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Abstract: With the objective of disaster prevention and the control of geotechnical structures
under rainfall environments, an experimental method was adopted to study the mechanical
behavior of the geogrid—soil interface. A series of monotonic direct shear tests under
different working conditions were carried out to analyze the effects of normal stresses,
shear rates and infiltration time on the shear characteristics of the geogrid—soil interface,
and to investigate the interaction mechanism of the geogrid—soil interface under rainfall
infiltration by means of an independently adapted experimental apparatus to simulate the
actual rainfall infiltration situation. The results show that the soil under rainfall infiltration
conforms to the Mohr-Coulomb criterion; with the increase in rainfall infiltration time,
the peak shear stress at the geogrid—soil interface decreases, and the cohesion and friction
angle of the geogrid-soil interface are significantly reduced, and the cohesion decreases
by 45.5%, and friction angle decreases by 22.9% when the shear rate is 1.5 mm/min.
The research results can provide theoretical and practical guidance for more accurate
prediction and response to the effects of rainfall on soil properties in engineering practice.
However, the research is only targeted at specific conditions. The variability of geotechnical
engineering in aspects such as different soil types, various geosynthetic materials and
diverse environmental conditions still needs to be further explored in depth, so as to
contribute to the sustainable development of global geotechnical engineering and the
effective prevention of disasters.

Keywords: simple shear; reinforced soil; infiltration time; moisture content; shear
characteristics; strength parameter

1. Introduction

Rainfall causes an increase in water in the soil. In the early stages of rainfall, the soil
surface absorbs water, causing the water content to increase rapidly. Short-term rainfall may
only affect the top layer of the soil; however, when rainfall is heavy or of longer duration,
water gradually infiltrates into the deeper layers of the soil, resulting in an increase in the
deep soil water content, especially in the case of good soil structure and strong drainage
capacity. In actual engineering, earth dams, road embankments, and other fill slopes as well
as natural soil slopes may undergo strength damage due to reduced soil stability under
overloading, seepage or even heavy rainfall, which may cause natural disasters such as
landslides [1-4].

Reinforced soil structure has good shear strength and seismic performance, and plays
an important role in many fields such as retaining walls, foundation treatment, slope
protection, and so on [5-8]. The working principle of reinforced soil is to use the friction
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between the soil and the reinforcement to transfer the tensile stress in the soil to the
reinforcement, which will bear the tensile force, and the soil will bear the soil pressure
and shear stress, so that both the reinforcement and the soil in the reinforced soil can play
their respective roles well. The shear strength of the geogrid—soil interface is a crucial
indicator, and the problem of soil strength is essentially the problem of shear strength.
The direct shear test is a common test methods for assessing the shear strength of the
geogrid—soil interface.

There are many studies on the mechanical behavior of the geogrid—soil interface,
mainly focusing on the type and compactness of the soil, the characteristics and arrange-
ments of the reinforcement, and the methods and conditions of the test. Morsy et al. [9,10]
studied the interaction between reinforcement and soil under different vertical spacing,
normal stress, and tensile strain of reinforcement through experiments. It was found that
the influence of normal stress on the active load transfer can be neglected, but when the
active load is large, the decrease in normal stress will reduce the transfer amount. In
addition, the change in lateral earth pressure is proportional to the vertical spacing and
the tensile strain of reinforcement, and is inversely proportional to the vertical stress, and
the normal stress will affect the thickness of the shear zone. Sayao et al. [11] found that the
inclination angle of the reinforcement had a significant effect on the strength of the soil
body, and the strength of the soil body was at its maximum when the inclination angle
of the geogrid arrangement was at 60°. Nhema et al. [12] analyzed the effects of discrete
fiber strips on the mechanical properties of reinforced sandy soils by means of a series of
isotropic direct shear tests in which the initial orientation of the fiber strips was strictly
controlled. Infante et al. [13] found that the shear strength of geogrid-reinforced speci-
mens was generally better than that of geotextile-reinforced specimens. Makkar et al. [14]
compared and analyzed the effect of triangular and rectangular forms of reinforcement
on interfacial shear strength, and found that 3D geogrid-reinforced soils possessed higher
interfacial shear strength than un-reinforced and planar geogrid-reinforced soils. Linhares
et al. [15] conducted a parametric study on different combinations of additional load width,
wall height, compaction-induced stress (CIS), and wall inclination. The results show that
the maximum reinforcement load and lateral displacement of the GRS wall are different
under different combinations. Liu et al. investigated the effects of particle shape, particle
size ratio, concrete surface roughness, moisture content and displacement amplitudes on
the cyclic shear characteristics of reinforced soil interface [16-20].

The widespread use of reinforcement in engineering practice has shown that they are
essential for improving the soil properties under actual working conditions. The effect
of rainfall on soil is mainly reflected in the change in moisture content. Therefore, an
in-depth study of soil moisture content is important for soil prevention and control under
rainfall. Ferreira et al. [21] found that an increase in soil moisture content can significantly
reduce the shear strength of the reinforced soil interface. Vieira et al. [22] studied the
interface characteristics of building demolition waste as a filler material for reinforced
structures. It was found that the interfacial shear strength between it and geosynthetics
after proper compaction was affected by water content, and high-water content would lead
to a decrease in strength. Ensani et al. [23] studied the interfacial shear strength of five
geosynthetics in marginal clay sand under different water contents through large-scale
direct shear tests. The results show that compared with the optimal water content, the
cohesion and internal friction angle decrease significantly when the water content increases
by 6%. Namjoo et al. [24] found that the interfacial friction angle and friction force of the
specimens increased with decreasing moisture content by using the direct shear test and
pullout test, respectively.
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The results of the studies show that the moisture content of soil has a significant
effect on its shear strength, and with the increase in the moisture content, the cohesion
and internal friction angle decrease. However, most of the above studies focused on the
strength performance of soil under fixed moisture content, and there is a lack of studies
on the dynamic change in moisture content. It is not known whether the change trend
of cohesion and internal friction angle under rainfall infiltration conditions is consistent
with the existing conclusions. At the same time, most of the current studies focus on the
influence of a single factor on the mechanical behavior of the reinforced soil interface.
However, in practical engineering, the reinforced soil structure is often in a complex multi-
factor coupling environment. This raises the question of how to accurately analyze the
effect of rainwater infiltration on the shear strength of soil during rainfall. In order to more
realistically simulate the effect of rainfall infiltration on soil properties, this paper simulates
natural rainfall through a series of large indoor direct shear tests, monitors the change
in soil moisture content in real time, investigates the moisture content at different time
points and different soil depths, analyzes the shear strength of soil under dynamic moisture
content, and explores the interaction mechanism of the geogrid-soil interface under rainfall
infiltration, so as to provide a more accurate theoretical basis and practical guidance for
slope stability evaluation and reinforced soil structure design under the change in the
moisture content of soil in practical engineering, and promote the development of this field
to be more in line with the actual working conditions.

2. Materials and Methods
2.1. Apparatus and Materials

This test used HUMBOLDT, which was a large multifunctional direct shear apparatus,
to simulate the monotonic direct shear test under rainfall infiltration with a modified load-
ing plate. The main technical indicators are shown in Table 1. The apparatus consisted of a
vertical displacement sensor, a horizontal displacement sensor, an upper shear box, a lower
shear box, a water tank, and a sand drainage layer, which was capable of conducting direct
shear tests under both strain and stress control conditions, with strain control conditions
used for this test.

Table 1. Main technical indicators of the large direct shear apparatus.

Load R /i Maximum
Upper Shear Box Lower Shear Box oad Range/kN Displacement/mm Measurement
Di i Di i A 1%
imension/mm imension/mm Horizontal Vertical Horizontal Vertical cenracy
305 x 305 x 100 405 x 305 x 100 45 45 100 50 0.25

To ensure a uniform distribution of water over the soil surface, a thin drainage layer
was placed below the normal loading plate, and the magnitude of the infiltration rate
was controlled by measuring the output volumetric flow rate in the water pipe. A set of
vertical moisture content sensors was installed inside the soil to obtain moisture content
profiles to evaluate the permeability and interfacial hydraulic characteristics of the geogrid
reinforcement system. In this regard, the moisture content sensors, from top to bottom,
were the moisture content sensor 1 and the moisture content sensor 2. Moisture content
sensor 1 measured the dynamic moisture content at 30 mm above the geogrid—soil interface,
and moisture content sensor 2 measured the dynamic moisture content at 10 mm above
the interface. A diagram of the equipment setup is shown in Figure 1, and the actual test
equipment pictures are shown in Figure 2.
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Figure 1. Large direct shear apparatus. The pink line in the figure represents the shear level of this
direct shear test. The number represents the moisture content sensor 1 and moisture content sensor 2
installed in the soil sample, respectively.

o

Figure 2. The actual test equipment pictures. (a) Front view; (b) side view.

The particle shape, size distribution, and physicochemical properties of standard
quartz sand are relatively stable and uniform. Compared with other natural soils, its
reactions in processes such as rainfall infiltration are easier to study and analyze, which
enables the better control of variables and reduces errors caused by differences in the
properties of the soil itself during experimental research. Since this experiment required a
large number of soil samples for multiple repeated tests, considering the availability and
cost of test materials, Fujian standard quartz sand was finally selected as the test soil. The
grain size distribution curve is shown in Figure 3, and its physical property indexes are
shown in Table 2.

Table 2. Physical properties of testing sand.

Grain Size/mm

Specimen Maximum Void Minimum Void  Specific Gravity Coefficient of Coefficient of
P D1o Dso Deo Ratio (emax) Ratio (epin) (Gs) Uniformity (Cu) Curvature (Cc)
Quartz sand 0.67 0.88 1.08 0.77 0.51 2.65 1.61 1.07

Polypropylene geogrid has good tensile strength and deformation resistance. Through-
out the country, whether in road engineering or water conservancy projects, polypropylene
geogrid is a commonly used geosynthetic material. The geogrid selected in this paper was
the Hubei Lite polypropylene geogrid. This brand has an excellent reputation in the market,
and its product quality has been tested and meets the requirements of the research for the
stability of material quality. This means that during multiple tests, its own performance
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fluctuates less, which is beneficial for accurately studying the mechanical behavior of the
soil-reinforcement interface. Its specific pattern is shown in Figure 4.

100
= Fitted curve
80 ® (Original data
60

40

20 F

Percent finer by weight (%)

0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Grain size (mm)

Figure 3. The grain size distribution curve for the sand used.
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Figure 4. Geogrid specimen.

2.2. Methods

The purpose of this test is to study the changing law of interface characteristics of
geogrid—-soil under different normal stresses, shear rates and infiltration time. The total
number of trial groups is 42. The specific test schemes are shown in Table 3.

Table 3. Experimental schemes.

. Intensity of Infiltration Shear
Type of Test Reinforced or Not Rainfall/(mm-h-1) Time/min Normal Stress/kPa Rate/(mm-min-1)
0 0 50, 100, 150 1.0,1.2,1.5,2.0
Unreinforced sand
120 10 100 1.0,1.2,1.5
50 1.0
Monotonic direct 0 0 100 1.0,1.2,15
shear test * 150 1.0
Geogrid reinforced 10 50, 100, 150 1.0,1.5,2.0
sand 120 20 50, 100, 150 1.0,1.5
50 1.0,1.5
30 100 1.0,1.2,1.5
150 1.0,15

* The unreinforced sand is recorded as S, geogrid reinforced sand is recorded as J, and the normal stresses of 50,
100, and 150 kPa are recorded as A, B, and C, respectively, and then the above test schemes are numbered. For
example: No. S-T0-A-1.0 indicates the result of the unreinforced sand at an infiltration time of 0 min, normal
stress of 50 kPa, and shear rate of 1.0 mm/min; No. J-T10-B-1.2 indicates the result of the geogrid reinforced sand
at an infiltration time of 10 min, normal stress of 100 kPa, and shear rate of 1.2 mm/min, etc.
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Referring to [25], the shear displacement in the direct shear test was set to 50 mm,
the shear rate was taken as 1.0 mm/min, 1.2 mm/min, 1.5 mm/min, 2.0 mm/min. In
order to further explore the destructive effect of rainfall on soil strength, according to the
classification standard of rainfall intensity issued by the National Meteorological Adminis-
tration, the rainfall intensity simulated in this experiment was 120 mm/h, which belongs
to the heavy rainstorm intensity level. When filling the soil sample of the shear box, with
layer-compacting, the upper and lower shear box were divided into 5 layers, and the soil
samples were compacted into the shear box with 2 cm per layer. The quality of each layer
was controlled to be the same, to ensure that the samples were uniform and the dry density
reached 1.435 g/cm3. After the soil sample was filled and the shear box was fixed, the
normal stress was slowly applied to the set value. After the deformation of the soil sample
was stable and the vertical load was constant, the water head switch was turned on to
simulate rainfall infiltration. When the infiltration time reached the specified time, the
normal stress was set to 50 kPa, 100 kPa, and 150 kPa, respectively, and the sample was
sheared. The test data were automatically read and recorded by the onboard software.

3. Results and Discussion
3.1. Effect of Normal Stresses on Geogrid—Soil Interface Characteristics

Taking the test results at the shear rate of 1.0 mm/min as an example, the shear stress-
shear displacement relationship curves under three distinct normal stresses are presented
in Figure 5.

From Figure 5, the following observations can be made: 1. regardless of the working
conditions, a higher normal stress leads to a greater peak shear stress at the geogrid—soil
interface. 2. Separate shear tests were conducted for unreinforced sand and geogrid-
reinforced soil. The shear stress of the unreinforced sand (Figure 5a) exhibits a continuous
increase as the shear process progresses. When the shear displacement reaches approxi-
mately 10 mm, the shear stress tends to stabilize, and the specimen enters the plastic defor-
mation stage without a prominent peak. In contrast, the relationship between shear stress
and shear displacement for the geogrid-reinforced soil (Figure 5b—e) demonstrates a non-
linear rapid growth. When the shear displacement exceeds 10 mm, the shear stress—shear
displacement curves under the three different normal stresses display more conspicuous
peaks. Moreover, after reaching the peak, there is a downward segment followed by a
tendency to level off, indicating varying degrees of shear softening. This phenomenon
occurs because, during the shearing process, the sliding of soil particles induces the de-
formation of the geogrid, and when the shear displacement exceeds the yield point, the
twisting deformation of the geogrid reaches its limit, thereby reducing the shear capacity
of the tendon-soil interface. 3. Comparing Figures 5a and 5b reveals that the shear strength
of geogrid-reinforced sand is notably enhanced compared to that of unreinforced sand.
Additionally, comparing Figure 5b—e indicates that the peak shear stress at the geogrid—
soil interface diminishes with the increase in infiltration time during rainfall infiltration,
highlighting the detrimental effect of the rainfall on the strength of the soil. Overall, even
when affected by rainfall infiltration, at a shear rate of 1.0 mm/min, the peak shear stress
at the geogrid-soil interface remains greater than that of the unreinforced soil. Hence, it
can be hypothesized that under certain working conditions, the reinforcing effect of the
geogrid reinforcement will outweigh the weakening effect of rainfall infiltration on the
shear strength.
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Figure 5. Shear stress—shear displacement curves under different normal stresses. (a) S-T0-1.0;
(b) J-T0-1.0; (c) J-T10-1.0; (d) J-T20-1.0; (e) J-T30-1.0.

Figure 6 depicts the dynamic moisture content-shear displacement curves for different
working conditions at normal stresses of 50 kPa, 100 kPa, and 150 kPa, respectively. From
this figure, that the following is evident: 1. The dynamic moisture content of the soil, as
measured by the moisture content sensors placed at two different depths, increases with
the increase in the shear displacement and exhibits a gradual stabilization trend. 2. When
the normal stresses are 50 kPa, 100 kPa, and 150 kPa, respectively, the final moisture
content measured by moisture content sensor 1 (located 30 mm above the interface) in
Figure 6a is 15.0%, 15.3%, and 15.4%, respectively, and the final moisture content measured
by moisture content sensor 2 (located 10 mm above the interface) is 17.3%, 17.7%, and
18.7%, respectively. By comparing the two different depth conditions, it can be observed
that the closer the moisture content sensor is to the shear surface (i.e., the deeper the rainfall
infiltration depth), the higher the final moisture content of the soil. The curves obtained
from other conditions are consistent, which is attributable to the limitations of the test
conditions that prevent the water in the soil samples from being discharged, resulting
in water accumulation within the shear box, and a slightly higher final moisture content
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in the lower soil samples compared to the upper ones. 3. When the infiltration time is
30 min, the final moisture content measured by moisture content sensor 2 in Figure 6c is
20.3%, 20.6%, and 20.7%, respectively, and that measured by moisture content sensor 2 in
Figure 6d is 21.4%, 21.6%, and 21.1%, respectively. Upon comparison, it is found that the
final moisture content at a shear rate of 1.0 mm/min is slightly higher than that at a shear
rate of 1.5 mm/min. This is because a slower shear rate leads to a longer overall shearing
process, allowing more rainwater to infiltrate under the same rainfall conditions, which is

macroscopically manifested as higher moisture content values measured by the moisture
content sensor.
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Figure 6. Dynamic moisture content—shear displacement curves under different normal stresses.
(a) ]-T10-1.5; (b) J-T20-1.5; (c) J-T30-1.5; (d) J-T30-1.0.

Based on the analysis of the above test results, it can be concluded that the moisture
gradient, where the moisture content of the lower soil layer is higher than that of the
upper soil layer, has multiple implications for the geotechnical behavior. In terms of shear
strength, a higher moisture content reduces the shear strength. Due to the high moisture
content in the lower soil layer, the friction and interlocking forces between particles are
diminished. When subjected to shear forces, the lower soil layer may be more prone to
relative displacement compared to the upper soil layer. For instance, in the context of
slope stability, this moisture gradient may cause the soil at the lower part of the slope to
exhibit a tendency to slide first, thereby increasing the risk of slope instability. In terms
of compressibility, as water occupies the voids between soil particles, the lower soil layer
with a high moisture content is more susceptible to compression under pressure. When
an external load is applied, the compressive deformation of the lower soil layer may be
greater than that of the upper soil layer, resulting in uneven settlement of the ground.
From the perspective of permeability, the presence of the moisture gradient causes water
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to tend to migrate from the lower layer with a high moisture content to the upper layer
with a low moisture content. This water migration can alter the pore structure and particle
arrangement of the soil, subsequently affecting the overall permeability of the soil.

3.2. Effect of Shear Rates on Geogrid—Soil Interface Characteristics

Figure 7 shows the shear stress—shear displacement curves for different working
conditions at shear rates of 1.0 mm/min, 1.5 mm/min, and 2.0 mm/min, respectively. As
can be seen from Figure: 1. Comparing Figure 7a—c, it can be found that the shear rate
basically does not affect the shear strength of unreinforced sand. 2. Comparing Figure 7df,
it can be found that the shear strength of the geogrid-reinforced soil decreases with the
increase in the shear rate, which is due to the fact that the geogrid acts through a certain
amount of deformation, and the larger the shear rate, the faster the deformation of soil, so
that the geogrid is too late to give full play to its role, which leads to the reduction in the

interface shear strength.
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Figure 7. Shear stress—shear displacement curves at different shear rates. (a) S-T0-A; (b) S-T0-B;
(¢) S-TO-C; (d) J-T10-A; (e) J-T10-B; (f) J-T10-C.
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Figure 8 shows the comparison of the shear stress—shear displacement curves for
different working conditions at a normal stress of 100 kPa and shear rates of 1.0 mm/min,
1.2 mm/min, and 1.5 mm/min. As can be seen from the figure, the peak shear stresses
of the geogrid—sand are greater than those of the unreinforced sand, and the peak shear
stresses of the dry sand are all greater than those of the sand infiltrated by rainfall for
10 min. Taking the shear rate as 1.0 mm/min, the peak shear stresses under three working
conditions are 131.5 kPa, 48.4 kPa, and 44.1 kPa, which satisfied the above conjecture, i.e.,
under the conditions of the test, the effect of reinforcement is greater than that of rainfall
infiltration on the shear strength. It can be seen that the reinforcement has a significant
effect on the strength of the soil, and under certain working conditions, the reinforced soil
is still able to maintain high strength under rainfall infiltration.
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Figure 8. Comparison of shear stress under different working conditions and different shear rates.

Figure 9 shows the peak shear stress—shear displacement curves of geogrid reinforced
specimens at normal stresses of 50 kPa, 100 kPa, and 150 kPa, shear rates of 1.0 mm/min,
1.5 mm/min, and 2.0 mm/min, and a rainfall infiltration time of 10 min. The data from the
shear test results are fitted and analyzed, and the results are shown in Table 4.
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Figure 9. Peak shear stress—shear displacement curves at different shear rates.

Table 4. Strength index at different shear rates.

Strength Index .
Shear Fitting
Rate/(mm-min—1) . Friction Correlation Relationship
Cohesion (c)/kPa Angle ()F° Coefficient (R2)
1.0 22.7 43.8 0.995 y =0.959x +22.7
1.5 16.7 42.0 0.999 y =0.899x + 16.7

2.0 9.6 40.0 0.994 y=0.839x + 9.6
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As shown in Table 4, the direct shear friction characteristics of the geogrid—soil interface
varied with the shear rate. The friction angles at three different shear rates are 43.8°, 42.0°,
and 40.0°, and the cohesions are 22.7 kPa, 16.7 kPa, and 9.6 kPa, respectively. It can be
found that the 1 friction angles and cohesions both decreased with the increase in shear
rates. This is because the faster the shear rate, the shorter the time of shear failure, and the
soil particles do not have enough time to rearrange themselves, resulting in the weakening
of friction and occlusion, and the reduced friction angle. At the same time, the faster the
shear rate, the more the soil’s internal water cannot be discharged in time, which leads
to an increase in the pore water pressure and decreases in the effective stress, the shear
strength, and the cohesion [26,27].

3.3. Effect of Infiltration Time on Geogrid—Soil Interface Characteristics

Figure 10 shows the shear stress—shear displacement curves for different working
conditions at rainfall infiltration times of 10 min, 20 min, and 30 min, respectively. It can
be seen from the figure: at different infiltration times, geogrid-reinforced soil samples still
show the characteristics of shearing strain-softening. The peak shear stress of the shear
stress—shear displacement curve is distributed between shear displacement of 10-20 mm,
which is about 3% to 7% of the length of the shear surface. This is due to the fact that with
the increase in infiltration time, the amount of rainfall infiltration increases, the friction of
sand particles decreases, the interaction force between the particles is weakened, and the
shear strength decreases.
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Figure 10. Cont.



Appl. Sci. 2025, 15, 705

12 of 15

Infiltration Time/min Infiltration Time/min

140 . 10 200 4 . 10
e 20 e 20
1204 A 30 430
160
.ll. ...l.
£ 1004 L » f: . .
-
—; ] - .--:-_ ?;}12()- - .".':--u-.."..
2 8 - -.AA .':'l...... ; R AAAAA:.‘.. "eEngman
E .‘A A‘A . Il..-..... o o “ Y o...-....
. 601 gA ta, *%eo.e, = 804 © Aaaa feeee
= . A . ®esvecee cg ey ““““AAA
2 'S daa,, . y
@« 401 % Ahdasaaaa ] -
.’ 40404
20/ A
0 T T T ; . 0 T ‘. - - ~
0 10 20 30 40 50 0 10 20 30 10 50
Shear Displacement/mm Shear Displacement/mm
(e) ()

Figure 10. Shear stress—shear displacement curves under different infiltration time. (a) J-A-1.0;
(b) J-B-1.0; (c) J-C-1.0; (d) J-A-1.5; (e) J-B-1.5; (f) J-C-1.5.

Figure 11 shows the peak shear stress—shear displacement curves of geogrid reinforced
specimens at normal stresses of 50 kPa, 100 kPa, 150 kPa, a shear rate of 1.5 mm/min, and
rainfall infiltration times of 10 min, 20 min, 30 min. The data from the shear test results are
fitted and analyzed, and the results are shown in Table 5.
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Figure 11. Peak shear stress—shear displacement curves under different rainfall infiltration times.

Table 5. Strength index under different infiltration time.

Strength Index
Infiltration F Amal Correl Fitting
Time/min i riction Angle orrelation Relationshi
Cohesion (c)/kPa (@)° Coefficient (R2) P
10 16.7 42.0 0.999 y =0.899x + 16.7
20 12.5 36.6 0.998 y =0.742x + 12.5
30 9.1 324 0.992 y =0.635x + 9.1

As can be seen from Table 5, the length of the infiltration time has an effect on the
values of the cohesion (c) and the friction angle (¢). When the shear rate is 1.5 mm/min,
the cohesion is reduced by 45.5%, and the friction angle is reduced by 22.9%. The variation
shows that the longer the infiltration time, the smaller the values of ¢ and ¢. This is because
the prolonged rainfall leads to an increase in soil moisture, a thickening of the bonded
water film between soil particles, weakened capillary action, and a reduction in substrate
suction [28-30]. In addition, the lubricating effect of water makes the occlusion between
soil particles ineffective, which results in the decrease in cohesion with the increase in
infiltration time. The friction angle of soil reflects the frictional properties, including sliding
friction, occlusal friction, and particle crushing force [31]. The sliding friction and occlusal
friction of the soil decreases with the increase in moisture content.
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4. Conclusions

In this paper, direct shear tests were employed to investigate the interface shear

characteristics of geogrid-sand under varying normal stresses, shear rates, and infiltration

times, leading to the following key conclusions.

The normal stress exerts a substantial influence on the shear strength of the geogrid—
soil interface, with the shear strength increasing as the normal stress rises. Even in
the presence of rainfall infiltration, the soil’s behavior adheres to the Mohr—Coulomb
criterion. Consequently, in practical engineering applications, the normal stress at
critical locations can be augmented by rationally adjusting the structural configuration
or applying external loads. For instance, in the design of the slope of a dam, a
suitable increase in the weight at the top of the slope can enhance the normal stress
within the soil of the dam slope, thereby improving its shear strength. For the soil
affected by rainfall infiltration, careful attention should be paid to the alterations in
soil parameters induced by rainfall, and the increased amount of normal stress should
be calculated judiciously. In regions with frequent rainfall, a certain safety margin
should be reserved and the increased value of normal stress in the design should be
appropriately enhanced.

The impact of shear rates on the shear stress—shear displacement curve of the unrein-
forced sand is not pronounced, and the variations in shear strengths and shear strength
indicators with respect to the shear rates are relatively minor. In contrast, compared
to the unreinforced sand, the effect of shear rates on the geogrid reinforced sand is
more conspicuous, with its peak shear stresses decreasing as the shear rates increase.
Therefore, during the design of structural reinforcement, it is essential to anticipate
the potential shear rate scenarios that may occur. For areas where high shear rates
are likely to manifest (such as regions where the bottom of the slope is scoured by
water flow or near the flood discharge outlet of the dam), reinforcement measures with
enhanced resistance to high shear rates should be implemented. For example, selecting
geogrid types with superior shear resistance performance and optimizing their laying
patterns can mitigate the risk of peak shear stress reduction under high shear rates.
In unreinforced sand areas, although the influence of the shear rate is not prominent,
considering that long-term rainfall may lead to alterations in the properties of local
soil, appropriate attention should still be paid. For example, incorporating drainage
facilities into the design can reduce the accumulation of rainwater in the sand and
lower the potential shear failure risk associated with the increased moisture content.

Under the influence of rainfall infiltration, the moisture content of the soil undergoes
dynamic changes, gradually increasing with the prolongation of infiltration time.
Owing to the constraints of the test conditions and apparatus, the final moisture
content tends to stabilize. The increase in moisture content leads to a decline in the
peak shear stress at the geogrid—soil interface, accompanied by a reduction in both
the friction angle and cohesion. Hence, when designing the drainage system, it is
crucial to ensure efficient rainwater drainage to control the soil moisture content. For
example, installing multiple layers of drainage pipes in slopes and dams, and rationally
designing the spacing and diameter of the pipes can be based on the predicted rainfall
intensity, and the soil permeability coefficients can maintain the moisture content of
the soil at a relatively low level as much as possible, thereby minimizing the reduction
in peak shear stress, friction angle, and cohesion caused by increased moisture content.
Additionally, measures such as waterproof cover layers can be considered to curtail
rainwater infiltration and thus limit the increase in the soil moisture content. For
example, laying waterproof geomembranes on the top of the dam and certain dam
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slope surfaces can prevent rainwater from directly infiltrating into the dam body soil
and can maintain the stability of the mechanical properties of the internal soil.

e In this research, only sand is studied, and only the infiltration time under rainfall
conditions is explored. There may be disparities in the relationship between the shear
strength and rainfall infiltration time for different soil interfaces, and the rainfall
intensity and other rainfall conditions may have varying impacts on the mechanical
behavior of the geogrid—soil interface. Therefore, further investigations into the shear
strength of other types of soil and different rainfall conditions are warranted.
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