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Abstract

This study investigates the macro–meso shear characteristics of the geogrid–silty clay
interface under cyclic loading through a combination of laboratory cyclic direct shear tests
and numerical simulations. The effects of geogrid roughness, soil moisture content, shear
displacement amplitude, and normal stress on the interface behavior are systematically
analyzed. The results show that the interface shear strength and shear stiffness exhibit a
three-stage evolution with increasing cycle numbers. This evolution is characterized by
rapid attenuation in the early stage, gradual change in the middle stage, and stabilization in
the later stage. The main degradation occurs within the first 1–10 cycles, while the interface
response tends to stabilize after approximately 25 cycles. Increasing geogrid roughness
and normal stress significantly enhances the interface shear strength and restrains cyclic
degradation. In contrast, the shear strength reaches a maximum at the optimum moisture
content level of 13%. The damping ratio shows an opposite trend to stiffness, increasing
with cycle number and gradually approaching stability. Numerical simulation results are
in good agreement with the experimental data, with relative errors within 5%. At the
mesoscopic level, shear stress is mainly concentrated at the intersections of geogrid ribs,
and the soil zone within 0–20 mm above the interface is identified as the primary region of
shear deformation.

Keywords: geogrid–silty clay interface; cyclic loading; macro–meso shear characteristics;
cyclic direct shear test; numerical simulation; shear-strength degradation

1. Introduction
Geosynthetic-reinforcement technology has become one of the core methods to im-

prove structural stability and optimize engineering performance in the field of geotechnical
engineering. Geogrids, with their unique grid structure and mechanical properties, can
effectively restrain soil deformation, transfer stresses, and enhance the overall bearing ca-
pacity through friction, mechanical interlocking and bonding effects with the soil. They are
widely used in highway subgrades, railway slopes, foundation-pit support, landfill liners
and other engineering projects [1–3]. In the geogrid reinforcement system, the interface
formed by the geogrid and the soil is a key component for stress transfer and deformation
compatibility. Its shear characteristics directly determine the effectiveness of reinforcement
and the long-term service safety of the structure [4,5]. Geotechnical structures in practical
engineering are often subjected to long-term cyclic loads such as traffic loads, seismic
actions, and wave loads. Cyclic loading can induce the degradation of interface shear
strength and stiffness, the evolution of cumulative deformation, and variations in energy
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dissipation characteristics, which may lead to excessive deformation or even instability and
failure of structures [6,7]. Therefore, an in-depth investigation into the shear characteristics
of the geogrid–soil interface under cyclic loading is of great practical value in engineer-
ing for improving reinforcement design theory and ensuring the long-term stability of
engineering projects.

As a widely distributed clay type in East China and South China, silty clay is often
used as subgrade filler and slope-soil material due to its abundance and easy access [8].
However, silty clay is characterized by fine particles, strong cohesiveness, and high sensi-
tivity to moisture, with low shear strength and large deformation. It is prone to strength
deterioration and cumulative deformation under cyclic loading, which poses a severe
challenge to the long-term stability of geogrid-reinforced silty clay structures [9,10]. In
contrast to cohesionless soils such as sand and gravel, the interface interaction between
silty clay and geogrids involves not only friction and mechanical interlocking, but also
the bonding effect induced by inter-particle cohesion, making the interface shear behavior
more complicated [11,12]. As a key physical index of silty clay, the variation in moisture
content level directly affects the magnitude of inter-particle cohesion and interface-friction
characteristics. The repeated action of cyclic loading may lead to the destruction of cohesion,
particle rearrangement and cumulative interface damage, thereby significantly changing
the interface shear response [13,14].

At present, a certain amount of progress has been made in terms of the research on
the shear characteristics of the geogrid–soil interface. However, obvious deficiencies still
exist in studies focusing on the interface between geogrids and silty clay, which is a typical
cohesive soil. Most existing studies concentrate on the interface characteristics between
geogrids and cohesionless soils such as sand and gravel, or improved soils including
rubber–sand mixtures and EPS particle–sand mixtures [15,16]. The coupled macro–meso
shear mechanism of the silty clay–geogrid interface under cyclic loading has not been fully
clarified. On the one hand, the existing studies have not systematically revealed the laws
of the macroscopic interfacial shear response under the multi-factor coupling effects of
moisture content level, geogrid roughness, normal stress and shear displacement amplitude.
In particular, there is a lack of in-depth analysis on interfacial shear stress–displacement
hysteretic behavior, volumetric change law, and stiffness and damping evolution under
cyclic loading. On the other hand, the research on the meso-mechanisms of interface shear
behavior is insufficient, and the internal relationship between the evolution of particle
contact force chains, the variation in porosity distribution, energy transfer and dissipation,
and the macroscopic shear response during cyclic shearing has not been fully revealed.
Furthermore, most existing studies adopt a single experimental method or numerical simu-
lation method, and are lacking macro–meso collaborative analysis combining experiments
and simulations. Thus, it is difficult to comprehensively and thoroughly clarify the shear
characteristics and interaction mechanism of the geogrid–silty clay interface.

This study focuses on the macro–meso shear characteristics of the geogrid–silty clay
interface under cyclic loading. By combining laboratory tests and numerical simulations,
the effects of key factors, including geogrid roughness, moisture content level, shear dis-
placement amplitude and normal stress, on the cyclic shear behavior of the interface are sys-
tematically investigated. Through laboratory cyclic direct shear tests, the shear stress–shear
displacement hysteretic curves and volumetric deformation characteristics of the interface
under different test conditions are obtained. The evolution laws of interface shear strength,
shear stiffness, damping ratio and energy dissipation characteristics after a number of
cycles are analyzed. In this study, the macro scale corresponds to the overall mechanical
responses of the interface, such as shear-stress displacement, stiffness and damping, while
the meso scale corresponds to the contact-stress distribution between geogrid ribs and soil
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particles, the evolution of the soil-plastic-strain field and the development of shear bands.
By means of numerical simulation, a meso-scale model of the geogrid–silty clay interface is
established, and the relationship between macroscopic shear response and meso-structural
evolution is revealed so as to improve the theoretical system of shear characteristics of
the geogrid–silty clay interface. This study provides new quantitative insights into the
macro–meso cyclic shear mechanism of the geogrid–silty clay interface and clarifies the
moisture-dependent dilatancy-contraction transition behavior, which fills the research gap
on cohesive soil interfaces under cyclic loading and offers a reliable reference for the design
of reinforced-silty-clay subgrades.

2. Test Equipment and Program
2.1. Test Equipment

In this study, the TSZ-60 electro-hydraulic servo dynamic direct shear apparatus
was used to conduct cyclic direct shear tests on the geogrid–silty clay interface. This
equipment is equipped with horizontal–vertical bidirectional closed-loop servo control
and supports various loading modes such as constant stress and constant displacement,
which can accurately simulate the interface shear behavior under cyclic loading. The
equipment mainly consists of a shear box system, a loading system, a measurement system,
and a data acquisition system. The three-dimensional model is shown in Figure 1. The
dimensions of the upper and lower shear boxes are 600 mm × 200 mm × 50 mm and
800 mm × 200 mm × 50 mm, respectively. The shear displacement amplitude was set to
3 mm, which was determined with reference to related tests [17,18]. The shear frequency
was set to 0. 05 Hz. The cyclic shear loading path is 1⃝→ 2⃝→ 3⃝→ 4⃝→ 1⃝ in Figure 1b,
where 1⃝→ 2⃝→ 3⃝→ 4⃝ is defined as one full cycle [19].

Figure 1. Direct shear apparatus (Jinan Sanyue, Jinan, China).

2.2. Test Materials

The soil sample was taken from a subgrade engineering site (sampling depth 2–3 m)
and is classified as low-liquid-limit silty clay. The sample was stored in a sealed container to
prevent moisture loss. Before testing, the soil was air-dried, crushed, and sieved. Distilled
water was added according to the designed moisture content level and thoroughly mixed
to ensure uniform water distribution. The basic physical properties are listed in Table 1.
Polypropylene (PP) biaxial geogrids (Figure 2) were used in the test. The basic properties
and designed roughness parameters are shown in Table 2. All soil index properties and ge-
ogrid mechanical parameters were tested following standard geotechnical test procedures,
using a laser particle size analyzer, direct shear apparatus, electronic universal testing
machine and surface roughness tester.
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Table 1. Basic physical and mechanical properties of silty clay.

Indicator Value Indicator Value

clay content (<0.005 mm) 28.60% optimum moisture content 13.50%
silt content (0.005–0.075 mm) 62.30% maximum dry density 1.87 g/cm3

sand content (>0.075 mm) 9.10% liquid limit (wl) 32.50%
plasticity index (PI) 13.9 cohesion at natural moisture content c 28 kPa

plastic limit (wp) 18.60% internal friction angle at natural moisture content φ 18.5◦

Figure 2. Dimensions of the geogrid.

Table 2. Basic parameters and roughness design of geogrid.

Geogrid
No. Treatment Method

Surface
Roughness

Ra
(µm)

Mass per
Unit Area

(g/m2)

Aperture Size
(mm)

Ultimate
Tensile

Strength
(kN/m)

Ultimate
Elongation

(%)

G1 unpolished 0.85 280 30 × 30 ≥20 ≤15
G2 slightly polished (120 mesh) 3.26 280 30 × 30 ≥20 ≤15
G3 heavily polished (80 mesh) 5.78 280 30 × 30 ≥20 ≤15

To investigate the effect of surface roughness on the interfacial shear characteristics,
three types of geogrid specimens with gradient roughness were prepared by sandpaper
polishing. The arithmetic mean deviation (Ra) of the surface was measured using a rough-
ness tester to obtain significantly different roughness variables [20]. Before testing, the
geogrid was cut into rectangular specimens of 800 mm × 200 mm to match the size of
the lower shear box. It was then fixed at the bottom of the lower shear box, with the
edges secured using steel pressure plates and bolts to prevent sliding or wrinkling during
shearing, ensuring effective contact at the geogrid–soil interface.

2.3. Test Program

In this test, static loading was applied in the normal direction and sinusoidal cyclic
loading in the shear direction to simulate the coupling of static normal stress and cyclic shear
load on the geogrid–silty clay interface in practical engineering. The loading frequency was
fixed at 0.5 Hz to simulate traffic loads, with 60 cyclic shear cycles. Data at the 1st, 5th, 10th,
25th, and 50th cycles were collected for subsequent analysis of the evolution of interfacial
shear characteristics [21]. In this test, roughness, soil moisture content, shear displacement
amplitude, and normal stress were taken as the key variables, with three levels set for each
variable. The loading frequency and number of cycles were fixed. The detailed test design
is shown in Table 3.
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Table 3. Variables and levels design of orthogonal test.

Variable Type Level 1 Level 2 Level 3

geogrid roughness/G G1 (Ra = 0.85 µm) G2 (Ra = 3.26 µm) G3 (Ra = 5.78 µm)
moisture content of silty clay/w (%) 10% 13% 16%

normal stress/f (kPa) 50 100 150

fixed parameters loading frequency: 0.5 Hz, number of cycles: 60 (data from the 1st, 5th, 10th, 25th, and
50th cycles are analyzed).

This test was conducted in accordance with the design principles specified in ISO/TR
18228-5:2025, BS 8006 and BRE BR470. The obtained macro–meso shear laws of the
geogrid–silty clay interface can be combined with the soil–geosynthetic interaction frame-
work in these standards. The results provide quantitative reference for the design of
reinforced structures, and can be applied to the stability evaluation of embankments and
slopes under cyclic loading in engineering practice.

The detailed test procedure consists of the following six steps:

(1) Specimen forming and geogrid fixation: The prepared silty clay was compacted
layer by layer into the upper shear box, with strict control of dry density and filling
thickness. The geogrid was fixed flatly at the bottom of the lower shear box, and
the upper and lower shear boxes were assembled to ensure effective contact at the
geogrid–soil interface.

(2) Equipment debugging and precision calibration: The assembled shear box was
mounted on the test bench, and the loading, measurement and data acquisition
systems were connected. The servo control function of the equipment was debugged,
and the measurement accuracy of stress and displacement was calibrated to ensure
no abnormal operation.

(3) Normal preloading and stress equilibrium: The designed static normal load was
applied and maintained until the normal displacement of the soil sample stabilized,
eliminating initial pore deformation and allowing the specimen to reach a stress
equilibrium state.

(4) Cyclic shear and loading: The normal stress was kept constant, and the horizontal
loading system was activated. Sinusoidal cyclic shear load was applied at the designed
shear displacement amplitude to complete 60 cycles of continuous shear loading.
Full monitoring and data acquisition: The data acquisition system was operated
throughout the test to synchronously record key indicators such as shear stress and
shear displacement, with emphasis on capturing complete data curves at the specified
number of cycles.

(5) Load unloading and equipment reset: Upon completion of cyclic shear, the normal
and horizontal loads were gradually removed. The shear box was disassembled and
cleaned, and the test equipment was cleaned and reset. Preliminary sorting of test
data was then conducted.

To reduce accidental errors in the test, the test results were taken as the average of
three parallel tests. If the deviation exceeded 5%, the test was repeated. Through the above
test procedure, cyclic direct shear tests were completed for all orthogonal groups. Complete
cyclic shear data for the geogrid–silty clay interface under different variable combinations
were obtained, which lays a data foundation for the subsequent analysis of macroscopic
shear characteristics and the investigation of meso-mechanisms of the interface.
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3. Macroscopic Shear Characteristics
3.1. Relationship Between Shear Stress and Shear Displacement

As shown in Figure 3, under the same conditions, the interface peak shear stress in-
creases and the hysteresis loop becomes fuller with increasing geogrid roughness. The peak
shear stress of G3 geogrid is approximately 42. 6% higher than that of G1. The attenuation
amplitude is the largest during the 1st to 10th cycles, and the attenuation rate decreases
with increasing roughness. High-roughness geogrids can effectively inhibit the degradation
of interface shear strength. This indicates that increasing roughness significantly enhances
the mechanical interlocking between the geogrid and silty clay. The protrusions on the
rough surface form a tighter interlock with soil particles, requiring greater resistance to be
overcome during shearing, while the interparticle friction is also improved.

Figure 3. Hysteretic curves for various cycle numbers under different roughness conditions.

As shown in Figure 4, under identical test conditions, the interfacial peak shear
stress reaches its maximum value at a moisture content level of 13%. With an increase
in moisture content, the water film between soil particles becomes thicker, resulting in
a significant reduction in cohesion. The lubrication effect of pore water facilitates the
slippage of soil particles. Meanwhile, the interfacial contact pressure between the geogrid
and soil is partially counteracted by pore water, which greatly weakens the mechanical
interlocking and friction, thus leading to an obvious decrease in the interfacial peak shear
stress. Under the same conditions, the interfacial peak shear stress first increases rapidly
and then gradually stabilizes with the increase in shear displacement amplitude. The
hysteresis loop evolves from narrow and slender to full and plump, with a significant
increase in its area. When the displacement amplitude increases to 3 mm, the relative
interfacial slip is enhanced, the cohesion between soil particles is gradually lost, and the
mechanical interlocking between the geogrid and soil is fully mobilized, resulting in a rapid
improvement of the interfacial shear strength. At 5 mm, the peak shear stress tends to be
stable, at which point the interfacial shear strength is mainly dominated by the combined
action of dynamic friction and mechanical interlocking.

As shown in Figure 5, under the same conditions, the interfacial peak shear stress
increases with increasing normal stress. The difference between the upper and lower limits
of the hysteresis loop and the area of the hysteresis loop both increase accordingly. The
peak shear stress at 150 kPa is approximately 31.2% higher than that at 100 kPa and 78.5%
higher than that at 50 kPa. The compression effect of normal stress makes soil particles
embed more tightly into the rough surface and grid structure of the geogrid, significantly
enhancing the mechanical interlocking. Meanwhile, the contact pressure between soil
particles increases, and the cohesion between particles is more fully mobilized. These
factors jointly promote the improvement of interfacial shear strength.
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Figure 4. Hysteretic curves for various cycle numbers under different moisture contents.

Figure 5. Hysteretic curves for various cycle numbers under different normal stresses.

The effect of loading frequency on the interfacial peak shear stress is relatively minor.
As the soil possesses certain viscoelastic properties, a lower loading frequency corresponds
to a longer duration of cyclic shear, which provides sufficient time for soil particle sliding,
rearrangement, and pore water migration, leading to more significant energy dissipation
during the shearing process. Therefore, loading frequency is not a critical factor governing
the cyclic evolution of interfacial shear strength (Figure 6).

Figure 6. Cyclic shear hysteretic curves under different loading rates.

3.2. Evolution Law of Interface-Volume Deformation Under Cyclic Loading

The volume change behavior of the geogrid–silty clay interface is characterized by
the normal (vertical) displacement of the soil sample during cyclic shear, where a positive
normal displacement indicates dilatancy, while a negative value represents contraction.
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This macroscopic volume response essentially reflects the coupled evolution of soil particle
arrangement, porosity variation, and the mechanical interlocking state between the geogrid
and soil particles under cyclic shear. To systematically quantify the cyclic evolution law
of interface-volume deformation under the coupling of multiple influencing factors, the
curves of the maximum normal displacement of the interface with the number of cycles
under different working conditions are plotted in Figure 7, which covers four key variables:
geogrid roughness, soil moisture content, normal stress, and loading frequency.

Figure 7. Relationship curve between normal displacement and cycle number under different
working conditions.

As shown in Figure 7, the maximum normal displacement of the interface under all
test conditions presents a consistent three-stage evolution law with the increase in cycle
numbers. The first stage is the rapid growth stage (1st to 10th cycles): the normal displace-
ment increment in this stage accounts for more than 70% of the total cumulative increment,
which is attributed to the rapid failure of the initial bonding between soil particles, the
sharp increase in particle sliding and rearrangement, and the continuous mobilization of
the uplifting effect of geogrid ribs on the surrounding soil. The second stage is the slow
growth stage (10th to 25th cycles): with the gradual stabilization of soil particle arrange-
ment, the growth rate of normal displacement decreases significantly, and the interface
dilatancy effect develops slowly. The third stage is the stable convergence stage (after the
25th cycle): the fluctuation of the maximum normal displacement is less than 5% with the
further increase in cycle numbers, the soil particle arrangement reaches a dynamic equilib-
rium state, the porosity no longer changes significantly, and the interface-volume-change
effect tends to be stable. This three-stage evolution law is highly consistent with the cyclic
degradation characteristics of interface shear strength and shear stiffness, revealing the
intrinsic correlation between interface-volume deformation and shear mechanical response.

Geogrid roughness imposes a significant enhancement effect on the interface dila-
tancy, as shown in Figure 7a. Under the same number of cycles, the maximum normal
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displacement and the dilatancy effect increase significantly with the rise of geogrid sur-
face roughness. After 50 cycles, the maximum normal displacement of the G3 geogrid
(Ra = 5.78 µm) reaches 2.8 mm, which is much higher than that of G2 (Ra = 3.26 µm) and
G1 (Ra = 0.85 µm) geogrids. The high-roughness surface of the geogrid forms a tighter
mechanical interlock with soil particles, and the squeezing and uplifting effect on the soil
during cyclic shear is more significant, leading to a more obvious increase in soil porosity
and a more prominent dilatancy effect. Meanwhile, the higher the geogrid roughness, the
faster the dilatancy effect reaches stability, which is because the high-roughness interface
can fully mobilize the interlocking effect with soil particles in fewer cycles.

Normal stress shows a strong inhibitory effect on the interface dilatancy, as presented
in Figure 7b. The greater the normal stress, the smaller the maximum normal displacement
of the interface and the weaker the dilatancy effect. After 50 cycles, the maximum normal
displacement under 150 kPa normal stress is only 0.9 mm, which is 57.1% lower than that
under 50 kPa normal stress. The compression effect induced by high normal stress makes
the soil particles arrange more densely, and the uplifting effect of the geogrid rough surface
on the soil can hardly overcome the constraint of normal stress, making it difficult for the
soil porosity to increase; thus, significantly suppressing the dilatancy effect. In addition, the
increment of normal displacement with the number of cycles decreases with the increase
in normal stress, and the interface volume change can reach a stable state in fewer cycles
under high normal stress.

Moisture content level is the core controlling factor of the interface-volume-change
characteristics, and its influence law is shown in Figure 7c. When the moisture content level
is 10%, the interface shows significant dilatancy, with a maximum normal displacement of
2.2 mm; at the optimum moisture content level of 13%, the interface presents slight dilatancy,
with a maximum normal displacement of 1.5 mm; and when the moisture content level
rises to 16%, the interface exhibits mild contraction, with a maximum normal displacement
of −0.4 mm. The intrinsic mechanism of this difference lies in the variation in soil physical
properties with moisture content level: at low moisture content levels, the soil has high
cohesion and low plasticity, and soil particles are prone to be lifted along the rough surface
of the geogrid during shear, resulting in significant dilatancy; at high moisture content
levels, the soil has low cohesion and high plasticity, the sliding of soil particles fills the
internal pores of the soil, and the lubrication effect of pore water weakens the uplifting
effect of the geogrid, eventually leading to volume contraction; at the optimum moisture
content level, the bonding effect and sliding tendency of soil particles reach an equilibrium
state; thus, the dilatancy effect is the weakest.

The influence of loading frequency on the interface volume change is relatively minor
within the test range, as shown in Figure 7d. A higher loading frequency corresponds to
a slightly smaller normal displacement and a weaker dilatancy effect, and the maximum
normal displacement at 0.5 Hz is approximately 12.3% lower than that at 0.1 Hz after
50 cycles. This is because the soil has certain viscoelastic properties: at low frequencies, the
duration of a single shear cycle is longer, which provides sufficient time for soil particle
sliding, rearrangement and porosity evolution, allowing the dilatancy effect to be fully
mobilized; and at high frequencies, the short duration of shear action prevents soil particles
from being fully lifted, resulting in a limited increase in porosity. It should be noted that
the cyclic evolution trend of interface volume change remains consistent under different
loading frequencies, indicating that loading frequency is not a key factor controlling the
cyclic evolution of interface-volume deformation.

A significant positive correlation exists between the interface-volume-change behavior
and the shear strength: the more pronounced the dilatancy effect, the higher the interface
peak shear strength. The dilatancy effect loosens the arrangement of soil particles near the
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interface, strengthens the mechanical interlocking between the geogrid and the soil, and
increases the interface dynamic friction coefficient, thereby enhancing the interface shear
strength. Conversely, volume contraction weakens the mechanical interlocking between
the geogrid and soil particles, resulting in a reduction in interface shear strength. Thus,
the volume change characteristics can be used as an important macroscopic indicator to
reflect the mobilization degree of interface friction and mechanical interlocking effects
under cyclic loading.

3.3. Interfacial Shear Stiffness and Damping Ratio
3.3.1. Interfacial Shear Stiffness

The secant stiffness method is adopted to calculate the shear stiffness. This method
can effectively reflect the average deformation resistance of the interface at the elastoplastic
stage under cyclic loading, and avoid the drastic fluctuation of tangent stiffness in the plastic
stage, making it a common approach for evaluating the shear stiffness of geogrid–soil
interfaces. Based on the shear stress–shear displacement hysteresis loops corresponding
to various cycle numbers (1, 5, 10, 25, and 50 cycles). The secant slope at 50% of the shear
displacement amplitude in each hysteresis loop is selected as the interfacial shear stiffness
for that cycle. The formula is given as follows:

K =
τ

δ
(1)

In the formula, K is the interfacial shear stiffness, kPa/mm, τ is the shear stress at 50%
of the displacement amplitude, kPa, δ is 50% of the shear displacement amplitude, mm.
The calculated results are presented in Table 4.

Table 4. Calculated results for shear stiffness for the geogrid–silty clay interface (kPa/mm).

Test Variable
Combinations

Number of Cycles
1 Cycles 5 Cycles 10 Cycles 25 Cycles 50 Cycles

G1-10-1 38.26 32.58 29.65 28.92 28.75
G1-13-1 42.35 37.86 35.12 34.25 34.08
G1-16-1 26.58 22.35 20.18 19.52 19.36
G2-10-3 25.68 22.15 20.36 19.82 19.65
G2-13-3 29.85 26.52 24.86 24.18 24.02
G2-16-3 18.36 15.25 13.82 13.26 13.15
G3-10-5 15.28 13.36 12.52 12.18 12.05
G3-13-5 18.65 16.82 15.96 15.62 15.5
G3-16-5 10.35 8.92 8.26 7.98 7.86

G2-13-3-50 20.58 17.86 16.52 16.05 15.92
G2-13-3-100 29.85 26.52 24.86 24.18 24.02
G2-13-3-150 38.62 35.25 33.86 33.22 33.05

The interfacial shear stiffness exhibits a distinct evolutionary pattern characterized
by rapid attenuation in the early stage, slow attenuation in the middle stage, and gradual
stabilization in the later stage with increasing number of cycles. The stiffness degradation
mainly occurs within the 1st to 10th cycles, during which the attenuation accounts for more
than 75% of the total attenuation. After 25 cycles, the variation in stiffness is less than
1%, indicating that no obvious degradation occurs. This evolution law originates from
the rapid failure of interfacial bonding, the sliding and rearrangement of soil particles,
and the loss of local interlocking at the initial stage of cyclic shear. In the later stage, the
particle arrangement and geogrid–soil interlocking reach a dynamic equilibrium, and the
cumulative interface damage approaches a limit state. Various factors impose significant
influences on the interfacial stiffness: greater geogrid roughness induces stronger interfacial
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interlocking, resulting in higher shear stiffness and a slower attenuation rate. At the
optimum moisture content level of 13%, the cohesion and particle arrangement are optimal,
leading to much higher stiffness than those at 10% (low moisture content) and 16% (high
moisture content). A smaller shear displacement amplitude corresponds to a dominance
of elastic deformation at the interface and, thus, a higher stiffness. The normal stress
shows an approximately linear positive correlation with shear stiffness. High normal
stress enhances the interfacial contact compactness, restrains particle sliding, and, thus,
significantly improves the stiffness and reduces the attenuation rate.

3.3.2. Damping Ratio

The damping ratio is determined by the ratio of the energy dissipation in a single cycle
to the elastic strain energy of the equivalent elastic body, and is calculated using the energy
method (Rayleigh damping method). The formula is given as follows:

D =
1

4π
· Wd

We
(2)

Wd =
1
2

∣∣∣∣∑n
i=1(δi + 1 − δi)(τi + 1 + τi)

∣∣∣∣ × 10−3 (3)

We =
1
2

τmax · δmax (4)

In the formula, D is the damping ratio. Wd is the energy dissipation, J/m2. We is the
elastic strain energy, J/m2.

For each test group with different variable combinations, the damping ratio at the
1st, 5th, 10th, 25th, and 50th cycles was calculated sequentially. The calculated results
are presented in Table 5. The interfacial damping ratio shows a significant inverse trend
with the evolution of shear stiffness, and exhibits a three-stage variation pattern with
increasing number of cycles: rapid increase, slow growth, and stable convergence. The 1st
to 10th cycles constitute the main increasing stage of the damping ratio, during which the
increment accounts for more than 70% of the total increment. After 25 cycles, the variation
is less than 0. 005, indicating that the damping ratio has entered a stable range. At the initial
stage of cycling, the interfacial bonding is degraded, soil particles slide and rearrange,
and the interlocking between geogrid and silty clay is gradually mobilized. As a result,
the energy dissipation paths continuously expand, and the energy absorption capacity is
improved. In the later stage, the bonding is completely destroyed, the particle arrangement
and interlocking reach a dynamic equilibrium, and the energy dissipation state tends to
be stable. The damping ratio increases with the rise of geogrid roughness, soil moisture
content level and shear displacement amplitude. Conversely, the increase in normal stress
restricts particle sliding and leads to a dominance of static friction at the interface, thereby
reducing energy dissipation and significantly lowering the damping ratio.

3.4. Interfacial Energy Dissipation

To characterize the ability of the interface to absorb and dissipate external energy
during cyclic shear, the single-cycle energy dissipation and cumulative energy dissipation
are adopted as evaluation indices. The energy dissipation characteristics are quantified
based on the shear stress–shear displacement hysteretic loops, and their evolution with the
number of cycles, as well as the influence mechanism of each test variable, are analyzed.
Under cyclic shear, the interfacial energy dissipation mainly arises from the degradation
and reestablishment of interparticle bonding, frictional sliding between the geogrid and
soil as well as among soil particles, and particle rearrangement and structural deformation
induced by mechanical interlocking. The total cumulative interfacial energy dissipation
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(Wtotal) is the sum of the energy dissipation in each single cycle, and its calculation formula
is given as follows:

Wtotal =
m

∑
k=1

Wd(k) (5)

In the formula, m is number of cycles. Wd (k) is energy dissipation in the k-th
cycle, J/m2.

Table 5. Calculated results of damping ratio for the geogrid–silty clay interface.

Test Variable Combination (Roughness–Moisture
Content–Displacement Amplitude)

Number of Cycles
1 Cycles 5 Cycles 10 Cycles 25 Cycles 50 Cycles

G1-10%-1 mm 0.125 0.158 0.172 0.178 0.18
G1-13%-1 mm 0.118 0.145 0.156 0.16 0.162
G1-16%-1 mm 0.186 0.225 0.242 0.248 0.25
G2-10%-3 mm 0.165 0.202 0.218 0.225 0.228
G2-13%-3 mm 0.152 0.186 0.2 0.205 0.208
G2-16%-3 mm 0.228 0.265 0.282 0.288 0.29
G3-10%-5 mm 0.205 0.242 0.26 0.268 0.27
G3-13%-5 mm 0.192 0.228 0.245 0.252 0.255
G3-16%-5 mm 0.265 0.302 0.32 0.328 0.33

G2-13-3-50 0.186 0.225 0.242 0.248 0.25
G2-13-3-100 0.152 0.186 0.2 0.205 0.208
G2-13-3-150 0.125 0.158 0.172 0.178 0.18

As shown in Figure 8, under different test variable combinations, the single-cycle
energy dissipation at the geogrid–silty clay interface presents a consistent evolutionary
trend with the number of cycles. The interfacial energy dissipation increases rapidly
within 0–10 cycles and tends to be stable after 25 cycles. This evolution is consistent
with the mechanism involving the failure of initial interfacial bonding, the sliding and
rearrangement of soil particles, and the achievement of dynamic equilibrium in mechanical
interlocking. Each test variable exerts a significant regulatory effect on interfacial energy
dissipation. Increases in geogrid roughness, silty clay moisture content, shear displacement
amplitude, and normal stress all lead to corresponding rises in interfacial energy dissipation
and its stable value, among which the influence of shear displacement amplitude is the most
prominent. In contrast, the loading frequency has no significant effect on the interfacial
energy dissipation characteristics.

Figure 8. Evolution characteristics of single-cycle energy dissipation at the geogrid–silty clay interface
with number of cycles.
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4. Mesoscopic Characteristics
4.1. Model Introduction and Calibration
4.1.1. Numerical Model Construction

This numerical simulation is implemented using the transient structural module in
ANSYS Workbench 2024 R2 for transient dynamic cyclic shear analysis. Based on the geo-
metric dimensions and test conditions of the laboratory cyclic direct shear test, a mesoscopic
model for the cyclic shear of the geogrid–silty clay interface was established. The overall
dimensions of the model are 800 mm × 200 mm × 100 mm (length × width × height),
which is consistent with the size of the laboratory shear box. The model is divided into
three parts: the upper soil zone, the geogrid zone, and the base zone of the lower shear box,
as illustrated in Figure 9.

Figure 9. Cyclic shear model of the geogrid–silty clay interface.

The soil was treated as a continuous elastoplastic medium; the geogrid was linear elas-
tic without damage; and interface contact obeyed Coulomb friction. Boundary conditions:
the lower box was fully fixed, the upper box was constrained vertically and laterally with
free horizontal shear, and constant normal stress was applied on the soil top.

The silty-clay specimen adopts the Modified Cam-Clay (MCC) model as its constitutive
model. This model can accurately describe the elastoplastic deformation, shear yielding,
dilation, and contraction characteristics of cohesive soil under cyclic loading, which is
highly compatible with the mechanical behavior of the low-liquid-limit silty clay used in
the tests. The geogrid is simulated using a linear elastic constitutive model. No obvious
plastic deformation occurred in the geogrid during the tests, and the linear elastic model
can effectively represent its mechanical deformation behavior. The upper and lower shear
boxes are regarded as rigid bodies, with corresponding displacement boundaries and
constraint conditions applied. The interface contact between the geogrid and silty clay
is implemented using the surface-to-surface contact algorithm. The normal behavior is
defined as hard contact, which allows separation of the contact surfaces under tension and
prevents penetration under compression. The tangential behavior follows the Coulomb
friction model, and different geogrid roughness levels are simulated by adjusting the
interfacial friction coefficient. The interfacial friction coefficients corresponding to the three
geogrids G1, G2, and G3 are set to 0.32, 0.40, and 0.48, respectively, showing a positive
correlation with the roughness gradient. A bonded constraint is applied between the
silty clay specimen and the inner wall of the upper shear box to eliminate relative sliding
between the specimen and the shear box during testing. The geogrid is fully fixed to the
top surface of the lower shear box to simulate the fixing effect of bolts and steel plates in
the laboratory tests, thereby avoiding sliding or wrinkling of the geogrid during shear.

The loading protocol exactly reproduces the loading path of the laboratory tests, and
cyclic shear loading is applied using the transient dynamic analysis module. The entire
loading process is divided into two stages. The first stage is the normal preloading stage. A
constant uniform normal stress is applied on the top surface of the upper shear box, with
three levels set at 50 kPa, 100 kPa, and 150 kPa, respectively. Normal stress is maintained
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until the vertical displacement of the soil tends to be stable, eliminating the initial pore
deformation of the specimen and achieving a stress equilibrium state consistent with the
laboratory tests. The second stage is the cyclic shear stage. With the normal stress kept
constant, a horizontal cyclic displacement load in the form of a sine wave is applied to the
lower shear box. The displacement amplitudes are set at three levels (1 mm, 3 mm, and
5 mm), the loading frequency is fixed at 0.5 Hz, and the total number of cycles is set to 60,
which is fully consistent with the laboratory test loading scheme. During the calculation,
the results of the 1st, 5th, 10th, 25th, and 50th cycles are mainly extracted for comparative
analysis and mechanism verification with the laboratory test data.

The silty clay is described by the Modified Cam-Clay (MCC) model, which can accu-
rately characterize the elastoplastic deformation, shear yielding, dilatancy and contraction
characteristics of cohesive soil under cyclic loading, and is highly compatible with the
mechanical behavior of low-liquid-limit silty clay in this study. Based on the critical state
soil mechanics theory, the model takes plastic volumetric strain and plastic shear strain as
hardening parameters, and defines the yield and failure criteria of soil through the normal
consolidation line and critical state line. The geogrid was assumed to be a linear elastic
material with no obvious plastic deformation during the test. The upper and lower shear
boxes were set as rigid bodies, and the surface-to-surface contact algorithm was adopted
for the geogrid–soil interface with hard contact in the normal direction and the Coulomb
friction model in the tangential direction.

4.1.2. Model Parameter Calibration

The core parameters of the numerical model are classified into three categories: the
constitutive parameters of silty clay, the material parameters of the geogrid, and the
geogrid–soil interface contact parameters. All parameters are calibrated against laboratory
test results to ensure that the physical and mechanical properties of the numerical model are
fully consistent with those of the test materials. The core parameters of the Modified Cam-
Clay model for silty clay are calibrated based on laboratory geotechnical tests. The slope
of the critical state line is calculated from the internal friction angle of 18.5◦ at a natural
moisture content level. The compression index and rebound index are determined by
fitting the results of consolidation tests. The initial void ratio is derived from the maximum
dry density of 1.87 g/cm3 of the test soil sample. The effective cohesion and effective
internal friction angle are directly adopted from the measured data of laboratory direct
shear tests. The detailed calibrated parameters are listed in Table 6. The material parameters
of the geogrid are determined from the property tests of a polypropylene geogrid. The
elastic modulus is set to 1.2 GPa and the Poisson’s ratio is 0.33, matching the mechanical
properties of the geogrid used in the tests. The specific parameters are presented in Table 7.
Specifically, all material property values listed in the following Tables 6 and 7 and Figure 10
are directly derived from the laboratory tests conducted in this study.

Table 6. Calibration results of Modified Cam-Clay-model parameters for silty clay.

Parameter Name Symbol Value Parameter Source

Slope of critical state line M 0.92 calculated from the internal friction angle φ = 18.5◦ at
natural moisture content.

Compression index λ 0.078 fitted from laboratory consolidation test results.
Rebound index κ 0.012 fitted from laboratory consolidation test results.
Initial void ratio e0 0.38 calculated from the maximum dry density of 1.87 g/cm3

Poisson’s ratio ν 0.35 empirical values of silty clay combined with test calibration.
Effective cohesion c’ 28 kPa measured by laboratory direct shear test.

Effective internal friction angle φ’ 18.5◦ measured by laboratory direct shear test.
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Table 7. Calibration results for material and interface contact parameters for geogrid.

Parameter Name Value Parameter Source

Elastic modulus 1.2 GPa test results of polypropylene geogrid
Poisson’s ratio 0.33 polypropylene material

Geogrid thickness 5 mm measured values of the geogrid used in tests
Interface-friction coefficient between G1

geogrid and soil 0.32 test results

Interface-friction coefficient between G2
geogrid and soil 0.4 test results

Interface-friction coefficient between G3
geogrid and soil 0.48 test results

Figure 10. Comparison of simulated and experimental tensile force and strain of geogrid.

4.2. Analysis of Interfacial Contact-Stress Distribution and Shear-Strength Characteristics

Based on the calibrated numerical model, the contact-stress-distribution nephograms
and shear-stress-evolution data at the geogrid–soil interface during the entire cyclic shear
process were extracted using the contact tool, as shown in Figure 11. During cyclic shear,
the shear stress at the geogrid–soil interface exhibits an obvious non-uniform distribution.
Shear stress is mainly concentrated at the intersections of the geogrid transverse ribs
and longitudinal ribs, where the mechanical interlocking effect is the most significant.
The peak shear stress in these regions is more than 40% higher than that in the middle
parts of the geogrid ribs. In contrast, the shear stress at the contact interface between the
soil inside the geogrid apertures and the geogrid remains at a low level. This indicates
that the shear resistance of the soil provided by the geogrid is mainly due to the friction
and mechanical interlocking between the geogrid ribs and the soil, demonstrating the
enhancement effect of the geogrid aperture structure on the interfacial shear strength. From
the perspective of cyclic evolution, at the peak shear moment of the 1st cycle, the interfacial
shear stress distribution is highly non-uniform with significant local stress concentration,
and the maximum shear stress reaches 82 kPa. With an increasing number of cycles, at
the 10th cycle, the stress concentration is obviously alleviated due to the rearrangement
of soil particles and the gradual failure of the initial interfacial bonding. The shear stress
distribution on the interface tends to be uniform, and the peak shear stress decreases to
71 kPa. The interfacial stress distribution characteristics differ significantly among geogrids
with different roughness levels. The interface shear stress distribution of the G3 high-
roughness geogrid is more uniform. The effective contact area between the geogrid and soil
is increased by 35% compared with the unpolished G1 geogrid. The stress concentration
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coefficient is significantly reduced, and the overall average interfacial shear stress is much
higher than that of low-roughness geogrids.

Figure 11. Contours of stress and strain distribution.

Through numerical simulation, the interfacial peak shear stress under different work-
ing conditions of moisture content level, normal stress and shear displacement amplitude
was systematically calculated and quantitatively compared with laboratory test results, as
shown in Table 8. The relative errors between the simulated and experimental values under
different working conditions are all controlled within 5%. The interfacial peak shear stress
shows a significant linear positive correlation with normal stress. The peak shear stress at
150 kPa normal stress is 77.8% higher than that at 50 kPa, which is, basically, consistent with
the test results. The effect of moisture content level on peak shear stress presents a trend of
increasing first and then decreasing. The interfacial shear strength reaches the maximum at
the optimal moisture content level of 13%. When the moisture content level increases to
16%, the effective cohesion of the soil decreases, and the lubrication effect of pore water
reduces the interfacial friction coefficient. Consequently, the peak shear stress is reduced
by 28.6% compared with the optimal moisture content group, which is in good agreement
with the laboratory test trend. When the shear displacement amplitude increases from
1 mm to 3 mm, the interfacial peak shear stress rises rapidly. When the amplitude increases
to 5 mm, the growth of shear stress tends to be gentle. The mechanical interlocking effect at
the geogrid–soil interface is fully mobilized at a displacement amplitude of 3 mm.

4.3. Analysis of Plastic-Strain Evolution of Soil and Interface-Volume-Change Characteristics

The equivalent plastic-strain-distribution nephograms and vertical-displacement data
for silty clay specimens during cyclic shear were extracted to analyze the development
characteristics of shear bands and the evolution law of plastic deformation in the soil, and
to reveal the mesoscopic causes of interface dilatancy and contraction observed in the
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laboratory tests. Under cyclic shear loading, the plastic deformation of silty clay shows an
obvious localization characteristic, with a distinct shear band formed above the geogrid–soil
interface. Plastic strain is mainly concentrated within the soil range of 0–20 mm above the
interface, where the peak equivalent plastic strain reaches 2.8%, representing the core zone
of shear deformation. The plastic strain of soil in the depth range of 20–50 mm attenuates
rapidly with increasing depth, and the plastic strain in the soil region beyond 50 mm
approaches zero. This result identifies the effective influence depth of the shear interaction
at the geogrid–silty clay interface, which is in good agreement with the law observed in
the laboratory tests that the volume change is mainly controlled by the deformation of soil
near the interface.

Table 8. Comparison of simulated and experimental results of interfacial peak shear stress under
different working conditions.

Case No. Combination of Test Variables Test Value (kPa) Simulated Value (kPa) Relative Error

1 G1-10%-1 mm-50 kPa 32.6 33.8 3.70%
2 G1-13%-1 mm-100 kPa 58.2 56.5 2.90%
3 G1-16%-1 mm-150 kPa 65.4 67.2 2.80%
4 G2-10%-3 mm-50 kPa 41.5 40.3 2.90%
5 G2-13%-3 mm-100 kPa 72.8 71.2 2.20%
6 G2-16%-3 mm-150 kPa 86.3 88.7 2.80%
7 G3-10%-5 mm-50 kPa 56.2 54.8 2.50%
8 G3-13%-5 mm-100 kPa 97.5 99.6 2.20%
9 G3-16%-5 mm-150 kPa 112.4 109.1 2.90%

From the perspective of cyclic evolution, during the 1st to 10th cycles, the plastic
strain of the soil accumulates rapidly, and the shear band gradually expands from the
geogrid–soil interface into the soil interior, corresponding to the stage of rapid increase in
normal displacement in the laboratory tests. After 25 cycles, the spatial extent of the shear
band and the peak plastic strain remain, basically, stable, and the sliding and rearrangement
of soil particles reach a dynamic equilibrium state, corresponding to the macroscopic
phenomenon that the volume change effect tends to be stable in the laboratory tests. The
distribution and evolution characteristics of soil plastic strain differ significantly under
different test conditions. The geogrid under a high moisture content level corresponds to a
thicker shear band and a wider distribution range of plastic strain, with the peak plastic
strain increased by 52% compared with that at w = 10%. Under the condition of 16% high
moisture content, the plastic fluidity of the soil is significantly enhanced. The plastic strain
in the shear band is dominated by horizontal shear slip, and the vertical plastic strain
component is negative, corresponding to the slight volume contraction at the interface
under the high-moisture-content level that was observed in the tests. Under high normal
stress conditions, the plastic deformation of the soil is significantly restrained, the thickness
of the shear band is obviously reduced, and the peak plastic strain is greatly decreased.
This explains the strong inhibitory effect of normal stress on the interface dilatancy, which is
in good agreement with the laboratory test result that the maximum normal displacement
is only 0.9 mm under 150 kPa normal stress.

The maximum normal displacements of the interface under different working condi-
tions were calculated through numerical simulation and quantitatively compared with the
measured results from the laboratory tests, as shown in Table 9. The relative errors between
the simulated and experimental values are all controlled within 5%. As the moisture content
level increases from 10% to 16%, the interface changes from significant dilatancy to slight
dilatancy and, finally, to volume contraction. Meanwhile, under working conditions with
more significant dilatancy effects, the mechanical interlocking between soil particles in the
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interface shear band and the geogrid is more sufficient, resulting in higher interfacial peak
shear stress. The two show an obvious positive correlation, which verifies the conclusion
proposed by the laboratory tests that the volume change characteristics can be used as an
evaluation index for the mobilization degree of interfacial friction and interlocking. The
simulated evolution curves of normal displacement at interfaces under different water
contents and normal stresses are shown in Figure 12.

Table 9. Comparison of simulated and experimental results of maximum interfacial normal displace-
ment under different working conditions.

NO. Combination of Test
Variables

Measured Maximum
Normal

Displacement (mm)

Simulated Maximum
Normal

Displacement (mm)

Relative
Error

Volume Change
Characteristics

1 G2-10%-3 mm-100 kPa 2.2 2.11 4.10% dilatancy
2 G2-13%-3 mm-100 kPa 1.5 1.44 4.00% slight dilatancy

3 G2-16%-3 mm-100 kPa −0.4 −0.38 5.00% volume
contraction

4 G2-13%-3 mm-50 kPa 2.1 2.03 3.30% dilatancy
5 G2-13%-3 mm-100 kPa 1.5 1.44 4.00% slight dilatancy
6 G2-13%-3 mm-150 kPa 0.9 0.87 3.30% slight dilatancy

Figure 12. Simulation curve of cycle number–normal displacement under different water content
level and normal stress.

4.4. Analysis of Interface Stiffness-Degradation and Dynamic Characteristics Under
Cyclic Loading

As shown in the shear stress–shear displacement hysteresis curves, the interfacial
shear stiffness after different numbers of cycles was calculated, and its cyclic evolution law
was analyzed and verified by comparison with the laboratory test results, so as to reveal the
internal mechanical mechanism of interface stiffness degradation. The numerical results
show that the interfacial shear stiffness exhibits a three-stage evolution characteristic with
the increase in the number of cycles: rapid attenuation in the early stage, slow attenuation
in the middle stage, and stabilization in the later stage. The stiffness degradation within
the 1st to 10th cycles accounts for 76% of the total degradation. After 25 cycles, the stiffness
variation is less than 1%, and no significant degradation occurs, basically. This law is in
good agreement with the laboratory test results. A comparison between the simulated and
experimental shear stiffness values of the reference group after different numbers of cycles
is shown in Table 10, and the relative errors between them are all less than 3%.

https://doi.org/10.3390/coatings16050522

https://doi.org/10.3390/coatings16050522


Coatings 2026, 16, 522 19 of 21

Table 10. Comparison of simulated and experimental shear stiffness of the reference group after
different numbers of cycles (Unit: kPa/mm).

Number of Cycles 1 Cycles 5 Cycles 10 Cycles 25 Cycles 50 Cycles

experimental value 29.85 26.52 24.86 24.18 24.02
simulated value 28.82 25.87 24.21 23.65 22.78

relative error 3.45% 2.40% 2.60% 2.20% 5.16%

From a meso-mechanical perspective, at the initial stage of cyclic shear, the plastic
strain of the soil accumulates rapidly, the initial bonding force between particles is con-
tinuously destroyed, and the deformation resistance of the interface decreases quickly,
which is the main reason for the significant stiffness degradation. With the increase in
cycle numbers, the plastic deformation of the soil tends to be stable, and the interface
shear resistance gradually changes from being dominated by the initial bonding force to
being dominated by friction and mechanical interlocking. Since friction and interlocking
exhibit good reversibility and stability during cyclic shear, the interface shear stiffness
remains, basically, constant after 25 cycles. The influence laws of different test variables
on interface shear stiffness are completely consistent between the numerical simulation
and laboratory tests. The greater the geogrid roughness and normal stress, the higher the
interface shear stiffness and the slower the degradation rate during cycling. The interface
shear stiffness at the optimum moisture content level of 13% is significantly higher than
those at 10% (low moisture content) and 16% (high moisture content). The smaller the
shear displacement amplitude, the more the interface deformation is dominated by elastic
deformation, resulting in a higher shear stiffness (Figure 13).

Figure 13. Simulated hysteretic curves under different roughness conditions.
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5. Conclusions
In this study, a combination of laboratory cyclic direct shear tests and numerical sim-

ulations was adopted to systematically investigate the macro–meso shear characteristics
of the geogrid–silty clay interface under cyclic loading. The regulation laws of four key
variables, namely geogrid roughness, soil moisture content, shear displacement ampli-
tude, and normal stress, on the interface shear behavior were analyzed. The intrinsic
correlation between the macroscopic mechanical response and mesostructural evolution
of the interface was established, and the mechanisms of interface strength degradation,
deformation evolution, and energy dissipation during cyclic shearing were clarified. The
main conclusions are as follows:

This study investigates the macro–meso shear behavior of the geogrid–silty clay
interface under cyclic loading via laboratory cyclic direct shear tests and mesoscopic
numerical simulations. The core findings are summarized as follows:

The interface shear strength and shear stiffness show a three-stage cyclic evolution:
rapid degradation within the first 1–10 cycles, slow variation in the middle stage, and
stabilization after approximately 25 cycles. Higher geogrid roughness and normal stress
significantly enhance interface shear strength and suppress cyclic degradation, while the
shear strength peaks at the optimum moisture content level of 13%.

The interface-volume deformation is dominated by dilatancy, which is positively cor-
related with shear strength. Dilatancy is strengthened by increased geogrid roughness and
shear displacement amplitude, but strongly inhibited by higher normal stress. The moisture
content level governs the volume change mode, which shifts from notable dilatancy to
slight contraction as the moisture content level rises from 10% to 16%.

The shear stiffness and damping ratio exhibit opposite cyclic trends, with major
changes occurring in the initial 10 cycles. Interface energy dissipation rises rapidly at first
and then stabilizes, and is most sensitive to shear displacement amplitude.

The mesoscopic model based on the Modified Cam-Clay criterion accurately repro-
duces the macroscopic interface response, with relative errors below 5%. Shear stress
concentrates at the intersections of geogrid ribs, and the soil zone 0–20 mm above the
interface is the primary shear deformation region, which controls the macroscopic cyclic
degradation and volume change of the interface.
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