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Abstract: The effects of chloride erosion and
wetting—drying cycles on the shear properties
of graphene oxide (GO) cement soil were
investigated through direct shear testing.
Specimens with different GO dosages were
first tested, followed by further direct shear
tests at various NaCl concentrations and
wetting—drying cycle counts. SEM was also
used to examine the microstructure. The
results show that the shear strength, cohesion
and internal friction angle of cement soil
initially increased with GO dosage but
declined at higher dosages. The optimal GO
dosage was 0.06% by mass of cement. For
cement soil containing the optimal GO dosage,
shear performance decreased with higher
NaCl concentrations and more wetting—drying
cycles. After 15 cycles in a 30 g/L. NaCl solution,
the shear strength retention ratio was 62.17%.
SEM observations revealed a dense
microstructure at the optimal GO dosage.
Higher NaCl concentrations and more
wetting—drying cycles promote the
development of pores and microcracks in
cement soil, leading to a decline in its
macroscopic shear performance.
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1. Introduction

The ease of construction, relatively low cost, and
good adaptability of cement soil make it suitable
for soft ground improvement, roadbed
reinforcement, foundation pit support, and coastal
engineering [ 1]. However, in coastal areas, saline
soil regions, and areas with fluctuating
groundwater levels, cement soil is frequently
exposed to chloride erosion and wetting—drying
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cycles. Chloride erosion can reduce the stability
of hydration products and weaken the bonding
between soil particles, while repeated water
absorption and swelling, followed by moisture
loss and shrinkage, promote pore expansion and
microcrack development. These processes
ultimately lead to the deterioration of the
compressive and shear properties and durability
of cement soil [2]. Therefore, enhancing the
structural stability of cement soil exposed to
saline environments and repeated wetting—drying
cycles is essential for its reliable performance in
engineering applications.

Nanomaterials are now used more widely to
improve cement-based materials and stabilized
soils [3]. Graphene oxide is a two-dimensional
layered material with a high specific surface area
and abundant oxygen-containing functional
groups. It can improve the cemented structure
through pore filling and changes at interfaces [4].
Zhang et al. [5] found GO improved the shear
strength of cement soil based on triaxial tests,
with an optimal dosage identified for shear
performance. Their microstructural analysis
further indicated that GO promoted cement
hydration and reduced internal porosity. Wang et
al. [6] found that GO increased the degree of
hydration and made the interfacial transition zone
in cement mortar denser. This helped limit
microcrack growth and improve the mortar's
mechanical performance and durability. Ge et al.
[7] showed that better GO dispersion promoted
hydration product formation and improved the
pore structure of cement. These changes also
contributed to higher compressive and flexural
strengths.

Research on GO has largely addressed the
mechanical behavior of cement-based materials.
In contrast, less attention has been given to the
shear properties and microstructural of GO
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cement soil exposed to both chloride erosion and
wetting—drying  cycles.  Accordingly, the
mechanical properties of cement soil with
different GO dosages were assessed through
direct shear tests to identify the optimal dosage.
Then, the variation trend of shear strength of
cement soil samples under different NaCl
concentrations and wetting—drying cycles was
studied. Finally, SEM analysis was used to
explore how the microstructural features of GO
cement soil influence its macroscopic mechanical
behavior under saline and wetting—drying
conditions.

2. Materials and Methods

2.1 Materials

The clayey soil had natural and air-dried water
contents of 20.69% and 3.01%, respectively, and
a unit weight of 19.2 kN/m?. Its liquid limit,
plastic limit, and plasticity index were 41.5%,
21.9%, and 19.6%, respectively. Figure 1 shows
the particle size distribution. P-O 42.5 ordinary
Portland cement served as the binder. The GO
had one or two layers, with sheet diameters of
0.5-5 um and a thickness of about 1 nm. A
polycarboxylate superplasticizer (PCE) served as
the dispersant, and NaCl solutions provided the

chloride erosion conditions.
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Figure 1. Particle Size Distribution of the Soil

2.2 Specimen Preparation and Test Methods
The mix proportions of cement soil were
designed following the Specification for Mix
Proportion Design of Cement Soil (JGJ/T 233—
2011). Specimen preparation followed the
Standard for Geotechnical Testing Method (GB/T
50123-2019).

(1) Preparation of cement soil mixtures. Cement
accounted for 15% of the dry soil mass, and the
water-cement ratio was 0.5. GO was incorporated
at dosages of 0, 0.02%, 0.04%, 0.06%, 0.08%,
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and 0.10% by mass of cement, while the PCE
dosage was fixed at 0.2% of the cement mass. To
reduce GO nanosheet agglomeration, an aqueous
PCE solution was prepared first. After the
required amount of GO was added, the mixture
underwent water-bath ultrasonication to obtain a
uniform GO dispersion. Clay and cement were
weighed in the specified proportions and then
premixed in a mixer for 3 min to ensure an even
distribution of cement throughout the soil. Finally,
the prepared GO dispersion was gradually
introduced into the premixed cement and soil.
Further mixing produced a uniform GO cement
soil mixture.

(2) Preparation of cement soil specimens. After
the mixing is completed, the GO cement soil
mixing material is evenly divided into three
layers and loaded into a ®61.8 mm x H20 mm
cylindrical mold. After each layer is filled, the
compaction molding is carried out, and the
contact surface is pulled. After molding, the
specimens were sealed together with their molds
using plastic wrap. After 24 h, the specimens
were removed from the molds and cured for 28 d
at 20+ 2 C and a relative humidity of at least 95%.
(3) Test methods. After curing, the cement soil
specimens underwent direct shear tests under
normal stresses of 100, 200, 300, and 400 kPa.
The optimal GO dosage was selected based on the
experimental results. Direct shear tests were then
conducted on specimens with the selected GO
dosage after 3, 6, 9, 12, or 15 wetting—drying
cycles at NaCl concentrations of 0, 4.5, 18, and
30 g/L. The microstructures of the specimens
were also examined using SEM.

3. Shear Properties of GO Cement Soil under
Chloride Erosion and Wetting—Drying Cycles

3.1 Shear Properties at Different GO Dosages
Figure 2 presents the shear strengths obtained
from direct shear tests on cement soil specimens
at different normal stresses and GO dosages.

Figure 2 shows that, under different normal
stresses, the shear strength increased with GO
dosage before declining at higher dosages. With
0.06% GO, the specimens exhibited shear
strengths of 895.66, 1148.75, 1220.77, and
1414.73 kPa under four wvertical pressures,
respectively. The values obtained at 100, 200, and
400 kPa were the highest among all GO dosages.
However, at 300 kPa, the specimen containing
0.04% GO exhibited the highest shear strength,
exceeding that of the 0.06% GO specimen by
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10.95 kPa. Overall, the 0.06% GO specimens
showed relatively high shear strength under most
normal stresses. The shear failure behavior of
cement soil is mainly governed by interparticle
cementation, interfacial bonding, and frictional
resistance. GO nanosheets can partly fill
interparticle pores and promote the formation of
hydration products on soil particle surfaces and at
interfaces. These effects contribute to stronger
interparticle cementation and interfacial bonding
[4]. At GO dosages of 0.02%-0.04%,
interparticle bonding remained relatively weak,
with more pores present within the specimens.
When the GO dosage increased to 0.10%, the
nanosheets tended to agglomerate, resulting in
less uniform dispersion and a reduced reinforcing
effect.
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Figure 2. Shear Strength of Cement Soil at

Different GO Dosages
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Figure 3. Cohesion and Internal Friction
Angle of Specimens at Varying GO Dosages
The peak shear strengths at different normal
stresses in Figure 2 were used to calculate the
cohesion and internal friction angle according to
the Mohr—Coulomb failure criterion. Figure 3

presents the results.

Figure 3 shows that both internal friction angle
and cohesion of cement soil initially improved
with GO dosage but decreased at higher dosages.
At a GO dosage of 0.06%, the cohesion and
internal friction angle reached their maximum
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values of 762.7 kPa and 58.2, respectively. Both
parameters declined when the GO dosage was
further increased to 0.10%.

Unconfined compression tests on cement soil
using the same mix proportions, GO dosage
levels, and specimen preparation and curing
conditions showed that the compressive strength
increased with GO dosage at first but declined at
higher dosages. The unconfined compressive
strength reached 6.56 MPa at a GO dosage of
0.06%, indicating the optimal dosage under these
test conditions [8].

Based on the combined results for shear strength,
cohesion, and internal friction angle, specimens
containing 0.06% GO exhibited the best overall
shear performance among the tested dosages.
Therefore, 0.06% GO was selected as the optimal
dosage under the present test conditions and used
in subsequent tests involving combined chloride
erosion and wetting—drying cycles.

3.2 Effects of Chloride Erosion and Wetting—
Drying Cycles on the Shear Properties

Figure 4 presents the shear strength of specimens
containing 0.06% GO under different NaCl
concentrations and wetting—drying cycle counts.
Figure 4 presents that the shear strength declined
with repeated wetting—drying cycles at a constant
NaCl concentration. At a fixed cycle count,
higher NaCl concentrations also led to lower
shear strength. In the 30 g/L. NaCl solution, shear
strength fell from 1126 kPa before cycling to 700
kPa after 15 cycles. These results suggest that
chloride erosion and wetting—drying cycles
jointly weakened the ability of GO cement soil to
resist shear.
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Figure 4. Variation in Shear Strength of GO
with Wetting—Drying Cycles and NaCl
Concentration

The progressive deterioration of the pore
structure and cemented interfaces is closely
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associated with changes in the shear properties of
cement soil. During wetting—drying cycles,
repeated water absorption and swelling, followed
by drying and shrinkage, promote the initiation
and growth of microcracks. These microcracks
also provide pathways for chloride ions to
penetrate the specimens. Once chloride ions enter
the soil, salt accumulation, crystallization
pressure, and weakening of interfacial bonds
further contribute to the deterioration of the pore
structure and cementation network [2].

4. Durability of GO Cement Soil under
Chloride Erosion and Wetting—Drying Cycles
To evaluate GO cement soil of the durability
under chloride erosion coupled with wetting—
drying cycles, the shear strength retention ratio
was adopted as the evaluation index [9]. This
ratio represents the shear strength retained after
exposure to chloride erosion and wetting—drying
cycles relative to that of specimens without
chloride exposure or wetting—drying cycles. A
higher shear strength retention ratio indicates a
smaller reduction in shear strength and,
consequently, better material durability. Using
the shear strength of specimens without chloride
exposure or wetting—drying cycles as the
reference value, the shear strength retention ratio
was calculated using the following equation:

R = 2x100% (1)
fo

R denotes the strength retention ratio, while f, and
fo represent the specimen strengths after n
wetting—drying cycles and without exposure,
respectively.

Figure 5 presents the calculated shear strength
retention ratios of cement soil containing 0.06%
GO under different NaCl concentrations and
wetting—drying cycle counts.

As shown in Figure 5, GO cement soil exhibited
a gradual decrease in shear strength retention
ratio with wetting—drying cycles accumulated. At
a fixed cycle count, the retention ratio also
declined as the NaCl concentration increased. For
specimens without NaCl exposure, the shear
strength retention ratios were 95.03%, 80.55%,
and 76.73% after 3, 9, and 15 wetting—drying
cycles, respectively. The corresponding values
for specimens exposed to a 30 g/LL NaCl solution
were 81.53%, 66.07%, and 62.17%. After 15
cycles, the shear strength retention ratios were
76.73%, 71.23%, 67.85%, and 62.17% at NaCl
concentrations of 0, 4.5, 18, and 30 g/L,
respectively.
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Specimens exposed to a 30 g/l NaCl solution
showed a shear strength retention ratio of 62.17%
after 15 wetting—drying cycles. Continued
chloride erosion and repeated wetting—drying
cycles can promote the development of pores and
microcracks in cement soil. Shear strength is
governed not only by interparticle cementation
but also by interparticle friction, particle wedging,
and interlocking. Even when the cemented
structure deteriorates, friction and interlocking
between soil particles can still provide resistance
to shear deformation.
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Figure 5. Shear Strength Retention Ratio of
GO Cement Soil Versus the Number of
Wetting—Drying Cycles at Different NaCl
Concentrations

5. SEM Microstructural Analysis

Figure 6 compares the microstructures of
specimens with different GO dosages and
exposure conditions. Figure 6(a) and (b) show the
microstructures of specimens containing 0.06%
and 0.10% GO, respectively, without exposure to
NaCl solutions or wetting—drying cycles. Figure
6(c) shows the 0.06% GO specimen after 15
wetting—drying cycles in a 30 g/ NaCl solution.
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(a) 0.06% GO, without Chloride Erosion or
Wetting—Drying Cycles
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(b) 0.10% GO, without Chloride Erosion or
Wetting—Drying Cycles
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Figure 6. Microstructure of Specimens with
Different GO Contents before and after
Chloride Erosion and Wetting—Drying Cycles
As shown in Figure 6(a), the specimen containing
0.06% GO exhibited a dense microstructure with
continuous interparticle cementation. Some pores
were filled with hydration products, while sheet-
like structures and cementitious products were
observed in localized regions. This may improve
the compactness of cement soil by filling
micropores and strengthening interparticle

bonding.

Figure 6(b) shows an increase in pores and
loosely bonded regions, accompanied by weaker
interparticle  cementation and  localized
concentrations of sheet-like structures. Compared
with the specimen containing 0.06% GO,
increasing the GO content to 0.10% resulted in a
less uniform distribution of sheet-like structures,
more pores and loosely bonded regions, and
weaker interparticle bonding, leading to a
reduction in microstructural compactness [10].
As shown in Figure 6(c), the specimen containing
0.06% GO exhibited increased pores and cracks
and localized damage to the cemented structure

=60.00m
Date: 16 Jan 2026
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after 15 wetting—drying cycles in a 30 g/L. NaCl
solution. During wetting—drying cycles, repeated
water uptake and loss can cause deformation of
soil particles and cemented structures. These
changes may further promote pore formation and
the propagation of microcracks. Meanwhile,
chloride migration into the specimen and
subsequent salt accumulation may further weaken
the bonding interfaces [2], contributing to the
progressive deterioration of the original cemented
structure.

6. Conclusions

(1) The shear strength, cohesion, and internal
friction angle of cement soil increased at lower
GO dosages but declined as the dosage increased
further. Under the tested conditions, the optimal
GO dosage was determined to be 0.06%. At 200
kPa, the shear strength reached 1148.75 kPa,
representing a 44.23% increase over that of
cement soil without GO. Its cohesion was 762.7
kPa and internal friction angle was 58.2.

(2) The shear properties of GO cement soil
progressively deteriorated as NaCl concentration
and wetting—drying cycle count increased.
Exposure to both chloride erosion and wetting—
drying cycles further aggravated this
deterioration. After 15 wetting—drying cycles in a
30 g/L NaCl solution, the shear strength retention
ratio was 62.17%.

(3) SEM analysis showed that specimens
containing 0.06% GO had a dense microstructure
with continuous interparticle cementation. When
the GO dosage increased to 0.10%, more pores
and loosely packed regions appeared. After
exposure to a 30 g/L NaCl solution and 15
wetting—drying cycles, microcracks propagated
further, and local cemented structures were
damaged. These microstructural observations
help explain the decline in shear performance of
GO cement soil under saline exposure and
wetting—drying cycles.
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