity may coexist with greater carbonation sus-
ceptibility, especially at higher replacement levels or

with insufficiently processed ash (Ainomugisha et al.
2021; Quedou et al. 2021). A critical study of the litera-
ture suggests that the central issue is not whether SCBA
reduces capillary absorption, but the particular pro-
cessing and dosage conditions under which such reduc-
tion can be achieved consistently.

7.3. Chloride penetration and chloride resistivity

The studies indicate that sugarcane bagasse ash
(SCBA) generally enhances resistance to chloride ingress
and increases chloride resistivity, although the magni-
tude of improvement depends on curing age, ash quality,
and replacement level. In mortar systems containing un-
treated or minimally processed SCBA, rapid chloride
permeability decreased, with optimum performance
commonly observed at about 10-20% replacement
(Arenas-Piedrahita et al. 2016; Jiménez-Quero et al
2019; Cordeiro etal. 2011; Minnu et al. 2021). Similarly,
Jha et al. (2021c) reported reduced chloride permeabil-
ity up to an optimum combination of 10% bagasse ash
and 40% stone dust, beyond which performance de-
clined. These findings suggest that chloride durability in
SCBA-blended systems is governed by the interplay of
filler effect, pozzolanic reactivity, and cement dilution
rather than by replacement level alone.

The literature further shows that chloride-related du-
rability becomes more pronounced at later ages and is
enhanced in ternary binder systems. Joshaghani and
Moeini (2017) observed that SCBA mixtures exhibited
lower resistivity than the control at early ages because
of slow pozzolanic activity, but showed markedly higher
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resistivity and improved chloride resistance at 28 and 90
days; the SCBA-nanosilica system performed best. Com-
parable trends were reported for SCBA-rice husk ash
mixtures, where ternary systems outperformed binary
blends because of greater microstructural densification
and hydration gel formation (Joshaghani and Moeini
2018; Jittin and Bahurudeen 2022). Kirthiga et al. (2025)
likewise found that combining bagasse ash with silica
fume significantly reduced charge passed in chloride
tests, while also noting that RCPT results reflect not only
permeability but also pore-solution chemistry and elec-
trical conductivity. Overall, the evidence from several
studies indicates that chloride penetration and chloride
resistivity should be interpreted through an integrated
microstructural and electrochemical framework, with
later-age testing and synergistic SCM combinations
providing the most reliable basis for assessing durabil-

ity.
7.4. Electrical resistivity

Electrical resistivity is a key durability indicator in
SCBA-blended mortars and concrete because it reflects
resistance to ionic transport and reinforcement corro-
sion. The literature generally indicates that SCBA in-
creases resistivity when it behaves as a reactive supple-
mentary cementitious material, refining pore structure
through filler effects and secondary pozzolanic reac-
tions. However, this improvement is not universal and
depends on ash processing, replacement level, and cur-
ing age. Early studies established that the hydration and
pozzolanic performance of bagasse ash are governed by
ash quality and silica reactivity (Singh et al. 2000; Gane-
san et al. 2007). Later investigations similarly reported
that SCBA can enhance resistivity and durability, partic-
ularly at moderate replacement levels. Jiménez-Quero et
al. (2019) observed higher resistivity and delayed crack-
ing under accelerated corrosion, while Nassar et al.
(2022) found improved later-age resistivity, with 10
wt% replacement giving the most favorable balance of
strength and durability. Le and Sheen (2023) further
showed that this benefit is highly dosage and processing
sensitive, with optimum performance generally occur-
ring at about 5-10% replacement.

The literature also emphasizes that resistivity devel-
opment in SCBA systems is strongly time-dependent.
Joshaghani and Moeini (2017) showed that SCBA mor-
tars may perform below the control at early ages be-
cause pozzolanic reactions are slower, yet surpass the
control at 28 and especially 90 days as pore connectivity
decreases. Samaila et al. (2014) likewise demonstrated
that electrical resistivity is sensitive to both hydration
progress and porosity evolution, making it useful for
monitoring microstructural development as well as du-
rability performance. Nassar et al. (2022) attributed
higher later-age resistivity to matrix densification and
reduced ionic mobility, whereas recent review evidence
attributes variability across studies to differences in ash
treatment, particle size, residual carbon, and thermal
history (Abdalla et al. 2022). Thus, a critical reading sug-
gests that SCBA should not be treated as uniformly in-
creasing electrical resistivity; rather, its beneficial effect
is conditional on processing quality, dosage, and test age.

8. Conclusions

Various studies have been conducted to understand
the impact of SCBA in concrete and mortar properties
considering various aspects. Considering the prior stud-
ies, the key findings of the present study can be summa-
rised as follows:

SCBA shows clear potential to reduce the embodied
carbon of cementitious materials through partial cement
replacement. However, its environmental benefit is con-
ditional on processing intensity and transport burden.
The performance of sugarcane bagasse ash (SCBA) as a
supplementary cementitious material in mortar and
concrete is not governed solely by its replacement
level, but is strongly influenced by its physical and
chemical characteristics. The reviewed literature indi-
cates that parameters such as silica content, fineness,
particle morphology, burning conditions, and loss on
ignition play a crucial role in determining the poz-
zolanic reactivity and overall engineering suitability of
SCBA. In this regard, SCBA should not be regarded as a
uniform agricultural by-product; rather, it should be
understood as a process-sensitive material whose per-
formance is highly dependent on combustion history
and post-treatment quality. Consequently, the wide
variation reported in previous studies appears to arise
primarily from differences in ash processing and mix-
ture design, rather than from any inconsistency in the in-
trinsic potential of SCBA itself.

With respect to fresh properties, the reviewed studies
generally show that SCBA incorporation reduces slump,
workability, and flowability as the replacement level in-
creases. This behaviour is mainly associated with the
porous texture, irregular particle shape, high surface
area, and residual carbon content of the ash, all of
which increase water demand and internal friction. At
the same time, the review also indicates that this ad-
verse effect can be moderated through adequate ash
processing and the use of suitable admixtures, particu-
larly polycarboxylate-based superplasticizers. Thus, re-
duced workability should be interpreted as a condition-
dependent response rather than an inherent limitation
of SCBA use.

For mechanical performance, the reviewed studies
show that SCBA can improve both compressive and split
tensile strength at low-to-moderate replacement levels,
whereas excessive replacement generally leads to
strength loss once cement dilution exceeds the benefits
of filler action and pozzolanic reactivity. Although the
broader beneficial range extends from approximately
5% to 20%, the comparative analysis of the reviewed
data indicates that 10% is the most frequently reported
global optimum, while 10-15% represents the most con-
sistent practical performance window for strength en-
hancement. This range appears to provide the best bal-
ance between matrix densification, secondary hydration,
and clinker dilution. However, the exact optimum re-
mains study-specific and is influenced by ash quality,
fineness, curing conditions, and matrix type.

The durability evidence similarly shows that SCBA
can improve the long-term performance of cementi-
tious systems when used at appropriate replacement
levels. In general, SCBA incorporation reduces water
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absorption, capillary absorption, and chloride penetra-
tion, while increasing electrical resistivity, thereby en-
hancing resistance to fluid and ion transport in both
mortar and concrete. However, the optimum replace-
ment range for durability does not always coincide with
that for strength. The reviewed studies indicate that
durability benefits are generally achieved within a
wider range of 10-30%, depending on the specific du-
rability indicator, ash characteristics, and binder sys-
tem considered. This suggests that while lower to mod-
erate SCBA contents are more favourable for mechani-
cal optimisation, somewhat higher replacement levels
may be beneficial for transport-related durability per-
formance when a sufficiently reactive and finely pro-
cessed ash is used.

Notwithstanding the growing number of studies on
the utilisation of sugarcane bagasse ash (SCBA) in ce-
mentitious materials, the existing literature still reveals
substantial gaps. First, the absence of standardized pro-
cessing and characterization protocols continues to limit
meaningful comparison across studies. Second, much of
the existing literature remains focused on laboratory-
scale and short-term behaviour, while long-term dura-
bility under aggressive service conditions is still under-
explored. Third, field-scale validation, economic feasi-
bility, and life-cycle assessment require greater atten-
tion to support industrial adoption. Future research
should therefore prioritise standardized SCBA produc-
tion criteria, long-term exposure-based durability stud-
ies, multi-scale performance evaluation, and hybrid or
ternary binder systems involving SCBA with other sup-
plementary cementitious materials. Overall, the evi-
dence suggests that SCBA has strong potential for sus-
tainable cementitious applications, but its successful fu-
ture industrial adoption will depend on consistent ash
quality, performance-based mix optimisation, and clear
demonstration of both technical reliability and economic
viability.
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