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Abstract. Various additives, including fly ash, lime, fibers, and slag, have been extensively examined to improve soil
stabilization properties and achieve targeted performance standards. Among these, Calcium Sulfoaluminate (CSA) cement has
garnered significant attention for its environmentally friendly profile as compared to ordinary Portland cement (OPC), alongside
its rapid strength development and high durability. This study investigates the effects of substituting CSA with phosphogypsum
(PG) to enhance the compressive strength of sand while addressing the recycling potential of waste produced from phosphorus
manufacturing. The chemical composition of PG was analyzed using X-ray fluorescence (XRF) and X-ray diffraction (XRD),
revealing calcium sulfate hemihydrate as the primary component, along with impurities such as fluorine, phosphorus, silicon,
and sulfur compounds. Standardized mixture compositions containing 3%, 5% and 7% CSA and 10% water were prepared, with
CSA partially replaced by PG at substitution rates of 10%, 20%, 30%, 40%, and 50%. Uniaxial compressive strength (UCS) and
ultrasonic pulse velocity (UPV) tests were performed at curing intervals of 3, 7, 14, and 28 days to evaluate the influence of PG
on soil stabilization properties. Additionally, scanning electron microscopy was used to analyze the microstructural changes
underlying the observed strength gain. The results demonstrate that substituting 30% of CSA with PG yields the highest
compressive strength after 28 days of curing, indicating the optimal replacement level. These findings highlight the dual benefits
of improved soil stabilization performance and sustainable recycling of industrial byproducts, offering practical implications for

eco-friendly construction and waste management practices.
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1. Introduction

Soil stabilization is a critical activity in civil
engineering, especially in regions with soft, friable, or
otherwise unsuitable soils lack the necessary strength and
stability to support large structures without modification
(Gidebo et al. 2023, Javad Jalili 2023). Traditionally, the
construction sector has relied on Portland cement or lime to
stabilize soil properties such as load-bearing capacity and
durability (Akin Altun and Sert 2004, Ahmadullah and
Chrysochoou 2024, Regasa et al. 2023, Subramanian et al.
2024, Zivari et al. 2023). However, these conventional
methods have significant environmental and economic
drawbacks (Jain, 2024, Mustafayeva et al. 2023a,
Mustafayeva et al. 2023b, Ocheme et al. 2023, Sagidullina
et al. 2022a). For example, Portland cement production is
associated with high carbon emissions, making a major
contributor to global climate change.

In response to these challenges, calcium sulfoaluminate
(CSA) cement has emerged as a promising alternative due
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to its lower carbon footprint and rapid early strength
development (Sagidullina et al. 2023, Sagidullina et al.
2022b, Subramanian et al. 2024). These properties make
CSA cement particularly advantageous for projects
requiring accelerated construction timelines or rapid
stabilization (Sagidullina et al. 2022, Subramanian et al.
2019). Beyond traditional binders, industrial by-products
have also gained attention for their cost effectiveness and
environmental benefits in soil stabilization (Kayumov et al.
2021, Murali and Azab 2023, Qin et al. 2023).

Phosphogypsum (PG), a by-product of phosphoric acid
production, is one such material with considerable potential
in the sustainable construction industry (Men et al. 2022,
Meskini et al. 2023). Generated in large quantities, PG
primarily consists of calcium sulfate, which plays a critical
role in cement hydration and can enhance the strength and
durability of stabilized soils (Degirmenci et al. 2007).
Properly processed PG can serve as sustainable supplement
or partial replacement for conventional binders in soil
stabilization, while simultaneously addressing the
environmental challenge of PG waste management.

The combination of CSA cement and PG offers
significant benefits, potentially yielding a cost-effective,
and environmentally friendly soil stabilizer. The calcium
sulfate in PG interacts with CSA cement to promote the
formation of ettringite, gel phases, and other compounds
that enhance soil cohesion and bonding. This synergy can
improve the compressive strength of treated soils, reduce
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Fig. 1 Location of Phosphogypsum; Taraz, Kazakhstan

reliance on traditional materials, and mitigate the
environmental impact of phosphoric acid industry (Aparna
and Bindu 2023, Degirmenci et al. 2007).

Although the use of phosphogypsum as a building
material has been studied previously, other studies have
mainly focused on its use with Portland cement and have
not been successful because phosphogypsum contained
large amounts of impurities. Also, the combination of
phosphogypsum with CSA has not been studied. Although
these studies demonstrate the potential of PG to improve
material properties, they often ignore important aspects
such as the effect of different PG proportions, optimization
of PG-CSA ratios, and the evolution of microstructural
changes over time.

This study investigates the mechanical and
microstructural effects of incorporating PG into CSA-
treated sand. Specifically, the study examines the effect of
varying PG proportions on the compressive strength of
CSA-treated sand, the optimum CSA and PG ratios that
maximize strength, changes in material performance over
different curing periods to understand how the PG-CSA
combination behaves over time, and the microstructure of
the resulting materials.

Fig. 1 shows the location of PG source in Taraz,
Kazakhstan, where the material was obtained from the
“KazPhosphat” industrial facility (see Fig. 1). The region is
a major center for phosphate mining and processing,
resulting in substantial PG stockpiles. These stockpiles,
often stored in open areas, pose significant environmental
concerns (Wu et al.2022, Zheng et al.2023). By leveraging
PG in soil stabilization, this study addresses both
geotechnical challenges and environmental sustainability,
making it particularly relevant for regions like Kazakhstan,
where poor soil conditions and the widespread availability
of industrial by-products create a strong need for
sustainable stabilization solutions.

2. Experimental procedure

This study investigates the effect of different ratios of
PG and CSA cement on the compressive strength and
microstructure of treated sand. The procedure encompasses
several stages: preparation and analysis of raw materials,
mixing of samples with varying proportions, curing under
controlled conditions, and conducting mechanical and
microstructural tests.

2.1 Materials
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Fig. 2 Materials: (a) CSA, (b) Sand, and (c) PG
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Fig. 3 XRD analysis of PG and CSA

The primary materials used in this study are CSA
cement, quartz sand, and PG.

CSA cement was chosen for its rapid strength
development and low carbon footprint compared to
Portland cement (Subramanian ef al. 2019).

CSA cement, composed primarily of ye'elimite and
belite, enhances both early and long-term strength as well as
durability. It is a fine, light brown powder (see Fig. 2(a))
and is stored in sealed packaging to prevent pre-hydration,
ensuring tis optimal performance in cementitious
applications.

Fine, clean and dry brown sand with uniform particle
size distribution served as the base material for the test
specimens (see Fig. 2(b)). According to the Unified Soil
Classification System (USCS), the sand is classified as
poorly graded sand. The sand was dried at 100°C to remove
residual moisture that could interfere with the curing
process and test results.

PG was collected from a local phosphoric acid plant and
prepared by drying and sieving. Since raw PG tends to form
lumps, sieving produced a fine powder, ensuring uniform
mixing and enhancing reactivity with CSA cement (Rashad
2017). After sieving, the material exhibited a consistency
similar to other mixing materials components and had a
light grey color.

To ensure suitability of PG for soil stabilization, its
chemical composition was analysed using X-ray diffraction
(XRD). The analysis of CSA was also performed in this
study.

High impurity levels in PG can negatively impact the
environment (Liu et al. 2019, Saadaoui et al. 2017),
necessitating this analysis. XRD analysis identified the
mineral phases in PG, confirming its high calcium sulfate
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and (d) Curing for 3, 7, 14, and 28 days

Table 1 Proportions of materials for different PG
replacement levels at CSA 7%
PG Replacement % 7% CSA (9) PG (0)
10 85.6 9.6
20 76.2 19.0
30 66.6 28.6
40 571 38.1
50 47.6 47.6

(gypsum) content (see Fig. 3) and detecting any secondary
phases that could influence the stabilization process.

The CSA XRD results found three main phases, which
are belite, ye’elimite and anhydrite. This analysis provided
critical information on the crystalline structure of PG and
CSA, which plays a key role in the hydration and binding
properties of CSA-treated sand mixtures. The compatibility
of PG with CSA cement, as indicated by XRD results,
ensures optimal performance in improving the compressive
strength of treated soils.

2.2 Sample preparation and mixture ratios

The primary objective of this study is to prepare specimens
with different CSA and PG contents to identify the optimal
mixture ratio for maximum compressive strength. To ensure
consistency and reliability, each combination was mixed,
molded, and cured under identical conditions. The sample
preparation process depicted in Fig. 4, involved several crucial
steps, following the methodology outlined by Ocheme James
(2024).

The CSA content was set at three levels: 3%, 5% and 7%
of the total sand weight. PG was incorporated as a partial
replacement for CSA at increments of 10%, 20%, 30%, 40%,
and 50%. These concentrations were selected to facilitate
comparisons with existing study on CSA replacement with
gypsum, aiming to explore the potential use of industrial waste
materials in construction sector.

To ensure consistency and repeatability, the water content
was maintained at 10% throughout the study. This
experimental design enabled a comprehensive analysis of the

Fig. 4 San'l‘puléiPrgpér'ati(-)n Process:(a) Drying of sand and PG for 24 hours; (b) Sieving of PG; (c¢) Mixing of materials
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Fig. 5 Proportions of materials for different PG
replacement levels

impact of increasing PG content on the strength and durability
of the mixtures. Table 1 illustrates the material proportions,
illustrating the progressive reduction in CSA content as PG
replaces it in 10% increments, while sand and water content
remain constant across all mixtures. Additionally, Fig. 5
provides a visual representation to enhance understanding of
the mixing process and material distribution.

Prior to mixing, sand and PG were oven-dried at 100°C
for 24 hours to eliminate residual moisture, ensuring
uniform conditions across all samples. The dried PG was
then sieved through a 300-micron mesh to obtain a fine,
consistent powder, promoting homogeneous mixing and
optimal reaction efficiency in the stabilized sand matrix.
Sand, PG, CSA, and water were then thoroughly combined
using a mechanical mixer for 10 minutes to achieve a
homogeneous mixture. The prepared mixtures were
subsequently molded into cylindrical specimens with
dimensions of 50 mm in diameter and 100 mm in height,
ensuring uniformity for compression testing. For initial
curing, the samples were wrapped in plastic film and kept in
molds for dry curing at room temperature in the laboratory.
The dry curing method was selected because, unlike OPC,
CSA cement does not require prolonged wet curing to
achieve strength development. This approach also reflects
real-world conditions where large-scale wet curing is
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Fig. 6 Equipment used (a) UPV; (b) UCS and (c) SEM

impractical. After demolding, the specimens underwent
final curing at 20°C for 3, 7, 14, and 28 days to evaluate
strength development over time.

2.3 Testing methodology

The experimental process includes three main tests to
analyze the strength development and microstructural changes.
Fig. 6 shows the equipment used.

2.3.1 Ultrasonic pulse velocity test

The ultrasonic pulse velocity (UPV) test is a non-
destructive method for assessing the internal structure and
homogeneity of materials (Rauf et al 2024). In this test,
ultrasonic waves are transmitted through the specimen, and the
time taken for the pulse to traverse the sample is measured (see
Fig. 6(a)). Shorter travel times indicate higher density and
better homogeneity (Sagidullina et al. 2023). The UPV results
were compared with UCS values to evaluate the effectiveness
of the PG-CSA combination in enhancing material quality.

2.3.2 Unconfined compressive strength test

The unconfined compressive strength (UCS) test measures
the compressive strength of a material by determining the
maximum axial load it can withstand (Rauf et al. 2024). In this
study, specimens were subjected to a continuous axial load in a
testing machine until failure (see Fig. 6(b)). The peak load at
failure was recorded as the UCS value, representing the
compressive strength of the mixture (Ocheme et al. 2024). The
testing machine's parameters were calibrated using a computer
application to ensure accurate data collection. To enhance the
reliability of results, four specimens were tested for each
composition, and the average UCS value was used for analysis.

2.3.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was conducted to
analyze the microstructure of PG-CSA-treated sand at a
microscopic level (see Fig. 6(c)). This analysis provided
insights into the distribution and bonding of particles, as well
as the formation of hydration products such as ettringite, which
plays a critical role in strength development (Guo et al. 2014).

Specimens were prepared for SEM by coating them with a
thin layer of gold to enhance conductivity, ensuring high-
resolution imaging and minimal distortion caused by electron
accumulation. SEM images captured particle distribution, the
bonding between CSA and PG, and the formation of hydration
products. The analysis also revealed voids and porosity,
offering valuable information on how different PG levels affect
the microstructure and overall strength of the mixtures.
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By systematically analyzing the results from UCS, UPV
and SEM tests at various curing times and mix ratios, this
methodology provides a comprehensive evaluation of the
impact of PG on CSA-treated sand. These tests will identify
the optimal PG-CSA combination for achieving maximum
compressive strength and durability (Liu et al. 2019).

3. Results and discussion
3.1 UPV results

Fig. 7 illustrates the UPV results after 28 days of curing for
different CSA concentrations (3%, 5%, and 7%) and varying
PG replacement percentages (10%, 20%, 30%, 40%, and
50%). By analyzing the effect of CSA concentration and PG
replacement levels using UPV, the optimal combination for
improving material density and uniformity was determined.

At 3% CSA, UPV values are consistently lower across all
PG replacement levels compared to higher CSA
concentrations. At 10% PG replacement, the UPV reaches
approximately 1300 m/s after 28 days. The highest value at this
concentration, nearly 1500 m/s, is observed at 30 % PG
replacement. However, higher PG replacements (40% to 50%)
result in a decline in UPV values, indicating reduced
uniformity and compactness due to excessive PG content.

At 5% CSA, UPV values improve significantly compared
to 3% CSA. At 30% PG replacement, the UPV reaches
approximately 1800 m/s after 28 days, reflecting better
integrity and compaction. However, UPV values drop at 40%
and 50% PG replacement, with values of approximately 1600
m/s and 1400 m/s, respectively, suggesting a decline in
uniformity at higher PG levels.

At 7% CSA, the UPV values are the highest among all
CSA concentrations, indicating excellent compaction and
uniformity. At 30% PG replacement, the UPV value reaches
approximately 2300 m/s after 28 days, the highest among all
samples. This result highlights that a high CSA concentration
combined with 30% PG replacement produces a dense, highly
compact material. Although higher PG replacements (40% to
50%) reduce UPV wvalues, they remain relatively high
compared to lower CSA concentrations, indicating that 7%
CSA mitigates the adverse effects of higher PG content on
compactness.

3.2 UCS results

Fig. 8 presents the UCS results over a curing period of 3, 7,
14, and 28 days for samples containing different CSA
concentrations (3%, 5% and 7%) and PG replacement
percentages (10% - 50%).

At a 3% CSA concentration, UCS values were the lowest
among the tested specimens. The highest value for this
concentration, approximately 800 kPa, was recorded for
specimens with 30% PG replacement after 28 days of curing.
However, a notable decline in strength was observed when PG
content exceeded 30%, suggesting that while moderate PG
incorporation enhances mechanical performance, excessive
replacement may compromise matrix cohesion and overall
structural integrity.
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Fig. 7 Homogeneity of different PG replacements after 28
days of curing: (a) CSA 3%; (b) CSA 5% and (c) CSA 7%

A notable trend observed across all CSA concentrations
(3%, 5%, and 7%) is that the largest rate of strength gain
occurs between 14 and 28 days, particularly for specimens
with PG replacements ranging from 10% to 30%. Among
these, the optimal concentration remains 30% PG replacement,
which consistently yields the highest strength values.

Increasing the cement concentration from 3% to 5%
nearly doubles the strength, while increasing to 7% results
in fourfold increase. At 7% CSA with 30% PG replacement,
the peak UCS value reaches 2500 kPa. The higher strength
observed at 7% CSA is likely attributed to the increased
sulfate content, which enhances hydration reactions and
matrix bonding, leading to a more densified and well-
structured microstructure. This trend aligns with previous
findings (Rauf et al. 2024), further reinforcing the positive
correlation between CSA content and strength development.

The results indicate that 7% CSA and 30% PG replacement
combination achieves the optimal balance of strength and
durability. Most hydration reactions occur within the first 28
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Fig. 8 Strength gain of different PG replacement % for 28
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days (Park et al. 2021, Tao et al. 2023). Similarly in this case
significant strength gains observed between 14 and 28 days for
3% and 5% CSA concentrations, reflecting a difference of
approximately 20%. However, for 7% CSA, the most notable
strength increase occurs between 7 and 14 days, likely due to
the optimized availability of hydration components, which
accelerate the reaction process at an earlier stage. These
findings underscore the importance of CSA dosage
optimization in achieving superior mechanical performance in
stabilized soils.

For comparison, reference data from previous studies on
CSA-stabilized soil, including 0%, 30% and 50% gypsum
replacement at an equivalent CSA content of 7% were
examined. Notably, Subramanian et al. (2019) reported a
maximum UCS of approximately 1400 kPa for 7% CSA with
0% gypsum replacement after 3 days of curing, followed by a
progressive decrease in strength over longer curing periods.
This trend suggests that the absence of gypsum in CSA-
stabilized soils may lead to early strength gain due to rapid
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hydration reactions, but subsequent reductions may result from
microstructural changes, such as ettringite instability or
delayed sulfate reactions. In contrast, the present study
demonstrates that optimized PG incorporation (e.g., 30%) not
only enhances early-age strength but also sustains long-term
strength development, highlighting the beneficial role of PG in
improving the durability and mechanical performance of CSA-
stabilized soils, providing a sustainable alternative for soil
stabilization in geotechnical applications.

3.2.1 Comparison of phoshogypsum and gypsum
performance

The optimum content of PG was observed to be 30%.
The following section will compare the performance of PG
and gypsum with similar replacement proportion and CSA
7%. This test compares the performance of traditional
gypsum with that of PG to assess its viability as an
alternative.

Fig. 9 presents the UCS results over curing periods of 3,
7, 14 and 28 days for a sample containing the optimum
gypsum (G) content in a CSA-treated sand mixture. The
optimum gypsum content was determined to be 30%, as this
proportion provided the best balance of compressive
strength and material stability (Subramanian ef al. 2019).

At the 3-day mark, the UCS reaches approximately 2000
kPa, demonstrating the rapid early strength development
facilitated by CSA. After 7 days, the UCS increases further
to approximately 2300 kPa, indicating continued hydration
and matrix compaction. For PG the 7th day deviator peak
stress was observed as 1800 kPa, which is lower than
gypsum strength by approximately 20%. By the 28 days,
the UCS has stabilized at around 3200 kPa, signifying the
completion of most hydration reactions. Comparing to PG
peak strength, the difference again was 20%.

This experiment emphasizes the importance of
demonstrating that PG can serve as a viable alternative to
traditional gypsum, which has a proven track record of
improving compressive strength. While PG contains
impurities that can affect the hydration process and results
in slightly lower strength development, it still shows
potential effectiveness.
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Fig. 10 The exponential relationship between UCS and
UPV

3.2.2 Relationship between UPV and UCS

Fig. 10 illustrates the exponential relationship between
UPV and UCS for CSA-treated sand with phosphogypsum
replacement. The derived equation demonstrates a strong
correlation, confirming UPV as a reliable predictor of UCS.

At low UPV values (<1500 m/s), UCS remains below 1000
kPa, reflecting early curing stages with limited hydration
products. As UPV increases (10002000 m/s), UCS rises
steadily due to material densification, CSH and ettringite's
progressive formation. At high UPV values (>2000 m/s), UCS
exceeds 1500 kPa, indicating the development of a well-
structured matrix with strong bonding and enhanced
mechanical integrity. This relationship validates the use of
UPV as a non-destructive testing method to estimate UCS,
making it an efficient tool for quality control and optimization
in construction applications involving CSA and PG-treated
sands.

This study establishes an exponential relationship between
UCS and UPV with a strong correlation coefficient (R? = 0.96).
Comparison with previous studies (Almeshal et al. 2020,
Vinoth et al. 2018) further validate the reliability of UPV as a
non-destructive predictor of UCS, although differences exist in
UPV and UCS ranges.

The results indicate UCS values up to 3200 kPa at UPV
values up to 2500 m/s, while the previous studies may extend
to higher strengths. Variations in the exponential coefficient
suggest differences in the rate of UCS development with
increasing UPV, likely influenced by material composition,
curing conditions, and stabilization methods. Despite these
variations, the overall findings align with existing research,
reinforcing the practical application of UPV for strength
assessment in CSA-treated sand with PG replacement.

3.4 SEM results

Fig. 11 presents SEM images illustrating the
microstructural evolution of CSA-treated sand with varying
phosphogypsum (PG) replacement levels (10%, 30%, and
50%) after 7 days of curing. The images reveal the progressive
formation of calcium silicate hydrate (CSH) gel and ettringite,
along with the presence of pores and microcracks. To validate
these observations, the findings were compared with previous
studies on microstructural changes in CSA-enhanced materials
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Fig. 12 evelopment of CSH gel and Ettringite at 28 curing days for 30% PG content (a) Densely packed, (b) Bonded
ettringite, (¢) Early and developed ettringite and (d) Honeycomb-like CSH

(Rauf ef al. 2024, Sagidullina et al. 2023). The results from At 10% PG, acicular ettringite crystals is clearly visible,
Rauf (2024) and Sagidullina (2023) align with those of this particularly in the lower part of the image. These needle-like
study, further reinforcing the role of PG replacement in structures contribute to strength development by binding
influencing matrix densification, bond formation, and porosity particles and filling void spaces. The microstructure appears
characteristics in CSA-stabilized materials. dense, with fewer visible pores, indicating improved material
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compactness at this PG level.

At 30% PG replacement, the microstructure exhibits an
increased presence of CSH gel and densely packed ettringite
crystals, both of which are crucial for strength development.
Minimal visible pores are present, suggesting a highly compact
matrix. This concentration achieves the best balance between
hydration product formation and material density, correlating
with the highest UCS value observed in the study.

At 50% PG replacement, a reduction in CSH gel and
ettringite formation is observed, accompanied by increased
porosity and the presence of cracks. These features, highlighted
in light blue, indicate that excessive PG content interferes with
hydration reactions, reducing material strength and structural
integrity.

Fig. 12 shows SEM images for the development of CSH
gel and ettringite at 28 curing days for 30% PG
replacement. Compared to the 7- day microstructure, the
matrix displays a diverse range of features, including well-
formed ettringite needles, CSH gel, honeycomb-like
structures, and areas of densely bonded particles.

The densely packed structure in Fig. 12(a) demonstrates the
cohesion achieved by the dispersed ettringite crystals and sand
particles. In Fig. 12(b), bonded ettringite formations are clearly
visible, with needle-like structures forming a cohesive network
that strengthens the matrix. This dense arrangement fills void
spaces and enhances durability. Fig. 12(c) highlights both
developed and newly formed ettringite crystals, illustrating
continuous hydration activity. The newly formed crystals fill
remaining voids, maintaining material homogeneity and
contributing to ongoing development of strength. Finally, Fig.
12(d) reveals a honeycomb-like CSH structure, which provides
a stable framework for load distribution and enhances the
durability of the composite. The interconnected network of
CSH and ettringite phases reinforces the matrix, resulting in a
material that resists external stresses effectively. These
observations confirm that 30% PG replacement achieves the
best microstructural properties, balancing hydration product
formation, material density, and strength, making it the optimal
PG content for soil stabilization.

4. Conclusions

The study investigated the microstructural and
mechanical properties of CSA-treated sand with varying PG
replacement concentrations, focusing on hydration product
development, unconfined compressive strength (UCS) and
ultrasonic pulse velocity (UPV). Based on the
comprehensive analysis, the following conclusions were
drawn:

1. The results demonstrate that 30% PG replacement
provides an optimal balance between strength development
and homogeneity. At this concentration, UCS reached its
highest value, while UPV results confirmed improved
compaction and reduced porosity over the curing period, as
validated by SEM observations.

2. Microstructural analysis revealed that ettringite and CSH
play complementary roles in improving material properties.
Ettringite, with its needle-like structure, primarily facilitates
early strength development by filling void spaces and

linking particles. CSH, particularly in its honeycomb-like
configuration, contributes to long-term material stability by
forming a cohesive and durable matrix.

3. Longer curing times between 14 and 28 days, resulted in
significant strength gains and improved homogeneity at all
PG replacement levels. However, the 30% PG replacement
consistently achieved superior strength and microstructural
characteristics, indicating its suitability for optimal
performance.

4. Different CSA concentrations (3%, 5%, and 7%) had a
noticeable impact on UPV and UCS results. The
combination of 7% CSA and 30% PG replacement
exhibited the most consistent material properties. Higher
CSA content accelerates hydration reactions, promoting the
formation of ettringite and CSH phases, which enhanced
material strength homogeneity.

5. The optimal 30% PG is a possible alternative to gypsum.
UCS results with gypsum replacement were approximately
20% higher than those of phosphogypsum. This difference
is attributed to the presence of impurities in raw PG, which
may interfere with hydration reactions and strength
development.

In summary, this study demonstrates that a 30% PG
replacement with 7% CSA concentration provides a
sustainable and efficient mix design for CSA-treated sand,
achieving an optimal balance of strength, durability, and
homogeneity. The findings confirm the feasibility of
utilizing PG as a partial replacement material in
construction applications, offering dual benefits: improved
material performance and enhanced environmental
sustainability by reducing industrial waste. Although the
results highlight the potential of this approach, further long-
term investigations are necessary to assess the evolution of
strength development over time and the environmental
implications of PG usage to ensure its safe and effective
application in construction.
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