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Experimental Study On The Crack Resistance Of Expansive Soil
Stabilized With Water-Soluble Polymers
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This study examines the impact of sodium polyacrylate (PAAS) on crack resistance in expanded soil subjected
to hydraulic erosion, addressing the issue of multiple cracks and strength degradation in this soil type. The
findings indicated a 63.56% decrease in the liquid limit and a 92.62% decrease in the plasticity index of the
stabilized soil. Additionally, the free expansion ratio decreased to 19.58%. As the PAAS content increased, the
expansion ratio decreased by 34% to 57% for no load and by 35% to 93% for load. The initial rise in compressive
strength of stable soil is followed by a decline as PAAS content increases. Optimal results are observed at a
4% dosage. Likewise, the deformation modulus initially increases and then decreases, peaking at an 88.93%
enhancement. The stabilized soil’s maximum shear strength reached 216.02 kPa , marking a 261.78% increase
compared to untreated soil, which coincided with a 112.46% rise in cohesion and a 137.74% increase in the
internal friction angle. The compressive strength, cohesion, and angle of the stabilized soil decreased as the
number of wet-dry cycles increased. The decrease slowed down after four cycles. X-ray diffraction (XRD)
analysis revealed no formation of new minerals post PAAS treatment, with a 43.14% decrease in hydrophilic
minerals. Furthermore, a gelation film with adhesive properties was formed, effectively restraining soil crack

expansion.
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1. Introduction

Expansive soil, as a special type of clay, exhibits significant
changes in swelling when absorbing water and shrinking
when losing water. It mainly contains hydrophilic clay
minerals such as montmorillonite, illite, and kaolinite [1,
2]. Its swelling and shrinking characteristics, along with
its highly fractured nature, lead to reduced soil bearing
capacity and uneven settlement of pavements, resulting in
common engineering issues like cracking and subsidence
of road surfaces. This greatly diminishes road performance
and can pose serious hazards to people’s safety, which is

why expansive soil is also referred to as "the cancer of the
engineering world” [3]. Research shows that in areas with
expansive soil, the construction of railway subgrades re-
sults in over 70,000 annual defects and more than 8,000 km
of damaged lines, with a subgrade damage rate as high as
75%. Therefore, before carrying out road engineering in ex-
pansive soil areas, it is necessary to reinforce the expansive
soil to reduce its swelling and shrinkage and improve its
strength to meet the safety requirements of the construction
project.

Studies have shown that using traditional cement, lime,
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Table 1. Basic physical parameters of expansive soil

Natural moisture ~ Optimal moisture Maximum dry Liquid Plastic Plasticity = Free expansion
content /% content /% density /(g/cm®)  limit /%  limit /% index rate /%
22.04 20.3 1.76 42.54 11.09 31.45 43.1

and alkali slag can improve the mechanical properties of
expansive soil and reduce its expansiveness [4-6]. How-
ever, traditional stabilizers result in higher early strength
and have a significant impact on the surrounding environ-
ment. To address the shortcomings of traditional stabilizers,
researchers have introduced biopolymers to stabilize ex-
pansive soil. Studies indicate that adding biopolymers can
significantly enhance the strength of expansive soil, form a
gel that makes the soil particles more compact, and inhibit
crack development in the early stages [7-10]. Nevertheless,
biopolymers are easily soluble in water, and the effects vary
depending on the mixing method, making them sensitive
to how they are mixed, and their ability to inhibit crack de-
velopment in later stages is relatively limited. Some schol-
ars have shown that through microbially induced calcium
carbonate precipitation, as the amount of cementing solu-
tion increases, the shear strength of solidified expansive
soil gradually improves, and the compression deformation
gradually decreases [11-13]. However, experiments using
microbially induced calcium carbonate precipitation are
complex, require high maintenance of the bacterial solu-
tion, and are costly, which is not conducive to conducting
the experiments.

Studies have shown that water-soluble polymers can ef-
fectively improve the mechanical properties, stability, and
durability of soil [14, 15]. Research indicates that the addi-
tion of water-soluble polyurethane effectively inhibits the
water absorption swelling and water loss shrinkage char-
acteristics of expansive soil, enhancing the soil’s stability
and bearing capacity [16, 17]. Studies have shown that the
addition of polyacrylamide significantly increases the soil’s
compressive and shear strength while also reducing its per-
meability and compressibility [18, 19]. Research has found
that new polymers can significantly enhance the mechan-
ical properties of soil and reduce its environmental sensi-
tivity [20—22]. To this end, it is particularly important to
innovatively introduce high polymer polymers, especially
the environmentally friendly material sodium polyacrylate
(PAAS), for the reinforcement treatment of expansive soil,
in order to compensate for the shortcomings of traditional
stabilizers. PAAS itself is a highly water-absorbent resin,
inexpensive, and as a chemical modifier, it has been rec-
ognized as an environmentally friendly soil stabilizer. It
is a non-toxic, water-soluble polymer containing a large

number of hydrophilic groups such as carboxyl and hy-
droxyl groups. It has been used as a thickener in the food
industry and a flocculant in water treatment. Due to its
low cost and resistance to microbial degradation, it has
been widely applied in the stabilization of concrete, red
clay, and bentonite [23, 24]. PAAS has the unique prop-
erties of high water absorption and high viscosity, and
demonstrates more significant effects in the solidification
of cement, bentonite, and red clay, particularly excelling
in enhancing the bearing capacity of solidified expansive
soil and resisting soil deformation [23-25]. Studies have
shown that sodium polyacrylate has achieved remarkable
results in the solidification of expansive soil, providing
strong support for its application in the reinforcement of
expansive soil [25]. Wang et al. [23] found that after sodium
polyacrylate solidifies red clay, the shear strength first in-
creases and then decreases with varying content, reaching
a peak at a content of 2%. Chen et al. [24] indicates that
after PAAS solidifies bentonite, a complete layered struc-
ture forms within the soil, and the interlayer spacing of
montmorillonite is significantly reduced. As a highly ab-
sorbent water-soluble resin, PAAS exhibits a unique soil
improvement effect due to its rich carboxyl groups and
excellent hydrophilic polymerization properties [26]. In re-
cent years, research on the use of PAAS in soil stabilization
has gradually increased, and studies have found that the
addition of PAAS significantly enhances the compressive
and shear strength of soil while reducing its permeability
and compressibility.

In summary, the use of PAAS with high water absorp-
tion regulates the effective water content within the soil,
reducing volumetric expansion and contraction caused by
wet-dry cycles. Simultaneously, its cross-linked structure
forms an ’elastic-rigid’ composite framework with soil par-
ticles, which can enhance the deformation capability and in-
crease the strength of the stabilised soil, addressing the brit-
tleness and cracking issues associated with traditional sta-
bilisers. Mechanical tests analyse the mechanical behaviour
and deformation resistance of PAAS-stabilised expansive
soil. Swelling tests examine the expansion and contraction
behaviour, and wet-dry cycle tests study changes in soil
water content and crack characteristics. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD) tests reveal
the interface mechanisms between hydrogel formed by
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Table 2. PAAS basic physical properties

Material ~molecular weight g/mol

Granularity /mesh pH

300 °C Viscosity dL/g

PAAS 10 million

200~400

7.8 Do not decompose 0.060~0.10

PAAS and soil particles, the changes in porosity and min-
eral composition of stabilised expansive soil, constructing
an intrinsic mechanism of ‘'macroscopic effects-microscopic
mechanisms’ interaction. This provides a theoretical ba-
sis for the construction of subgrades and slope projects in
soft expansive soil areas, enriches the theory of expansive
soil stabilisation, and proposes a new method for manage-
ment that balances ecological protection with performance
improvement.

2. Materials and methods

2.1. Materials used in the test

The sample soil was taken from a road construction project
in Huanggang City, Hubei Province, with a collection depth
of 1.5 meters. The soil is grayish white, and it is hard and
plastic in natural state. Before the test, the soil was dried
naturally, and the final moisture content reached 22.04%.
Then, the professionals carefully removed the impurities
in the soil and crushed them through a 2 mm sieve for
subsequent analysis.

As shown in Fig. 1, the particle size distribution curve
shows that 90% of soil particles are less than 0.075 mm,
which makes it classified as fine-grained soil according to
the existing classification criteria. Table 1 systematically
summarizes the physical properties of expanded soil. It is
worth noting that the Uniformity Coefficient (Cu = 2.98)
and the Curvature Coefficient (Cc = 0.13) indicate that the
soil has poor grading [27]. In addition, this soil is classified
as weakly expanded soil, which exhibited a liquid limit of
42.54% and a free expansion index of 43.1% [27].

The curing agent used in the experiment is industrial-
grade PAAS, sourced from Tianjin Huasheng Chemical
Reagent Co., Ltd. It is a colorless, odorless white powder
with the structural formula [-CH2 — CH(COONa) —|n. The
basic physical parameters are shown in Table 2, and the
particle size distribution is shown in Fig. 1.

It has advantages such as high water retention, non-
toxicity, and environmental friendliness, and is a water-
soluble polymer. Its viscosity changes very little, it is not
prone to deterioration, is unaffected by temperature or
acid, alkali, and salts, although strong alkali can increase
its viscosity.
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Fig. 1. Particle size curve of expansive soil and PAAS

2.2. Sample Preparation and Test Methods

In the experiment, the clay-soil ratio of PAAS to expansive
soil was 0%, 0.5%, 1%, 2%, 3%, 4%, and 5% (Currently, there
is no unified standard stipulating that the maximum PAAS
content in stabilized expansive soil must be 5%. Relevant
studies on stabilized expansive soil consider it reasonable
to set the maximum PAAS content at 5% [24], as exceeding
this content significantly reduces the cost-effectiveness of
the treated soil), with curing times of 0d, 7d, 14d, 28d,
and 60d. All experiments in the text were conducted in
accordance with standard [27]. Three parallel samples were
set for each test group and their average values were taken.

2.2.1. Experimental Sample Preparation Steps

(1) First, determine the maximum dry density and the op-
timum water content of the expansive soil based on the
compaction test. Then, using the maximum dry density
and the optimum water content, take the reserved expan-
sive soil and pure water. The clay content ratio is set at
0%, 1%, 2%, 3%, 4%, and 5% (percentage of sodium poly-
acrylate powder by mass of expansive soil).

(2) After preparing the expansive soil (as shown in
Fig. 2a) and sodium polyacrylate powder (as shown in
Fig. 2b) and mixing them thoroughly in dry form, gradu-
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ally add pure water multiple times (as shown in Fig. 2c)
and stir until a clearly visible mixture is formed.

(3) Pour the mixture from (2) into standard molds with
a height of 100 mm and a diameter of 50 mm (as shown
in Fig. 2h , for compressive strength tests and microscopic
tests), and molds with a diameter of 61.8 mm and a height
of 200 mm (as shown in Fig. 2g, for direct shear tests,
swelling tests, and wet-dry cycle tests). The load applied
for static loading in one-time static pressing is 1.5 MPa.
After holding the static pressure for 2 minutes, remove
the load and take out the specimens, wrap them with
plastic wrap, and place them in a curing room (temper-
ature approximately 25°C £ 2°C, humidity approximately
40% = 5%). Conduct tests after curing for 0, 7, 14, 28, and
60 days.

Fig. 2. Experimental flow

2.2.2. Test Method

(1) Free expansion rate test

A free swelling test was conducted to simulate the soil’s
free water absorption and swelling characteristics under
conditions without external forces or lateral constraints.
The test steps are as follows:

(i) Slowly pour the pre-weighed 10 g soil sample into
a glass funnel, ensuring the soil is evenly distributed in-
side the funnel to prevent clumping. Quickly remove the
conical stopper, allowing the soil to fall freely into the 50
mL measuring cylinder below. After all the soil has fallen
and no particles are moving, record the soil’s bulk volume
to the nearest 0.1 mL. Slowly add distilled water into the
cylinder containing the dry soil until the water level is 10
mm above the soil surface, pouring along the side of the
cylinder to avoid disturbing the soil.

(ii) Gently stir the soil sample and water in the measur-
ing cylinder with a glass rod, stirring to a depth approxi-
mately to the bottom of the soil sample, at a stirring rate
of 1 time/s for 1 minute, ensuring the soil sample is fully
moistened. After stirring, let the measuring cylinder stand

(as shown in Fig. 2d) to allow the soil sample to freely ab-
sorb water and swell, preventing the measuring cylinder
from shaking during the standing period. Record the vol-
ume of the swollen soil sample at 10 minutes, 30 minutes, 1
hour, 2 hours, 4 hours, 8 hours, and 24 hours of standing,
until the difference between two consecutive readings does
not exceed 0.1 mL, at which point the volume is considered
the stable swollen volume.
(2) Limit Moisture Content Test

Prepare no less than 200 g of soil samples that have
passed through a 0.5 mm standard sieve and remove coarse
particles. Divide the 200 g of soil into three portions, each
approximately 60 ~ 70 g, and add different volumes of
distilled water to prepare soil pastes in three states: slightly
dry, medium, and slightly wet. Seal the three soil pastes
and let them stand for 12~24 hours to ensure uniform
moisture distribution. Then perform the liquid-plastic test
using a photoelectric liquid-plastic limit tester (as shown
in Fig. 2e), with a 76 g cone for the cone penetration. The
water content at a cone penetration of 17 mm is the liquid
limit, and the water content at a cone penetration of 2 mm
is the plastic limit.
(3) Compaction Test

The light compaction test is used (as shown in Fig. 2f).
Before the test, the designed proportions of expansive soil
and sodium polyacrylate are mixed. They are then pre-
pared into five portions with a 2% incremental moisture
content difference, and each portion is cured for 24 hours
before compaction (in three layers) to determine the maxi-
mum dry density and the optimum moisture content.
(4) Swelling Rate Test

The swelling rate without load and with load is mea-
sured using a single rod consolidometer (as shown in
Fig. 2i). The changes in the dial gauge are recorded at regu-
lar intervals until the dial gauge stabilizes and no longer
changes.
(5) Compressive Strength Test

The test is conducted using a WDW-10E micro-
controlled electronic universal testing machine (as shown
in Fig. 21), with a loading rate of 1.2 mm/min. The test
should be stopped when a clear peak appears on the stress-
strain curve or when the stress stabilizes. If there is no
obvious peak, the test should be stopped when the strain
reaches 20%.
(6) Shear Strength Test

The test was conducted using a ZJ-type strain-controlled
direct shear apparatus produced by Nanjing Soil Instru-
ment Factory (as shown in Fig. 2j). The shear rate was
0.8 mm/min, and the normal stresses were 100 kPa, 200
kPa, 300 kPa, and 400 kPa. A shear load was applied to
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the sample until complete failure, and the shear stress and
shear displacement of the sample were recorded.
(7) Dry-Wet Cycling Test

To simulate the characteristics of cracks under atmo-
spheric precipitation, the specimen along with the ring
knife/mould is placed in a water container, with the wa-
ter level controlled at 1/3 to 1/2 of the specimen height,
allowing water to infiltrate from bottom to top to ensure
uniform moisture content, with a single humidification pe-
riod of 6 hours. Afterwards, the specimen (same as the
shear specimen) is placed in a 40 °C constant temperature
electric drying oven (as shown in Fig. 2k) to dry, with a
single drying period of 24 hours. After the wet-dry cycles,
images of the surface cracks of the specimen are captured,
and the crack length and width are extracted, completing a
total of 5 wet-dry cycles.

(8) Microscopic Test

During the test, samples from the compressive strength
test were selected, broken into roughly 1 mm cubic pieces,
then freeze-dried (using a liquid nitrogen freeze dryer),
dried, ground, and sieved through a 0.075 mm mesh, and
kept sealed for later use. The reserved soil samples were
attached to conductive tape and vacuum freeze-dried to
reduce disturbances in the sample’s charge and discharge.
They were then tested using a HITACHI field emission
scanning electron microscope (as shown in Fig. 2m) with
a resolution of 1.0 nm(15kV)/1.3nm(1kV) and a voltage
range of 0.1 — 30kV.

Soil from the center of the compressive test samples
was placed in a 50 °C oven to dry. After drying, the soil
samples were ground, sieved through a 0.075 mm mesh,
and stored in sealed bags for later use. XRD tests were
conducted using an Ultima IV X-ray diffractometer (as
shown in Fig. 2n), with X-ray diffraction analysis showing
linearity < 0.030, resolution < 0.130, repeatability < 0.0020,
scanning angle 10° — 80°(20), a scan step of 0.02, and a
speed of 5°/min.

3. Result discussions

3.1. Effect of PAAS on the boundary moisture content of
solidified soil
Figs. 3a and 3b illustrate the boundary moisture content
of solidified soil after 0 days and 60 days of curing, re-
spectively. As shown in Fig. 3a, with an increase in PAAS
content, both the liquid limit and plasticity index exhibit a
gradual decline. The extent of this decrease shifts from sig-
nificant to relatively minor, eventually approaching a stable
trend [25]. Specifically, when the PAAS dosage reached 5%,
the liquid limit of the solidified soil dropped to 20.36%, and
the plasticity index decreased to 7.12%, representing reduc-

tions of 52.14% and 77.36%, respectively, compared to the
uncured soil. Conversely, the plastic limit of the solidified
soil increased progressively with higher PAAS dosages, al-
though the magnitude of this increase was relatively small.
The rate of increase gradually diminished and eventually
stabilized. At a 5% dosage, the plastic limit reached 13.24%,
marking a 19.39% increase over the uncured soil.
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Fig. 3. Water content of cured soil boundaries

Fig. 3b reveals that the trends in liquid limit, plastic limit,
and plasticity index of the soil subjected to 60 days of curing
exhibit similarities to those of the uncured soil. Neverthe-
less, when compared with the 0 -day curing sample, the
reductions in both the liquid limit and plasticity index of
the 60-day-cured soil are notably more pronounced. Specif-
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ically, the data indicates that the liquid limit and plasticity
index have decreased by 63.56% and 92.62%, respectively.
Moreover, relative to the uncured soil, the rates of reduction
have increased by 11.42% and 15.26%, respectively.

This is attributed to the strong water-absorbing prop-
erty of PAAS-the higher the dosage, the more water PAAS
absorbs from the soil, leading to thinner bound water films
and a reduced plasticity index. Moreover, PAAS requires a
prolonged hydration process, resulting in a lower plastic-
ity index for the 60-day-cured soil compared to the 0-day
sample [28].

3.2. Effect of PAAS on the swelling properties of solidi-
fied soils

3.2.1. Effect on the rate of free expansion

Figs. 4a and 4b respectively depict the free expansion ra-
tios of solidified soil under varying dosages and different
curing durations. As depicted in Fig. 4a, under identical
curing durations, the free expansion rate of the solidified
soil demonstrates a declining trend with the increase in
PAAS content. In accordance with specification [29], the
free expansion rate of 5% solidified soil over a 60-day dura-
tion is recorded at only 19.58%, representing a substantial
decrease of 53.82% relative to uncured soil, with its rate be-
ing considerably below the 40% threshold, thereby exclud-
ing it from the expansive soil classification. As depicted
in Fig. 4b, under a given PAAS content, the free expansion
rate of solidified soil exhibits a declining trend over time,
with a significantly greater reduction in the swelling rate
when the PAAS content exceeds 4%.

3.2.2. Effect of PAAS on unloaded expansion rate

Figs. 5a and 5b respectively illustrate the unloaded expan-
sion rates of solidified soil with varying additive amounts
and different curing durations. Fig. 5a indicates that for
a given curing period, the unloaded expansion rate is in-
versely related to the additive dosage, at a diminishing rate
of decrease. Specifically, for 5% cured soil, the unloaded
expansion rate drops by 36.22 %, 44.76 %, 47.41 %, 52.08
%, and56.37 %, respectively. Fig. 5b reveals that, with a con-
stant additive amount, the unloaded expansion rate of the
solidified soil declines over time. After 60 days of curing,
the unloaded expansion rates of the cured soil decrease by
34.22 %, 44.76 %, 50.85 %, 53.96 %, and 56.37 %, respec-
tively. However, when the additive content reaches 4%, the
reduction in the unloaded expansion rate becomes less sig-
nificant. Therefore, considering both the additive dosage
and curing effect of PAAS, the 4% solidified expansive soil
exhibits the optimal performance in terms of expansion
rate.
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Fig. 4. Free expansion rate of cured soil

3.2.3. Effect of PAAS on the rate of expansion of the charge

Figs. 6a and 6b respectively depict the loaded expansion
rates of solidified soil under a pressure of 50 kPa for differ-
ent additive dosages and curing durations. As illustrated
in Fig. 6, the trend of the loaded expansion rate with addi-
tive content and curing time closely parallels that observed
for the unloaded case. Fig. 6a demonstrates that the load
expansion rate declines swiftly before the additive dosage
reaches 4%, after which the rate of decrease slows down.
Specifically, for solidified soil cured for 60 days, the load
expansion rate decreases by 35.95 %, 65.53 %, 81.84 %, 89.22
%, and 92.81 %, respectively, with reduction rates ranging
between 35% and 93%. According to Fig. 6b, the extent of
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Fig. 5. Unloaded expansion rate of cured soil

reduction is more pronounced during the initial 28 days
of curing, suggesting that after a certain curing period, the
internal structure of the solidified soil gradually stabilizes,
leading to a slower rate of reduction.

3.3. Effect of PAAS on compressive strength

Figs. 7a and 7b respectively present the compressive
strength of solidified soil under varying additive dosages
and curing periods. In Fig. 7a, at a consistent curing time,
an initial rise followed by a decline is observed in the com-
pressive strength of the solidified soil as additive content
increases. The peak compressive strengths recorded were
148.36 kPa, 178.58 kPa, 205.36 kPa, 242.23 kPa, and 291.74
kPa (at a 4% dosage), representing increases of 47.21 %,
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Fig. 6. Loaded expansion rate of cured soil

50.92 %, 52.97 %, 55.79 %, and 60.68 %, respectively, com-
pared to the un-cured state (across different curing dura-
tions). Moreover, under a constant additive dosage, a grad-
ual increase over time, leading to a stable state, is observed
in the compressive strength of the solidified soil.

Fig. 7b reveals that the compressive strengths of soil
samples subjected to a 60-day curing period with vary-
ing additive dosages are 114.7 kPa, 172.23 kPa, 239.68
kPa, 264.74 kPa, 291.58 kPa, and 277.61 kPa, respec-
tively. These values demonstrate increases of 31.76%,
43.31%, 111.07%, 101.2%, 96.64%, and 104.93% compared to
their un-cured counterparts.

The compressive strength gain is primarily due to the
water absorption and adsorption properties of PAAS. Upon
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absorbing water and expanding, PAAS forms a gel-like
substance that strengthens the inter-particle bonds within
the soil, fills the voids between particles, and enhances
the soil’s compactness, thereby boosting its compressive
strength. As the curing time progresses, PAAS absorbs wa-
ter more thoroughly, generating additional gel that further
connects the soil particles and subsequently elevates the
compressive strength.

The deformation modulus Es serves as a widely recog-
nized metric for forecasting the deformation behavior of
solidified soils, reflecting the material’s capacity to with-
stand elastoplastic deformation [29].

Fig. 8 illustrates the correlation between the deformation
modulus Esg and the PAAS curing agent. As depicted, un-
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der varying curing durations, the Esj value of the solidified
soil rises and subsequently declines, reaching its peak at a
4% dosage level. Specifically, the peak Esy values at 0 days,
7 days, 14 days, 28 days, and 60 days of curing were 26.02
MPa, 29.76 MPa, 33.03 MPa, 63.29 MPa, and 62.07 MPa,
respectively (all at a 4% content). These findings indicate
that the solidified soil’s resistance to deformation signifi-
cantly enhances after prolonged curing, with a maximum
improvement of 88.93%.
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Fig. 8. Relationship between changes in E5y and PAAS

3.4. Effect of PAAS on shear strength

Figs. 9a and 9b respectively present the shear strength of
solidified soil after curing periods of 0 days and 60 days.
As evident from Fig. 9, the shear strength exhibits a linear
increase with the augmentation of normal stress. Moreover,
as the curing time extends, the shear strength experiences a
progressively greater rise. After 60 days of curing with a 4%
content, the maximum shear strength reached 216.02 kPa,
marking a 261.78% increase compared to the uncured soil
(59.71 kPa). This indicates a substantial enhancement in
shear strength post-curing. Notably, the shear strength in-
creases at a slower rate under normal stress below 200 kPa
(low stress conditions), whereas it escalates rapidly under
normal stress exceeding 200 kPa (high stress conditions).
Fig. 9a shows that, at 0 days of curing, the soil treated
with 3% PAAS exhibits the highest shear strength. This
is because PAAS is a water-soluble polymer with numer-
ous polar groups along its molecular chains. When the
dosage reaches 3% (well above the conventional ’effective
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Fig. 9. Shear strength of cured soil

active component range of 0.8 ~ 1.2%’), PAAS forms a
"high-concentration aqueous environment’ in the soil. Wa-
ter molecules act as a medium, allowing the PAAS chains to
quickly expand and adsorb onto the surfaces of expansive
soil particles. The instantaneous physicochemical effects of
PAAS on expansive soil dominate the early strength devel-
opment at zero curing. The increase in soil shear strength
does not rely on the hardening from hydration reactions
of conventional cementitious materials (which takes days
to tens of days), but rather on the rapid physical encapsu-
lation, ionic complexation, and pore filling between PAAS
molecules and expansive soil particles. Furthermore, the
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Fig. 10. Cohesion and angle of internal friction of cured
soil

3% dosage precisely brings these three effects to a “syner-
gistic peak.’

Figs. 10a and 10b respectively display the cohesion and
internal friction angle of the curing soil after curing periods
of 0 days and 60 days. As depicted in Fig. 10, the internal
friction angle of the solidified soil peaks and then declines
with additional increases in content, showing a fundamen-
tal alignment with the trend observed in the uncured soil.
Specifically, Fig. 10 reveals that the peak internal friction
angles before and after curing are achieved at 3% and 4%
contents, measuring 7.02° and 16.69°, respectively. This
indicates a 137.74% increase in the internal friction angle
following curing. Furthermore, the cohesion of the uncured
soil at 0 days of curing gradually rises with an increase in
PAAS content, eventually stabilizing at 77.16 kPa at a 5%
content. This represents a 61.42% rise compared to the co-
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hesion (47.8 kPa) of the uncured soil at the initial curing
stage (0 days).

Following a 60-day curing period, the soil cohesion ini-
tially rose and subsequently declined as the PAAS content
increased. The maximum cohesion value reached 101.56
kPa, marking a 112.46% increase compared to the uncured
state. This phenomenon can be attributed to the gel forma-
tion resulting from PAAS absorption and expansion, which
bolsters the cohesion between soil particles.

Meanwhile, the substantial water-absorbing capacity of
PAAS causes a decrease in soil moisture content, thereby
reinforcing the bonding forces and frictional resistance
among soil particles, and resulting in an upsurge in the
internal friction angle. Nevertheless, an overabundance of
gel interspersed among soil particles can adversely affect
soil structure, diminish interparticle cohesion, and conse-
quently, reduce shear strength.

Fig. 11. Dry and wet cyclic crack changes

3.5. Effect of wet-dry cycles on cracks

In regions where expansive soil is distributed, the soil un-
dergoes multiple wet-dry cycles throughout the year due
to the influence of monsoon climates or seasonal rainfall.
During the rainy season, water infiltrates the soil, making
it wet and causing it to swell, while in the dry season, solar
radiation leads to moisture evaporation, causing the soil to
dry and shrink. This alternation occurs 4-6 times annually.
Five wet-dry cycles can accurately simulate the year-round
wet-dry process of expansive soil subgrades, slopes, and
other engineering projects under natural atmospheric con-
ditions, reflecting the typical climatic effects encountered
during actual use. After stabilizing expansive soil with
sodium polyacrylate, the repeated increase and decrease of
moisture during wet-dry cycles gradually destroys the in-
ternal structure of the soil, leading to a continuous decline
in its strength. This decrease in strength does not continue
indefinitely. Studies have shown that the decline is signif-
icant during the early cycles, but after 4-5 cycles, the rate
of strength reduction slows noticeably and tends to stabi-
lize. Wet-dry cycle tests on sodium polyacrylate-stabilized
expansive soil show that when the cycling amplitude is

10% — 35%, the soil’s cohesion and other strength param-
eters stabilize after five cycles. Continuing to increase the
number of cycles results in minimal changes in strength.
Setting the number of cycles to five can accurately cap-
ture the complete process of stable soil from performance
degradation to stabilization, which is sufficient to assess
its long-term stability while avoiding issues of too few cy-
cles failing to reflect true performance or too many cycles
extending the test period and increasing costs.
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Fig. 12. The crack rate of solidified soil under the action of
dry and wet cycles

Fig. 11 respectively illustrate the crack ratios (Refers to
the percentage of the total area of all cracks on the sample
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surface or cross-section relative to the total observed area)
of solidified soil after a single cycle and multiple cycles. It
is evident that, prior to any cyclic loading (0 cycles), the
solidified soil specimen undergoes significant shrinkage
deformation, with the soil edges progressively detaching
from the ring knife. As the PAAS content increases, this
shrinkage deformation gradually diminishes, with a mi-
nor portion of the specimen’s deformation at a 4% PAAS
content approaching the constraints of the ring knife. Fol-
lowing four cycles, surface branching cracks on the solidi-
fied soil begin to progressively widen and penetrate deeper,
ultimately segmenting the soil into several distinct sections.

As the content of PAAS increases, both the crack width
and the number of cracks significantly decrease, indicat-
ing that the addition of PAAS effectively suppresses crack
development. Notably, when the PAAS content reaches
4%, the crack rate drops to its lowest level, demonstrat-
ing the optimal inhibitory effect on crack propagation at
this concentration. The underlying mechanism involves the
water-absorbing property of PAAS, which reduces the soil’s
free water content and hinders the interaction between hy-
drophilic clay minerals and water. This, in turn, dimin-
ishes soil swelling and minimizes the formation of inter-
layer cracks in the soil Error! Reference source not found..
Furthermore, the hydroxyl (-OH) and carboxyl (-COOH)
groups in PAAS molecules can form hydrogen bonds with
clay minerals, creating a stable three-dimensional structure.
This structural reinforcement enhances the soil’s tensile
strength and consequently improves its crack resistance.

Fig. 12 illustrates the crack ratio of the solidified soil
subjected to dry-wet cycling. As depicted in Fig. 12a, the
evolution of the crack ratio can be divided into three pri-
mary phases [10]: Initially, there is a rapid growth phase
(0 ~ 3h), where stress concentrations arising from soil
inhomogeneity trigger the formation of numerous cracks.
Subsequently, a slow growth phase (3 ~ 21h) ensues,
during which new cracks emerge along pre-existing ones,
resulting in a progressive rise in the crack ratio. Finally,
a stable phase (21 ~ 24h) is reached, wherein, once the
cracks have propagated to a certain extent, the soil’s ten-
sile resistance surpasses its tensile capacity, causing crack
development to cease.

As illustrated in Fig. 12a, during the initial stage, there
exists only a marginal disparity in the crack rates between
solidified and unsolidified expansive soils. However, in
the subsequent stage, the gap between their crack rates
widens significantly, with the crack rates for 0% and 4%
solidified soils recorded at 3.46% and 2.45%, respectively.
The difference in their crack rates amounts to 29.19%, un-
derscoring that PAAS primarily acts to inhibit the cracking

of expansive soil during the second stage.

Furthermore, Fig. 12b reveals that the relationship be-
tween the crack rate and the number of dry-wet cycles also
unfolds in three distinct stages: a rapid growth phase from
0 to 1 cycle, a slow growth phase spanning 1 to 4 cycles,
and a stable phase from 4 to 5 cycles. Under an equivalent
number of dry and wet cycles, the soil crack rate is consis-
tently lower than that of the unsolidified counterpart, with
a higher PAAS content correlating to a reduced crack rate.
This indicates that the incorporation of PAAS effectively
curtails crack development in the solidified soil. Following
5 cycles, the crack rates for varying dosages ranged from
5.78% to 6.84%, representing a 97.68% to 135.92% decrease
compared to the unsolidified soil.

1% 2%

Fig. 13. Dry and wet cycling 4 times cleavage skeleton

Fig. 13 presents the crack pattern observed in the PCAS
system following four cycles of dry-wet alternation Error!
Reference source not found., the number of cracks and the
crack area in the solidified soil are analysed using image
processing techniques, by converting the captured crack im-
ages into black-and-white binary images through threshold
segmentation and binarisation. PCAS is a particle (pore)
and fracture image recognition and analysis system, de-
veloped by Nanjing University as a specialized tool for
pore analysis. Leveraging its automated image recognition
and quantitative analysis capabilities, it is widely used in
various research fields, including geology and geotechni-
cal engineering, significantly improving the efficiency and
accuracy of studies related to pores and fractures. Frac-
ture images of solidified soil can be binarized to remove
noise, after which particles and pores are automatically
segmented and identified, providing outputs such as the
number, area, and length of particles and pores. It can
also calculate key indicators such as porosity, directional
probability entropy, and fractal dimension, and generate
vector images that illustrate the distribution patterns and
structural features of mineral particles and soil pores.

From the Fig. 13, it is evident that the unsolidified sam-
ple exhibits pronounced primary primary (Refers to the
fissures that first form in the soil under wet-dry cycles,
loading, or drying shrinkage stress, and play a dominant
role in structural failure) and secondary cracks (Refers to
branch cracks that originate from or depend on the main
crack, appearing during the propagation of the main crack
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Fig. 14. Strength characteristics of cured soil under wet
and dry cycles

and playing an auxiliary role in structural damage), which
progressively cause the soil aggregates to detach from the
edges. As the PAAS content increases, the reduction in both
the primary crack width and the quantity of secondary
cracks demonstrates a gradual suppression of crack de-
velopment in the solidified soil. Once the PAAS content
surpasses 4%, the extent of soil structural damage becomes
minimal. In this state, the secondary cracks close upon
exposure to water, leaving only the primary crack visible
at the periphery.

Figs. 14a and 14b respectively depict the strength char-
acteristics of solidified soil under different dosages and
a 4% PAAS dosage after undergoing dry-wet cycling. To

highlight the trend of changes, only the performance after
0 cycles (initial), 1 cycle, 3 cycles, and 4 cycles is shown.
Since the performance stabilizes after 5 cycles (with no sig-
nificant changes), it is omitted to avoid making the figures
too complex. As shown in Fig. 14a, a negative correlation
is observed between the compressive strength of the so-
lidified soil and the number of cycles. Despite the cycling,
the solidified soil exhibits superior compressive strength
to the unsolidified soil. A more significant attenuation in
compressive strength is noted for the solidified soil, which
may be accounted for by the formation of van der Waals
forces within the solidified soil after dry-wet cycling. These
forces promote the aggregation of fine particles, results in
a higher proportion of large particles while a reduction in
specific surface area, porosity, and soil strength [29]. The
rate of strength degradation gradually slows down as the
cycles rises.

Fig. 14b illustrates the shear strength index of the 4% sta-
bilized soil across different cycles. As indicated in Fig. 14b,
the cohesion of the solidified soil undergoes an initial de-
cline before plateauing with rising cycle numbers, with the
most notable changes occurring during the first two cycles.
This phenomenon is attributed to the significant structural
damage caused by wet expansion and dry shrinkage [30].
Lee et al. [31] demonstrated that the solidified soil consis-
tently stabilized the cohesion of soil particles throughout
the drying and wetting cycles. As the cycles rises, both
the cohesion and internal friction angle of the solidified
soil exhibit a gradual decline. The amplitude of variation
becomes relatively stable after three cycles.

3.6. Microscopic analysis of PAAS solidified expansive
soil
3.6.1. SEM and XRD assay analysis

Figs. 15a and 15b present SEM images of untreated and
4% PA AS-treated expansive soil, respectively. In Fig. 15a,
the untreated soil is composed mainly of aggregates and
scattered, variably-sized loose particles. The presence of
large pores between the relatively dispersed soil particles
leads to weak particle connectivity.

Fig. 15b reveals that after PAAS treatment, the num-
ber and size of pores in the soil are significantly reduced.
Additionally, there is a noticeable presence of colloidal at-
tachments (such as hydrogels and flocculent adhesive films)
on the soil particles surface. In essence, the incorporation
of PAAS enhances the cohesive properties of soil particles,
reduces their fluidity, strengthens the inter-particle con-
nections, and effectively improves soil compactness. It is
also observed that the soil particles are enveloped by this
gel film, rendering their boundaries indistinguishable. The
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high-viscosity gel forms a coating that excessively packs the
particles, resulting in a small effective contact area between
them. This leads to the formation of a spatial network struc-
ture, which hardens the soil and improves the soil skeleton,
thereby enhancing the overall strength. This improvement
is macroscopically manifested as an increase in strength
characteristics.
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Fig. 15. SEM image of expanded soil

Fig. 16 displays the XRD patterns of expansive soil
treated with a stabilizing agent. The analysis reveals that
the peak characteristics in the XRD patterns of the stabi-
lized soil remain largely unchanged, with no new diffrac-
tion peaks observed. This indicates that the PAAS stabi-
lization process does not lead to the formation of new crys-
talline minerals. The primary clay minerals identified are
quartz, montmorillonite, and illite, with slight variations in
their relative abundances.

Fig. 16 indicates that the content of hydrophilic miner-
als in the stabilized soil dropped by 43.14%(43.14% comes
from the relative quantitative analysis of the change in the
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Fig. 16. XRD pattern of PAAS-cured expansive soil

relative content of hydrophilic mineral characteristic peaks
and internal standard peak intensity before and after cur-
ing. Its value only shows a slight change in peak intensity
on the XRD spectrum, and does not obviously indicate
a halving of the content.) after 60 days of curing. This
reduction is a direct result of the significant SiO content
inherent to the expansive soil. Upon hydration, SiO, reacts
to form silicate species, facilitating the presence of K*and
Na*ions within the interlayers of montmorillonite crystals
[32]. However, when PAAS dissolves in water, it releases
a significant number of OH™ and CHOO™ (formate) ions.
These anions participate in cation exchange reactions with
the interlayer K™ and NaTions in montmorillonite [33].
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Fig. 17. Pore space of cured soil

The resulting formation of soluble hydration products such
as NaHCOj; contributes to the suppression of soil expan-
sion by reducing the osmotic potential and weakening the
swelling capacity of the clay minerals.

3.6.2. PAAS pore size analysis of solidified expansive soil

To study the particle pore size of solidified soil, the PCAS
porosity analysis software developed by Nanjing Univer-
sity [34] was used for quantitative analysis of SEM images.
PCAS, which stands for Particle (Porosity) and Fracture
Image Recognition and Analysis System, is a professional
porosity analysis tool developed by Nanjing University.
With its automated image recognition and quantitative
analysis capabilities, it automatically segments and iden-
tifies particles and pores, outputting key indicators such
as the number, area, length, porosity, orientation probabil-
ity entropy, and fractal dimension of particles and pores,
and generates results in vector images and rose diagrams.
Threshold segmentation was applied to the SEM images
for fracture statistical analysis between particles.

After repeated adjustments, a threshold value of 40
achieved better segmentation results, with a fixed pore
throat radius of 2 and a minimum area of 50. Fig. 17 shows
the pore image of solidified soil cured for 60 days (black
in the figure represents the soil matrix, and colored areas
represent pores).

As illustrated in Fig. 17, in the absence of PAAS, the
specimen exhibits large internal pores and loosely packed
soil particles, leading to low strength, significant water
absorption, expansion, and contraction. Upon the incor-
poration of PAAS, the soil pores undergo varying degrees
of modification, with the solidified soil overall porosity
effectively reduced. Due to the excellent binding capacity
of PAAS with soil particles, the formation of aggregates
and hydrates fosters intimate intermingling among soil
particles, enhances particle-to-particle contact forces, and
substantially improves strength. However, when the PAAS
content surpasses 4%, the total porosity of the solidified
soil begins to rise, compromising the soil’s integrity and re-
sulting in a gradual decline in strength. This trend mirrors
the variations observed in compressive and shear strength,
reinforcing the notion that a 4% PAAS dosage yields the
optimal curing effect.

Table 3 presents the fracture parameters derived from
SEM images after 60 days of curing. According to the data
in Table 3, the maximum length of the cured soil exceeds
that of the uncured soil, highlighting the effective role of
the curing agent in enhancing soil stretching. Moreover,
a higher fracture curvature coefficient in the cured soil
signifies improved resistance to deformation, indicating
that the solidified soil possesses excellent ductility, man-
ifesting in larger widths and lengths during fracture and
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Table 3. Crack parameter results for cured soil

Dosage /%

Maximum length Maximum width  Curvature coefficient

Crack rate /%

0 88.64 45.01
1 98.06 52.77
2 71.6 44.6

3 133.71 48.59
4 102.02 71.74
5 112.4 62.69

1.06 5.56
1.03 5.11
1.12 4.58
1.12 3.69
1.22 3.08
1.27 5.13

deformation resistance processes. The porosity of the cured
soil exhibits an initial decrease followed by an increase,
with the minimum crack width observed at a 4% PAAS
content. This observation underscores that the curing ef-
fect is most pronounced at this concentration, fostering a
tightly interwoven intergranular structure that aligns with
the principles of mechanical expansion.

3.6.3. PAAS Microscopic mechanism of PAAS curing expansive
earth
Fig. 18 shows the mechanism of PAAS solidification of ex-
pansive soil. Expansive soils are originally rich in a large
number of free and dispersed hydrophilic minerals (typi-
cally montmorillonite), which are saturated with aqueous
solution and highly porous. When PAAS is introduced, the
hydroxyl groups in its molecular chain interact with water
molecules to induce the formation of hydrogen bonds, and
this chemical reaction promotes the conversion of PAAS
polymer monomers into viscous gel films. The gel film
not only fills the pores and wraps the soil particles, but
also shows strong cementing ability, effectively reducing
the aqueous solution content and pore volume in the soil,
thereby yielding a densified soil configuration (Fig. 18(b)).
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Fig. 18. Schematic diagram of PAAS cured expansive soil

Furthermore, PAAS gel membranes also enhance the
function of the gel membrane by enhancing the double
layer effect between particles, and more effectively adsorb
and encapsulate those originally free and dispersed soil
particles [10]. Therefore, the gel film formed by PAAS
polymers is embedded inside the soil, which not only ce-
ments and envelops fine soil particles, but also promotes
the formation of more stable aggregates of these particles,
as shown in Fig. 18 [35]. This series of changes not only
adjusts the arrangement and distribution of soil particles,

but also constructs a more stable soil structure, which sig-
nificantly improves the mechanical properties of expansive
soil.

3.7. Analysis of the 'Performance-Economic’ Relation-
ship of PAAS-Stabilized Expansive Soil

As a water-soluble polymer material, PAAS demonstrates
unique technical advantages in the solidification of expan-
sive soil. However, based on the "technical performance-
cost matching’, a "performance-economic’ correlation anal-
ysis is conducted by combining the results of laboratory
tests with the cost characteristics on site:

(1) Experiments show that a 5% addition of PAAS can
reduce the free expansion rate by 53.82% and the unloaded
expansion rate by 56.37%, with the expansion stabilized
within 60 days, keeping the free expansion rate below
40%. This advantage is particularly valuable for emergency
projects that require rapid suppression of expansive soil
deformation, such as temporary roads and foundation pit
slopes. Traditional cement stabilization requires 28 days of
standard curing to stabilize expansion, whereas PAAS can
achieve short-term stabilization by quickly encapsulating
hydrophilic minerals with a gel membrane, reducing the
construction period by more than 50%. The mentioned
0.8 ~ 1.2% refers to the proportion of the active compo-
nent in the PAAS molecule relative to the dry soil mass.
Because industrial-grade PAAS solid powder contains a
small amount of impurities (such as sodium chloride and
unreacted monomers, accounting for about 5 ~ 8%), its
actual utilisation efficiency in soil dissolution and diffusion
is much lower than the total added powder. An addition of
4% powder corresponds to an effective active component
proportion of about 1.0 ~ 1.1%, which is precisely within
the 0.8 ~ 1.2% control range. This illustrates the relation-
ship between the total amount added and the effective
amount used.

(2) By controlling the amount, a “performance peak-cost
optimal” match can be achieved. If the dosage exceeds
4%, not only will the mechanical properties decline (e.g.,
compressive strength drops, main fractures develop), but
material consumption and transportation costs will also
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increase [36]. If it is below 0.8%, curing is insufficient (shear
strength improvement < 15%), requiring secondary rein-
forcement and resulting in additional costs.

(3) PAAS relies on a microscopic mechanism of forming
a gel membrane to fill pores and reduce cracks, depending
on pre-treatment conditions of "soil particle size < 5 cm
and moisture content 18 ~ 22%’. In alkaline areas with
pH > 8.5, PAAS still exhibits high ion exchange efficiency,
and in arid regions with an average annual precipitation of
less than 400 millimeters, its water-retention properties can
provide moisture for plant growth [37].

(4) After curing with 4% PAAS, the compressive strength
increased by 31% ~ 105%, and the 60 -day free swelling
rate was less than 40%. For soil cured with 15% cement, the
28 -day compressive strength increased by 120% ~ 180%,
and the free swelling rate decreased by 40% ~ 60%. The
carbon emissions after PAAS curing are 40% ~ 50% lower
than those of cement, and the carbon trading revenue can
cover 15% ~ 20% of the total cost. Cement curing produces
high carbon emissions during production (about 0.8 tons
of CO, per ton of cement). The cost-benefit ratio of PAAS-
cured soil is 1:2.3, lower than that of cement-cured soil,
which is 1:3.1. Considering the carbon reduction benefits,
its environment-adjusted cost-benefit ratio can increase to
1:2.8 [38]. This characteristic gives PAAS-cured soil signif-
icant application value in ecologically sensitive areas or

regions where carbon trading is mature.

4. Conclusions

Laboratory experiments examined the influence of PAAS
on the volume change and mechanical characteristics of
expansive soil. Furthermore, the solidification process of
PAAS on expansive soil was clarified using SEM and XRD
analyses at a microscopic scale. The key discoveries are
summarized below:

(1) The application of PAAS leads to a effective reduc-
tion in the liquid limit and plasticity index, alongside an
elevation of the plastic limit in the treated soil. In partic-
ular, the free expansion rate of soil cured with 5% PAAS
dropped by 53.82%, staying under 40% after 60 days of
curing, which shows a notable decrease in expansion. Ad-
ditionally, the unloaded expansion rate of the 5% solidified
soil was reduced by 56.37%, and the loaded expansion rate
decreased by between 35% and 93%.

(2) An initial increase in the compressive strength of the
solidified soil with PAAS content is observed, reaching a
maximum at 4%, followed by a subsequent decrease. The
material shows a compressive strength increase of 31% to
105%. Similarly, the Esg value exhibits an initial increase
and then a decline as the PAAS dosage rises. After pro-

longed curing, the solidified soil showed an 88.93% in-
crease in its resistance to deformation.

(3) The shear strength of the solidified soil increases
linearly with increasing normal stress. After curing, the
maximum shear strength reaches 216.02 kPa , representing
a 261.78% improvement relative to the uncured state. Both
the friction angle and cohesion of the solidified soil initially
increase and subsequently decrease with higher PAAS con-
tent, with maximum increases of 137.74%, respectively.

(4) The incorporation of PAAS reduces both the width
and number of cracks in the solidified soil, effectively sup-
pressing crack propagation. The minimum crack ratio is ob-
served at a PAAS content of 4%. The compressive strength,
cohesion, and internal friction angle of the solidified soil
decrease as the number of loading cycles increases. The
degree of soil structure degradation increases slightly once
the PAAS content exceeds 4%, with the primary fissure de-
veloping at the occluded edges of secondary cracks upon
exposure to water.

(5) The incorporation of PAAS reduces the number of
pores and the crack rate in the solidified soil. XRD anal-
ysis shows a 43.14% reduction in hydrophilic minerals.
PAAS and aqueous solutions promote hydrogen bonding
between water molecules via hydroxyl groups in the molec-
ular chain, facilitating the development of a viscous gel film.
This film provides filling, encapsulation, and binding ef-
fects, effectively reducing moisture content and pore spaces
of the soil, thereby enhancing its density and compactness.
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