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ABSTRACT: Expansive soils pose significant challenges in civil engineering projects due to their high sensitivity to moisture and
large volume changes under environmental fluctuations. Stabilizing these soils using industrial waste materials offers an economical
and environmentally sustainable solution for geotechnical applications. This study examines the combined utilization of calcium
carbide residue (CCR) and water treatment sludge (WTS) in varying proportions (i.e., up to 30%) to improve the mechanical properties
and durability of swelling soils subjected to freeze-thaw cycles (FTCs). An experimental program was defined, including unconfined
compressive strength (UCS), ultrasonic pulse velocity (UPV), X-ray diffraction (XRD), and scanning electron microscopy (SEM) tests,
to evaluate mechanical performance and elucidate material interactions and structural improvements. The combination of 25% CCR
and 10% WTS was found to significantly improve soil properties, achieving a UCS of more than 7500 kPa, outperforming soils
stabilized with CCR alone. Microstructural analysis also revealed the formation of C-S-H and C-A-S-H gels through pozzolanic
reactions, which densified the soil matrix and filled pore spaces. The reduction in porosity of the stabilized soils contributed to their
remarkable durability and retained strength after multiple FTCs. Specifically, at the optimum CCR-WTS composition, after 12 FTCs,
the UCS and UPV values reached 4500 kPa and 850 m/s, respectively. These findings highlight the effectiveness of combining CCR
and WTS for stabilizing expansive soils, particularly in regions prone to extreme climatic conditions.
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1 INTRODUCTION improved compressibility in bentonite and kaolinite. Similarly,
Liu et al. (2019) showed that combining CCR with rice husk
ash reduced swelling behavior, while Saleh et al. (2025)
emphasized CCR’s cost-effectiveness and sustainability.

Water treatment sludge (WTS), a by-product of potable
water treatment, has also gained attention as a stabilizing agent.
Produced through chemical coagulation with aluminum or iron
salts, often with organic polymers, WTS primarily consists of
non-toxic inorganic compounds like hydroxides, silica, quartz,
and kaolinite. Although used in cement, ceramics, bricks, and
roads (Kaish et al., 2018; Lee et al., 2021), much of the
generated sludge remains underutilized. In geotechnical
engineering, WTS has been mainly used as filler, but recent
studies suggest it can improve soil properties when paired with
reactive agents in alkaline conditions via pozzolanic reactions
(Li et al., 2025; Salimi et al., 2025; Suksiripattanapong et al.,
2017). For example, Li et al. (2025) reused aluminum-rich
sludge with coal ash to produce permeable bricks meeting
strength and permeability standards. Salimi et al. (2025) also
demonstrated improved mechanical properties in geopolymer-
stabilized construction and demolition (C&D) waste using 10%
WTS and 15% silica fume, achieving a 56-day UCS of
2,250 kPa—suitable for pavement subbases.

These findings underscore the growing potential of WTS
as an effective and sustainable admixture in civil infrastructure
applications. However, limited research has been conducted on
the durability performance of expansive clay soils stabilized
with WTS and CCR, particularly under FTCs conditions.
Furthermore, the effects of combining these two materials for
improving the long-term stability and durability of expansive
soils remain largely unexplored. This study addresses that gap
by evaluating bentonite clay stabilized with CCR and WTS,
individually and in combination, at various ratios. The

Expansive clay, as a type of problematic soil, presents
substantial challenges in civil engineering applications due to
its pronounced sensitivity to moisture and significant
volumetric changes in response to environmental variations.
These soils are especially susceptible to temperature
fluctuations, which cause notable volume changes and result in
a marked reduction in durability—particularly under freeze and
thaw cycles (FTCs) in cold climates (Li et al., 2021; Roustaei
et al., 2024).

One effective solution is the stabilization of expansive clay
using suitable treatments. Among these, chemical stabilization
is widely used to enhance soil strength and durability by
altering its physical and chemical characteristics (Goodarzi &
Salimi, 2015). Although traditional binders like cement and
lime are common, they involve high energy demands and
substantial CO, emissions. These environmental concerns,
along with rising costs and resource constraints, have driven
interest in more sustainable alternatives—especially industrial
by-products and waste materials as eco-friendly stabilizers
(Ghazavi & Roustaie, 2010; Salimi et al., 2025; Mahmoudi et
al., 2025).

Calcium carbide residue (CCR), a by-product of acetylene
production rich in calcium hydroxide, has shown promise as a
recyclable stabilizer for clay-rich soils (Consoli et al., 2019).
Due to its high reactivity and strong alkalinity, CCR enhances
both short- and long-term soil performance. Studies confirm
that CCR improves the geotechnical properties of expansive
soils by increasing strength, reducing swell potential, and
minimizing particle dispersion (Latifi et al., 2018; Tang et al.,
2024). For instance, Latifi et al. (2018) found that adding 9%
CCR increased the strength of stabilized bentonite by 500% and
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durability and mechanical performance under FTCs were
assessed using UCS, ultrasonic pulse velocity (UPV), and
microstructural analysis.

2 MATERIALS AND METHODS

2.1  Tested materials

The bentonite clay used in this study was sourced from South
Khorasan Province, Iran. This clay is characterized by high
plasticity and significant swelling potential, primarily due to its
dominant Na-montmorillonite content. Based on the Unified
Soil Classification System (USCS), it is classified as CH (high
plasticity clay). X-ray fluorescence (XRF) analysis identified
silica (SiO) and alumina (Al,O3) as the predominant chemical
constituents.

CCR, employed as the first industrial by-product in this
study, was obtained from an acetylene gas production plant in
Karaj, Iran. This fine, grayish material is composed of
approximately 60% calcium oxide (CaO), with a high pH
(~12.7), indicating strong alkalinity and considerable chemical
reactivity. The second additive, WTS, was sourced from the
Gilan water treatment facility in Rasht, Iran. This non-plastic
by-product originates from the coagulation stage of the water
purification process, primarily involving alum-based treatment.
Chemical analysis revealed that WTS mainly comprises silicon
dioxide (Si0O,, 46.52%) and aluminum oxide (Al,O3, 15.08%).
The particle size distribution and main physicochemical
properties of the raw materials are presented in Figure 1. and
Table 1, respectively.
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Figure 1. Grain size distribution curves of clay, CCR and WTS
Table . Main physicochemical properties of the clay, CCR and
WTS.
Materials
Property
Clay WTS CCR
Specific gravity, Gs (-) 2.56 2.15 2.34
Liquid limit, LL (%) 280 - -
Plastic limit, PL (%) 60 - -
Color White Gray Brown
Maximum dry density, MDD
1.35 - -
(g/cm3)
Optimum moisture content, 33 ) )
OMC (%)
. . . . Si02/
Main chemical composition (-) Si02 CaO ADO3
Unconfined compressive 60 ) )
strength, UCS (kPa)
Ultrasonic pulse velocity, UPV
1301 - -
(m/s)
pH 9.81 12.8 8.15
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2.2 Experimental program

For sample preparation, both the base clay and the additives
were air-dried for 24 hours and then passed through a No. 200
sieve to remove coarse particles. Following CCR, used as the
primary additive, was incorporated into the dry mass of the base
soil at replacement levels of 5%, 10%, 15%, 20%, 25%, and
30%. For each mixture, the soil-additive blend was prepared
using hand mixing to ensure homogeneity and was weighed
according to the maximum dry density (MDD) obtained from
the standard Proctor compaction test (ASTM D698, 2014). The
optimum moisture content (OMC) determined from the
compaction test was then added to the mixture. The prepared
mixture was statically compacted into cylindrical metal molds
(38 mm diameter X 76 mm height) using a hydraulic jack until
the target dry density was achieved. The compacted samples
were removed from the molds, sealed in plastic sheets, and
cured at ambient room temperature (25°C) for periods of 7, 28,
and 56 days.

Prior to UCS testing, all samples underwent non-
destructive UPV testing in accordance with ASTM C597
(2023). The UPV test was conducted to measure the P-wave
velocity using a direct transmission setup with 30 mm diameter
ultrasonic transducers. The wave velocity was calculated using
following Equation:

UPV = L
At

6]

where, L is the length of the sample (mm) and At stands
for the wave travel time (us), determined from the ultrasonic
readings at the point the waves reached the receiving
transducer. Subsequently, UCS tests were conducted following
ASTM D2166 (2016). Each specimen was axially loaded using
an automatic loading frame at a constant strain rate of 0.6
mm/min until failure or a strain limit of 20% was reached.

Based on the UCS and UPV results, the optimum CCR
content was identified. In the next phase, WTS was
incorporated at replacement ratio of 5%, 10%, 20%, and 30%
as a partial substitute for the optimum CCR dosage. The MDD
and OMC values for each CCR-WTS-bentonite mixture were
determined using the same compaction methodology described
earlier. The prepared samples were then cured cured for 7, 28,
and 56 days and then subjected to macro (UCS and UPV) and
micro tests. Accordingly, microstructural analyses were
conducted using XRD and SEM to further evaluate the
interactions between the additives and clay particles. For SEM
analysis, small air-dried fragments were extracted from UCS
test specimens, while finely crushed portions of the same
samples were used for XRD examination. A schematic
overview of the sample preparation process and the
experimental program is shown in Figure 2.
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Figure 2. Schematic illustration of materials, sample preparation
process, and various tests performed in this study



To evaluate the durability of the treated specimens under
harsh environmental conditions, selected soil-additive mixtures
containing various WTS proportions were subjected to FTCs
(2,4, 8, and 12 cycles) in accordance with ASTM D560 (2016).
Each FTC began by placing the samples in a controlled freezing
chamber maintained at -14°C for 12 hours. Following the
freezing phase, the specimens were moved to a room with an
ambient temperature of 21°C for another 12 hours, completing
one full cycle (Roustaei et al., 2024). After completing the
designated number of FTCs, the samples were again tested for
UCS and UPV to evaluate changes in mechanical properties and
structural integrity.

3 RESULTS AND DISCUSSION
3.1 Before FTCs

The mechanical behavior of expansive clay stabilized with
CCR and WTS was assessed using UCS and UPV tests.
Figure 3 represents UCS value for soils with varying additive
contents over periods of 7, 28, and 56 days. Increasing CCR
content up to 25% significantly improves UCS at all ages, after
which strength declines. At 7 days, 5% CCR yields 1583 kPa—
about 198% higher than untreated soil—due to early alkalinity
and rapid cation exchange (Ca?*/AI** replacing Na*), which
compresses the diffuse double layer (Goodarzi & Salimi, 2015).
At 28 and 56 days, pozzolanic reactions form cementitious
compounds like calcium silicate hydrate (C—S—H), improving
particle bonding and reducing porosity. Peak UCS reaches
~7000 kPa at 25% CCR after 56 days. Beyond this, strength
drops due to reduced reactive silica and alumina, limiting
pozzolanic reactions—consistent with prior findings (Saldanha
et al., 2019; Consoli et al., 2020).

Figure 3 also presents the UCS values for samples
incorporating various WTS contents as partial replacements at
the optimum CCR level of 25%. At 56 days, 10% WTS results
in ~8000 kPa—15% more than CCR-only samples. This gain is
linked to alumina-rich WTS promoting additional pozzolanic
activity and forming calcium—aluminum-silicate—hydrate (C—
A-S-H) gels. Higher WTS contents, however, reduce UCS due
to CCR dilution and reduced Ca(OH), availability, limiting
reaction efficiency.
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Figure 3. Variations of UCS of the expansive clay treated with
different CCR contents as well as 25% CCR along with different WTS
replacement dosages at varying curing times

To further assess the stabilization mechanism, Figure 4
shows UPV trends over periods of 7, 28, and 56 days. Stabilized
samples exhibit higher UPV than untreated clay, indicating
denser and more cohesive matrices. Figure 4 illustrates that
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UPV rises with CCR content up to 25%, driven by ongoing
pozzolanic activity. At 7 days, 25% CCR gives ~1700 m/s,
about 110% more than untreated soil. This value climbs to
~2100 m/s at 56 days, reflecting C—S—H gel development that
fills voids and increases stiffness. Compression waves travel
faster through denser materials; thus, porosity reduction
explains the velocity gain (Payan et al., 2017, 2020). Beyond
25% CCR, UPV drops due to limited reactive components and
unconsumed CCR increasing porosity—mirroring UCS trends
and supporting 25% as optimum.

Figure 4 also presents the UPV values for mixtures with
different WTS additions at 25% CCR. The highest UPV occurs
with 10% WTS, especially after 56 days, due to enhanced gel
formation and void filling by C—A-S—-H. Over time, gel
development creates a denser structure, raising wave velocity.
Beyond 10% WTS, UPV decreases due to CCR dilution,
reduced Ca(OH), availability, and less gel formation, which
increases porosity and lowers material integrity.
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Figure 4. Variations of UPV of the expansive clay treated with
different CCR contents as well as 25% CCR along with different WTS
replacement dosages at varying curing times.

3.2 After FTCs

To evaluate the durability of stabilized samples under freeze—
thaw conditions, the reduction in UCS and UPV values was
examined across different curing durations and WTS contents.
Figure 5 presents the normalized UCS values (UCS/UCS,) for
samples with varying WTS replacement levels, cured for 7, 28,
and 56 days, and subjected to up to 12 FTCs. Here, UCS,, refers
to the strength of the sample before any FTC exposure. As
expected, the UCS values declined with increasing FTCs due to
the formation of ice lenses within the soil matrix. These ice
lenses cause expansion and increase the spacing between clay
particles, disrupting interparticle bonding and leading to
structural weakening. Similar trends have been reported in
previous studies (Roustaei et al., 2023; Salimi et al., 2024).
However, the inclusion of WTS mitigated the negative effects
of FTCs, resulting in smaller strength reductions compared to
samples stabilized with CCR alone (i.e., CCR25%). In the 7-
day-cured samples, UCS values fluctuated irregularly during
the 12 FTCs. An initial decrease was observed after the 2 FTCs,
but partial recovery occurred by the eighth cycle, likely due to
ongoing pozzolanic reactions during thawing phases. For
example, the UCS of the sample containing 5% WTS decreased
to 0.67 of its original value after four FTCs, but subsequently
improved, reaching 0.9 by the 12 FTCs.

In contrast, the 28- and 56-day-cured specimens showed a
consistent decline in UCS with increasing FTCs, as most



pozzolanic activity had concluded prior to FTC exposure. For
example, after 12 FTCs, the normalized UCS of the 10% WTS
sample dropped to 0.70 (28-day cure) and 0.62 (56-day cure),
whereas the 7-day counterpart retained 0.9 of its initial strength.
Notably, WTS incorporation improved long-term freeze—thaw
durability. For 56-day-cured samples, the UCS reduction after
12 FTCs was 48% without WTS and only 38% with 10% WTS,
demonstrating the beneficial role of WTS in enhancing
resistance to freeze—thaw damage. This improved durability is
attributed to the formation of more gels through pozzolanic
reactions, which fill voids, densify the matrix, and increase
particle bonding—thereby reinforcing structural integrity over
time.
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Figure 5. Normalized UCS of the specimens versus FTCs: (a) curing
time = 7 days, (b) curing time = 28 days, (c) curing time = 56 days.

Figure 6 illustrates the normalized UPV values for
specimens containing varying percentages of WTS, cured for 7,
28, and 56 days and subjected to different numbers of FTCs.
Similar to UCS, the UPV values decreased with increasing
FTCs. This decline is primarily attributed to the formation of
ice lenses within the soil matrix during freezing, which expands
pore volume, increases porosity, and disrupts internal bonding,
thereby lowering wave propagation speed. However, the
inclusion of WTS mitigated this reduction, with samples
containing WTS exhibiting smaller decreases in UPV than
those without. In the 7-day-cured samples, UPV values initially
declined up to the fourth FTC, owing to crack formation and
increased porosity. Interestingly, a partial recovery in UPV
occurred in subsequent cycles, likely due to ongoing pozzolanic
reactions during thawing phases, which promoted secondary
gel formation and microcrack healing. Conversely, 28- and 56-
day-cured samples exhibited a gradual and continuous decline
in UPV throughout the 12 FTCs, indicating that pozzolanic
activity had largely ceased, and the matrix was unable to self-
repair. After 12 FTCs, the normalized UPV of the 56-day-cured
sample containing 10% WTS remained at 0.86, compared to
approximately 0.80 for the sample without WTS. This suggests
that 10% WTS is an optimum replacement level for enhancing
long-term resistance to freeze—thaw degradation, by reducing
porosity and strengthening internal bonds. Beyond this
optimum, further WTS addition led to decreased UPV,
indicating diminishing returns at higher replacement levels.
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Figure 6. Normalized UPV of the specimens versus FTCs: (a) curing
time = 7 days, (b) curing time = 28 days, (c) curing time = 56 days.

3.3 Empirical correlations

Analyzing the results of UCS and UPV tests, a strong linear
correlation was observed between these two parameters for
CCR-WTS-stabilized samples, as shown in Figure 7. To ensure
the reliability of this correlation and exclude variability due to
environmental degradation, only specimens not exposed to
FTCs were included. The regression analysis revealed a
coefficient of determination (R?) of 0.96, indicating a highly
reliable linear relationship between UCS and UPV.
Accordingly, the fitted equation describing this relationship
(with UCS in kPa and UPV in m/s) is:

UPV = 0.1055 X UCS + 1477 2)

This empirical model provides a practical and efficient tool
for predicting UPV from UCS (and vice versa) measurements
in similar chemically stabilized expansive soils, thus enhancing
geotechnical evaluation and quality control procedures in the
field.
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Figure 7. Estimation of UPV for CCR-WTS-stabilized samples based
on measured UCS.



3.4  Microstructure analysis

3.4.1  XRD analysis

Figure 8 shows the XRD patterns of untreated soil and soil
stabilized with the optimum mixtures—25% CCR alone and
25% CCR + 10% WTS replacement—after 56 days of curing.
The untreated soil pattern displays dominant peaks of
montmorillonite, sepiolite, and quartz, with no evidence of
cementitious gel formation, confirming its natural mineralogy.
In contrast, CCR-stabilized samples show notable
mineralogical changes due to pozzolanic activity. Quartz and
sepiolite peaks are reduced, indicating the consumption of
silica-rich phases in reactions with calcium hydroxide from
CCR. A broad hump between 25°-35° 20 signals the formation
of amorphous C—S—H gels. The absence of a distinct Ca(OH),
peak suggests most available Ca?* ions reacted with siliceous
minerals to form gels—consistent with Li et al. (2021), who
observed similar transformations in CCR-treated coal tailings.
Adding 10% WTS, which is rich in Al,O3, further modifies the
pattern. The CCR+WTS mixture shows a broader bulge
between 22°-30° 20, reflecting additional C-A-S-H gel
formation. This aligns with Zhu et al. (2024), who also detected
C—S-H and C—A—S—H gel signatures in XRD profiles.
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Figure 8. XRD patterns of untreated soil, the soil treated with 25%
CCR, and the soil treated with 25% CCR and 10% WTS replacement.

3.42 SEM analysis

Figure 9 presents SEM images of untreated soil and soil
stabilized with the optimum additive combinations (25% CCR
+ 10% WTS) after 56 days of curing. The untreated soil
(Figure 9a) exhibits a highly porous microstructure,
characterized by loosely bound particles, wide voids, and weak
interparticle bonding. This morphology reflects the low
mechanical strength and poor durability of the natural soil,
making it highly susceptible to deformation and environmental
degradation. In contrast, the CCR-WTS-stabilized sample
(Figure 9b) demonstrates a significantly denser and more
compact microstructure. The introduction of calcium and
aluminum ions from CCR and WTS and pozzolanic reactions
with the soil's siliceous components result in the formation of
C—S-H and C—A-S—H gels. These hydration products coat and
bind soil particles, filling voids and reducing porosity. This
reduction in porosity directly correlates with increased
resistance to FTCs, as fewer microcracks and capillary pores
are available for ice lens formation and expansion. The
presence of such cementitious gels in SEM micrographs has
been corroborated by prior research (Parsaei et al., 2021; Salimi
et al., 2025).
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Figure 9. S micrographs of (a) untreated soil and (b) soil treated
with 25% CCR and 10% WTS replacement.

4 CONCLUSIONS

This study investigated the use of two industrial by-products—
Calcium Carbide Residue (CCR) and Water Treatment Sludge
(WTS)—for stabilizing expansive clay soil and improving its
mechanical performance and durability under freeze—thaw
cycles (FTCs). The performance of stabilized soils was
evaluated through UCS and UPV tests after 7, 28, and 56 days
of curing. The key findings of the study are summarized below:

e  Results indicated that increasing CCR content up to 25%
significantly improved the soil's mechanical strength and
density. At this optimum level, UCS reached
approximately 7000 kPa and UPV about 2100 m/s after 56
days of curing. The addition of 10% WTS to the 25% CCR
mix further increased UCS to ~8000 kPa, due to enhanced
pozzolanic activity and the formation of C-A—-S-H gels,
which contributed to improved matrix cohesion.

e  All samples exhibited reductions in UCS and UPV after
exposure to FTCs, indicating environmental vulnerability.
However, the combined use of CCR and WTS, particularly
at 10% WTS, significantly mitigated these effects. In 56-
day cured samples, the strength loss after 12 FTCs was
reduced from 48% (CCR-only) to 38% (CCR + WTS).
UPV retention also improved, demonstrating the positive
effect of WTS on freeze—thaw resistance.

e A strong linear correlation was observed between UCS and
UPYV values of stabilized samples prior to FTC exposure,
with a coefficient of determination (R?) of 0.96. This
relationship supports the practical use of UPV as a non-
destructive method for estimating the mechanical
performance of stabilized soils in the field.

e  XRD analyses confirmed the formation of C—S—H and C-
A-S-H gels in the stabilized specimens, evidenced by a
broad amorphous hump, indicative of ongoing pozzolanic
activity. SEM imaging further supported these findings,



showing a transition from the porous and weakly bonded
structure of untreated soil to the dense, gel-rich matrix in
stabilized samples. The observed reduction in voids and
increase in gel content correlate directly with the
mechanical improvements and enhanced durability under
FTC conditions.

Overall, these findings underscore an effective strategy for
the beneficial reuse of industrial wastes in geotechnical
engineering. The use of CCR and WTS significantly
enhances the strength, durability, and microstructural
integrity of expansive soils. This study demonstrates the
potential of chemical stabilization using waste-derived
binders as a viable and environmentally responsible
solution for improving soil performance, particularly in
cold-climate infrastructure applications exposed to freeze—
thaw stresses.
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