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Abstract

Polyester yarn bundle geogrids are widely used materials in flexible retaining structures
due to their high toughness and high-strength mechanical properties. To investigate the
mechanical characteristics and the interfacial mechanical properties of these geogrids, a
series of pull-out tests were conducted under different pull-out rates and filling water
contents. Based on the test results, a DEM-FDM coupled numerical model for pull-out
behavior was established to analyze the pull-out deformation behavior of the geogrids.
Combined with the theoretical analysis of the load-bearing characteristics of the geogrids,
the reinforcement mechanism of polyester yarn bundle geogrids was revealed. The results
show that there exists a critical pull-out rate of 1 mm/min that maximizes the pull-out
resistance; the interface friction angle decreases with an increase in pull-out rate, while
the interface cohesion shows an opposite trend. The filling water content presents a
more significant weakening effect on the soil-geogrid interface strength under low stress,
resulting in a strain-softening type of pull-out curve. Unlike fine-ribbed plastic geogrids, the
sliding frictional resistance of polyester yarn bundle geogrids accounts for 80% of the total
pull-out resistance during the pull-out process. The mechanical interlocking force, which
arises from the bulges on the mid-section of transverse ribs and the downward bending of
longitudinal rib edges, is subject to dynamic changes in the course of the pull-out process.
The geogrid exhibits overall shear failure under low normal stress (¢, < 200 kPa) and
penetration shear failure under high normal stress (¢;; > 200 kPa). In practical engineering
installation, polyester yarn bundle geogrids should be placed as parallel as possible to
maximize the frictional resistance with filled soil and should take care of the geogrid joints
for enhanced durability of the geogrids.

Keywords: polyester yarn bundle geogrid; pull-out test; DEM-FDM coupled numerical
simulation; interface characteristics; reinforcement mechanism

1. Introduction

As a high-performance geosynthetic material, geogrids have been widely applied in
engineering fields such as retaining structures, subgrade reinforcement, slope protection,
and foundation treatment due to their excellent mechanical properties [1-4]. Reinforced
geogrid restricts the deformation of interlayer soil through the relative friction between
reinforcements and soil, thereby improving the stability and shear strength of structures.
Therefore, the mechanical properties of the reinforcement—soil interface are key indicators
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for the design of reinforced structures [5-7]. Meanwhile, to further optimize the geogrid
structure design and enhance the mechanical properties of geogrids, it is necessary to
conduct in-depth research on the geogrid reinforcement mechanism.

The pull-out test is the most direct research method for the mechanical properties of
the geogrid—soil interface. At present, a large number of scholars have carried out geogrid
pull-out tests under various working conditions. Altay et al. [8] designed a pull-out test
between geogrids and clay, analyzed the influence of fill water content on the reinforcement-
soil interface, and found that the interfacial interaction force is stronger at the optimal water
content (OWC). Bai et al. [9] explored the reinforcement—soil interface characteristics under
different temperatures and found that under freezing conditions, the shear characteristics
of the interface are significantly enhanced due to a certain expansion of the fill. Makkar
et al. [10] summarized the influence of fill particle size on the reinforcement-soil interface
and quantified the strength of the reinforcement-soil interface. Safa et al. [11] and Liu
et al. [12] pointed out that increasing the pull-out rate within a certain range can improve
the ultimate pull-out force of geogrids, and the degree of improvement depends on the
magnitude of normal stress. Many other scholars had explored the influence of geogrid
patterns on the reinforcement—soil interface characteristics by adjusting the geogrid mesh
size, strengthening mesh nodes, and other methods [13-16].

Regarding the reinforcement mechanism of geogrids, numerical simulation is mainly
adopted for research at present, and theoretical laws are summarized based on the results
of indoor tests and numerical simulations [17,18]. Li et al. [19] established a DEM model
for the pull-out of multi-grid geogrids. They found that the pull-out force mainly acted
on the front segments of the first row of transverse ribs, where a strong interlocking effect
was generated between the soil and the geogrid. Attache et al. [20] simulated geogrid
pull-out using FLAC3D software, analyzed the influence of corrugated protrusions on
the geogrid surface on geogrid pull-out, and found that the protrusions on the geogrid
surface can significantly enhance the pull-out resistance of geogrids. Fu et al. [21] used the
DEM-FDM to reveal the deformation of geogrids during the pull-out process and explained
the interaction mechanism between soil particles and geogrids. Liang et al. [22] proposed a
geogrid shear stress—displacement damage softening model based on the results of pull-out
tests, revealing the development of shear stress at the reinforcement-soil interface and
progressive failure modes at different pull-out stages. In addition, many scholars have
focused on the bearing characteristics of the transverse and longitudinal ribs of geogrids,
emphasizing the contribution of transverse ribs to pull-out resistance [23-26].

Most of the test materials used in the above pull-out tests were plastic geogrids,
which had narrow longitudinal and transverse ribs and possessed the advantages of being
lightweight and easy to install. With the continuous improvement of engineering require-
ments for the durability and strength of geogrids, polyester yarn-bundled geogrids have
gradually replaced plastic geogrids and been applied in various high and large reinforced
engineering projects [27-30]. However, research on the interfacial mechanical properties of
this geogrid type is relatively scarce. Research on the geogrid reinforcement mechanism has
typically focused on the effects of geogrid aperture size and shape [31-33], failing to further
reveal the interaction between the ribs and the filled soil and, thus, hindering a thorough
understanding of the failure mechanism of reinforced soil structures in engineering practice.
Additionally, it mostly adopts a single research method of numerical simulation or theory,
making it hard to verify the research results from multiple angles.

To address these issues, this paper investigates the pull-out behavior of a polyester yarn
bundle grid through experimental studies, analyzing the effects of pull-out rate and soil
moisture content on the soil-reinforcement interface. Based on experimental data, a DEM-
FDM coupled pull-out numerical model was established to reveal the overall displacement
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behavior of the grid during pull-out. This model highlighted the deformation characteristics
of the wide transverse ribs in the polyester yarn bundle grid and the distribution of friction
force at the grid-soil interface. Finally, through theoretical calculations, the geogrid’s
load-bearing characteristics were determined, and its failure modes under varying stresses
were identified, providing recommendations for the practical engineering application of
polyester yarn bundle geogrids.

2. Pull-Out Test
2.1. Geogrid Pull-Out Test Device

The test employed a self-developed pull-out testing apparatus, as shown in Figure 1.
The pull-out device primarily consists of four components: the model box, the lateral
loading device, the vertical loading device, and the data monitoring system. The model
box measures 40 cm x 35 cm x 40 cm, with its four sides made of steel plates of 1.5 cm
thickness. It is divided into two loading chambers (upper and lower), with heights of
15 cm and 25 cm, respectively. The vertical loading device incorporates a hydraulic jack,
a gantry frame, and a pressure sensor, while the horizontal loading device comprises a
motor, a threaded rod, a clamping fixture, and displacement/tensile force sensors. Test
data from mechanical parameter sensors is transmitted to the computer via data cables and
monitored in numerical software.

Hydraulic jack

[ 1L
L

Displacement and

N
tension sensor N \(

Monitoring computer

Figure 1. Pull-out testing apparatus.

2.2. Test Materials

The material employed in the pull-out tests was a novel polyester yarn bundle geogrid,
as shown in Figure 2a. Based on the basic mesh size of the geogrid, specimens measuring
100 cm in length and 20 cm in width were cut, as shown in Figure 2b. Due to the size
constraints of the model box, the grid’s loading dimensions within the box were set to
22 cm X 20 cm to preserve sufficient longitudinal rib length for fixture mounting. The
specific parameter specifications of this geogrid are detailed in Table 1.

Table 1. Physical parameters of geogrid.

Thickness Width Length Long-Term Tensile Tensile Strength at 5%  Longitudinal Nominal
/(mm) /(mm) /(mm) Strength/(kN-m) Elongation/(kN-m) Elongation/(%)
2 20 22 106.8 89.3 7.2
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Figure 2. Geogrid configuration and dimensions: (a) geogrid construction and laying; (b) loading
and overall dimensions of geogrid in pull-out test.

2.3. Test Filling Soil

The test fill material utilized locally sourced, reworked loess from Yueyang. The black
curve in Figure 3a represents the actual gradation curve, and Figure 3b is the direct shear
curve of the loess. Calculations based on this curve yielded a coefficient of uniformity (Cu)
of 5.49 and a coefficient of curvature (Cc) of 1.04, indicating excellent gradation of this loess.
Other physical parameters of the filled soil are shown in Table 2.

100
——400kPa

80 “|Actual particle
\ grading curve
60 \
40 -
Simulated
gradin,
20 -
0.01 0 2 4 6 8 10 12

Particle size/mm Shear displacement/mm

(@) (b)

Figure 3. Physical and mechanical properties of filling soil: (a) gradation curve; (b) direct shear curve.

Shear stress / kPa

Percentage of particles smaller
than a certain particle size/%

Table 2. Physical properties of filling soil.

Maximum Dry Density/ Optimum Moisture . . o Cohesion/ Degree of
(g-cm—3) Content/(%) Internal Friction Angle/(*) (kPa) Compaction/(%)
1.73 10.6 36.2 13.6 90
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2.4. Experimental Scheme

This pull-out test varied parameters including moisture content, pull-out rate, and
normal stress. Experimental studies investigated the interfacial pull-out characteristics of
geogrids under various operating conditions. By removing transverse ribs and conducting
dual longitudinal rib pull-out tests, the contribution of transverse and longitudinal ribs to
the pull-out force during the process was determined. Specific test conditions are detailed
in Table 3. The pull-out test was carried out under undrained conditions. To ensure full soil
consolidation and attainment of the target compaction degree, a dial indicator was used to
measure the displacement of the model top cover, as shown in Figure 4. Consolidation of
the filled soil was considered achieved if the variation in the dial indicator reading was less
than 5% within a 15 min period.

Table 3. Pull-out test scheme.

Serial Number With or Without Transverse Rib ngfrﬁﬁ; ) I/,(l:ill;loitlrl}_altf Norrllzli;;tress
1 0.5 100/150/200/250
2 . 1 100/150/200/250
3 with 5 2 100/150/200/250
4 3 100/150/200/250
5 with 10 2 100/150/200/250
6 with 15 2 100/150/200/250
7 without 5 2 100/150/200/250

T
Dial indicator
o i

Figure 4. Fill soil consolidation diagram.

3. Analysis of Pull-Out Test Results
3.1. Effects of Different Pull-Out Rates

Figure 5 shows the relationship curves between pull-out force and loading end dis-
placement under different drawing rates. It can be seen from the figure that at the same
pull-out rate, the peak pull-out force increases with the rise in normal stress, and the growth
amplitude is relatively uniform. The pull-out force exhibits a nonlinear increase with the
growth of displacement, and its development pattern can be roughly divided into the fol-
lowing three stages: (1) during the initial pull-out stage, the force increases slowly with the
displacement, but the rate of increase gradually accelerates; (2) when displacement reaches
5 mm, the pull-out force increases linearly and reaches a peak the location of the peak
shifts backward as normal stress increases; and (3) after reaching the peak value, the curve
gradually stabilizes, and the pull-out force remains constant as displacement increases.
The relationship curves under partial low normal stress conditions exhibit strain-softening
behavior, with the force showing a distinct descending segment after peaking.
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Figure 5. Relationship curves of pull-out force and loading end displacement under different pull-out
rates: (a) v = 0.5 mm/min; (b) v = 1.0 mm/min; (c) v = 2.0 mm/min; (d) v = 3.0 mm/min.

Under low normal stress, the soil is relatively loose. So during the pull-out process,
relative sliding occurs between soil particles, which reduces the soil-reinforcement interface
strength and leads to a distinct strain-softening pattern in the curve. In addition, the pull-
out force curve still exhibits a slight increase during the stable stage under low stress. It
indicates that the relative sliding between soil particles can fill the voids within the soil,
which makes the soil denser and results in a slight improvement in the soil-reinforcement
interface strength.

The pullout force values in the stable stage of the relationship curves were taken as
the ultimate pullout resistance, and the shear stress 75, at the soil-reinforcement interface
was calculated according to Formula (1).

Tsg = 5LB 1)

where P, is the ultimate pull-out resistance of the geogrid; L and B are the embedded length
and width of the geogrid in the soil.

Linear fitting was performed on the shear stress and normal stress at the soil-
reinforcement interface under different pullout rates, and the fitting results are shown
in Figure 6a. The fitting coefficient R? is close to 1, indicating a good fitting effect. The
reinforcement-soil interface parameters csg and ¢sq were calculated from the fitted straight
lines, and their variation with the pull-out rate is shown in Figure 6b. The interface friction
angle ¢s¢ decreases nonlinearly with the increase in pull-out rate, whereas the interface
cohesion cs¢ exhibits the opposite trend. When comparing the interface strength parameters
at two pull-out rates of 0.5 mm/min and 3 mm/min, we can find that with the increase in
pull-out rate, ¢s¢ decreases from 12.71° to 5.82°, representing a reduction of 54.2%. Mean-
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while, ¢s¢ increases from 9.24 kPa to 18.79 kPa, with a growth rate of 103.4%. It is evident
that the pull-out rate exerts a significant influence on the interface strength parameters.

v ¢ (kP2) ) R 22
70 F® v=3mm/min 18.79 5.82 0.9698 13r
® v=2mm/min 16.67 727 0.95% 120
A v=Imm/min  13.60 10.65  0.9903 o 12 «
v v=05mm/min 9.24 1271 = i)
< 0 =<
goop gt 1% 2
% g g
g £ vl KE
250 & =
g g or e
= % 414 E
40 - Z 8 E
= 112
7k —#— Interface friction angle
¢ —— Interfacial cohesion
30 : , , , , , , oL ) . ) ) . q10
100 125 150 175 200 225 250 0.5 1.0 15 2.0 2.5 3.0

Normal stress/kPa Pull-out rate/mm-min”

(@) (b)

Figure 6. Strength characteristics of the soil-reinforcement interface under different pull-out rates:
(a) fitted shear strength lines; (b) variation relationship of interface parameters.

To analyze the mechanism, when the pull-out rate is excessively high, the soil sur-
rounding the geogrid cannot rearrange in a timely manner, resulting in relatively small
dislocation between soil particles. Moreover, the rapid sliding of the reinforcement ma-
terial disrupts the original interlocking structure between particles, which weakens the
mechanical interlocking effect between the geogrid surface and soil particles. This is macro-
scopically manifested as a reduction in the friction angle. The fine-grained fraction of
the soil on the geogrid surface forms a thin film. When the pull-out rate increases, the
fine-grained film cannot detach in a timely manner, which causes the film to be compacted
and densified at the interface, forming a continuous and dense bonding layer. The bonding
layer can enhance the bonding effect between the reinforcement and soil. As the pull-out
rate increases, the degree of compaction of fine particles gradually rises, and the strength
of the bonding layer is continuously enhanced.

The pull-out friction coefficient f is an important quantitative index for characterizing
the frictional behavior of the soil-reinforcement interface, which can be calculated using

the following Formula (2):
Tsg P,
= — = 2
f Oy 20LB @)

where the ¢, is normal stress.

Figure 7 shows the relationship curves between the pull-out friction coefficient f and
the normal stress ¢, under various pull-out rates, and exponential functions are adopted
for curve fitting. In general, the pull-out friction coefficient f decreases nonlinearly with
the increase in normal stress. When the normal stress reaches a certain threshold value,
the decreasing rate of f tends to slow down. At low pull-out rates of 0.5 mm/min and
1 mm/min, f is relatively high. In contrast, at high pull-out rates of 2 mm/min and
3 mm/min, it decreases significantly with a relatively large declining rate. This indicates
that an excessively high pull-out rate can considerably weaken the strength of the soil—-
reinforcement interface.

Figure 8 shows the variation curves of the peak geogrid pull-out force with pull-
out rate under different normal stresses. It can be seen from the figure that the peak
pull-out force exhibits a variation trend of first increasing and then decreasing with the
increase in pull-out rate. Furthermore, with the increase in pull-out rate, there exists a
critical pull-out rate of 1 mm/min, at which the peak pull-out force of the geogrid reaches
the maximum value. This indicates that an appropriate pull-out rate enables the soil
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surrounding the geogrid to rearrange in a timely manner, which can better improve the
mechanical interlocking effect between the geogrid surface and soil particles and enhance
the frictional force of the soil-reinforcement interface.

0.40
wmin =0-1240.37exp(-x/157.57), R*=0.9997

wimin =0-21+0.60exp(-x/63.62), R?=0.9053
—— Yimmmin =0-24+0.30exp(-x/110.86), R’=0.9422
T Yo smmmin=0-17+0.22exp(-x/334.18), R’=0.9455

0.24
Pull-out rate:
v v=0.5Smm/min 4 v=Imm/min
0.20 | ® v=2mm/min ® v=3mm/min

Pull-out friction coefficient (f)

100 125 150 175 200 225 250

Normal stress/kPa

Figure 7. Relationship between pull-out friction coefficient and normal stress under different pull-
out rates.

6000

Normal stress:
—v¥—250kPa —A— 200kPa
—e— 150kPa —#— 100kPa

5000 |

4000 -

3000 | /\.\1

0.5 1.0 1.5 2.0 2.5 3.0

Pull-out speed/mm-min’!

The peak value of pull-out force/N

Figure 8. Variation law of peak pull-out force with pull-out rates under different normal stresses.

3.2. Effects of Different Moisture Contents

To investigate the effect of fill moisture content on the pull-out behavior of geogrids,
pull-out tests were conducted at three moisture content gradients of 5%, 10%, and 15%
with a constant pull-out rate of 2 mm/min. Figure 9 presents the relationship curves
between pull-out force and loading end displacement under different moisture contents
and various normal stresses. As the figure shows, the pull-out extreme value of the geogrid
in the stable pull-out stage decreases with the growth of fill moisture content. Moreover,
under the normal stress of 100 kPa, the stable extreme value decreases considerably. When
the moisture content increases from w = 5% to w = 15%, the stable extreme value drops
from 2975 kPa to 2104 kPa, representing a decrease of 29%. It indicates that water forms a
film at the soil-reinforcement interface, which acts as a lubricant to reduce the frictional
resistance between the geogrid and soil. The lubricating effect is more pronounced at lower
normal stresses.

As shown in Figure 10a, the fitted lines represent the relationship between shear
stress and normal stress under different moisture contents. Based on the fitting results,
the strength parameters cs¢ and @s¢ of the soil-reinforcement interface were obtained,
and the curves illustrating their relationships with fill moisture content are presented in
Figure 10b. Compared with the influence of pull-out rate on the strength parameters of the
soil-reinforcement interface, the variations in ¢s¢ and cs¢ values under different moisture
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contents are relatively small. Specifically, the ¢s; decreases with an increase in moisture

content, whereas the c;¢ shows a trend of first increasing and then decreasing as moisture

content rises, with a peak value of 20.34 kPa attained at a moisture content of w = 10%.

3500 4000
3000 -
3000
z 2500 z
WD @
2 2
S 2000 - S
E = 2000 |
2 1500} it
E Moisture content: E Moisture content:
1000 | —s% —s%
——10% 1000 | —e—10%
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0 L L L L 1 1 1 1 0 L L L L L L 1 1
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Loading end displacement/mm

(d)

Figure 9. Effects of moisture content on pull-out force under various normal stresses:
(a) 0, =100 kPa; (b) 0, = 150 kPa; (c) 0y = 200 kPa; (d) 0, = 250 kPa.
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Figure 10. Strength characteristics of the soil-reinforcement interface under different
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contents: (a) fitted shear strength lines; (b) variation relationship of interface parameters.

Figure 11 shows the relationship curves between the pull-out friction coefficient f and

normal stress under different moisture contents. As can be seen from the figure, the value

of f decreases overall with the growth of moisture content w. The relationship curve at a

moisture content of w = 5% tends to stabilize with increasing normal stress, while the other

two curves corresponding to higher moisture contents still exhibit a significant downward
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trend as normal stress increases. This further demonstrates the lubricating effect of water
on the soil-reinforcement interface.

0.36
Yoy =0.21+0.60exp(-x/63.62), R’=0.9053

o —— ¥105=0.15+0.37exp(-x/125.43), R’=0.9980
et 0.32F —— ¥153=0.15+0.39exp(-x/100.09), R’=0.9783
2
£
5 028 |
]
>
=
£
S 024
=
&
s Moisture content:
E B 0=5%
==1 0.20 - * w=10%
=] A 0=15%

0.16 L L L L L L

100 125 150 175 200 225 250

Normal stress/kPa

Figure 11. Relationship between pull-out friction coefficient and normal stress under different
moisture contents.

3.3. Friction Characteristics Model for Geogrid Interface

Currently, the classical soil-reinforcement interface models primarily include the ideal
elastoplastic model, the hyperbolic model, and the bilinear model. The hyperbolic model is
the most commonly used constitutive model for describing the strain—hardening curves in
pull-out tests of geosynthetics, with its model expression shown in Formula (3).

u
t_a—l—bu )

where ¢ is pull-out force; u is tensile displacement; a and b are fitting parameters.

The ideal elastoplastic model comprises two stages. During the first stage, when the
interfacial shear stress is below the peak shear stress, the material behaves elastically. The
interfacial shear stress increases linearly with increasing drawing displacement. Upon
reaching the peak shear stress, the material transitions to the second stage, exhibiting
ideal plastic behavior. Here, the shear stress remains constant, forming a horizontal line

in the relationship curve with drawing displacement. The model expression is shown
in Formula (4).

(4)

o ku, 0<u<u,
a tp, uZu,,

where k is interfacial tangential stiffness; t, is tensile displacement; u, is the pull-out
displacement corresponding to the ultimate shear strength.

Based on the ideal elastic-plastic model, a bilinear model can be further optimized.
This model is also divided into two stages: the first stage represents the linear relationship
between shear stress and tensile displacement before the shear stress reaches its peak;
the second stage represents the linear relationship reflecting the strain hardening of the
reinforcement. The model expression is shown in Formula (5).

kiu, 0<u<u,
t= 5
(o) -

u—up) +ty, u>up

where k; and k; are the shear modulus and the hardening shear modulus of the elastic
interface, respectively.

Based on the grid-based pull-out test, the results obtained at a pull-out rate of
2 mm/min and a soil moisture content of 5% were selected for analysis. The fitting results
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of different models are shown in Table 4 and Figure 12. It can be observed that under differ-
ent normal stresses, the bilinear model exhibits a higher R? value compared to the ideal
elastic—plastic model and the hyperbolic model, indicating its superior fitting performance.

Table 4. Fitting coefficient of R? results.

Fitting Model
oy (kPa) . 3 .
Bilinear Model Ideal Elastoplastic Model Hyperbolic Model
100 0.9707 0.9656 0.9474
150 0.9649 0.9648 0.8777
200 0.9906 0.9890 0.9522
250 0.9848 0.9847 0.9337
4000
3000 srieaens e
i 3000 - i
% s 4
2 [ 3
S 2000 - 5
- /) = -
g y; 5 2000
= / =
£ 7 —=— Hyperbolic model £ /) —=— Hyperbolic model
1000 b/ Bilinear model g — Bilinear model
7 — — -Ideal elastoplastic model 1000 — — -Ideal elastoplastic model
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Figure 12. Fitting results for pull-out curves under different normal stresses: (a) 0, = 100 kPa;

(b) 0, =150 kPa; (c) 0, =200 kPa; (d) 0, = 250 kPa.

4. Pull-Out Test Numerical Simulation

Pull-out tests are usually numerically simulated by means of the Discrete Element
Method (DEM), where ball elements are adopted to simulate both the fill and the geogrid,
with parameter calibration conducted for the pull-out process. However, considering
that the geogrid employed in this pull-out test features relatively wide transverse and
longitudinal ribs, simply modeling the geogrid with ball elements cannot adequately
simulate the continuity of the soil-reinforcement interface. Therefore, the Finite Difference
Method (FDM) was adopted to simulate the geogrid.
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4.1. Model Structure

A full-scale model was established for the pull-out test. Considering computational
efficiency and accuracy, the particle size of the fill in the model box was appropriately
enlarged, with the gradation curve after enlargement shown as the red curve in Figure 3a.
After servo preloading was applied to the generated fill model, the ball elements in the
central region were deleted, and a geogrid model was established in this area. Finally, servo
confining pressure was imposed on the wall elements at the model boundaries to ensure
tight contact between the fill and the geogrid. As shown in Figure 13, the structural diagram
of the pull-out model illustrates the detailed structure of the geogrid and its placement
within the fill.

Model structure element

Fill soil (Ball structure)
Geogrid (Zone structure)

Loading zone

Figure 13. Schematic diagram of the numerical mode.

4.2. Model Parameter Calibration

A constant velocity of 2 mm/min was applied to the end elements of the geogrid
to simulate the pull-out process, and the stress and displacement at the front end of
the pull-out zone were monitored. The model parameters were calibrated based on the
measured data of physical tests, with the calibrated parameters and corresponding results
presented in Table 5 and Figure 14. As shown in the figure, to eliminate errors caused
by test equipment and operations, the stress-hardening segment in the early stage of the
pull-out displacement curve was corrected. The numerical simulation results are well in
agreement with the corrected displacement curve.

Table 5. Results of numerical model parameter calibration: (a) structural element calibration;
(b) ball-ball contact element calibration; (c) wall-ball contact element calibration.

(@)

Model Poro pl(g-cm—3) Model E/(Pa) Possion
Ball Structure Zone Structure
Linear 0.36 50 Elastic 7 x 108 0.25
(b)
Model u damp E*/(N-m~3) K* Ball-Ball Contact Model
Ball-Ball Contact
Linear 0.12 1.5 106.8 89.3 Linear
(o)
Model ] dp_nratio E*/(N-m~3) K* pb_ten/N pb_coh/N
Wall-Ball Contact
Linearpbond  0.12 0.2 1 x 100 0.5 10 10
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Figure 14. Comparison between experimental and numerical simulation results.

4.3. Analysis of Numerical Simulation Results
4.3.1. Geogrid Displacement and Deformation Results

Figure 15 illustrates the displacement characteristics of the geogrid when the loading
ends reach 5 mm, 10 mm, 20 mm, and 40 mm. To visualize the deformation of the geogrid
itself, the amplification factor Def-fac was set to eight. As shown in the figure, when the
loading end displacement is less than 10 mm, the displacement of different parts of the
geogrid varies significantly. Then the displacement of each part of the geogrid becomes

relatively uniform, and the transverse ribs start to produce considerable movement. In
the overall pull-out direction, the displacement of the geogrid transverse ribs exhibits an
arc-shaped distribution pattern with smaller values in the middle and larger values at both
ends. As the loading end displacement increases, the curvature of the arc becomes more
pronounced.

3.49 11.01
3.15 10.40
2.70 9.60
2.25 8.80
1.80 I 8.00
1.35 7.20
0.90 6.40
0.45 I 5.60
0.15 4.85
(b)
22.58 37.92
22.00 ! 37.00
21.00 36.00
20.00 35.00
19.00 l 34.00
18.00 33.00
17.00 32.00
16.00 31.00
15.11 30.35

() (d)

Figure 15. Schematic diagram of geogrid displacement and deformation: (a) displacement of 5 mm;
(b) displacement of 10 mm; (c) displacement of 20 mm; (d) displacement of 40 mm.

The middle part of the geogrid transverse ribs undergoes significant bulging deforma-
tion, presenting an overall arch-like shape. This indicates that the transverse ribs generate
substantial mechanical interlocking force by penetrating upward into the soil during the
pull-out process. Meanwhile, subjected to the tensile stress induced by the upward bulging
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of the transverse ribs and the compressive stress from the soil around the geogrid edges,
the left and right ends of the joints between the transverse and longitudinal ribs bend
downward. These bent sections are embedded into the soil, which also enhances the
interlocking force between the geogrid and the soil.

The maximum normal displacement of the grid cross-ribs under various normal
stresses is extracted, yielding the variation curve between displacement extremes and
normal stress, as shown in Figure 16. The figure reveals that the maximum normal displace-
ment of the grid cross-ribs exhibits nonlinear growth with increasing normal stress. When
the normal stress exceeds 200 kPa, the displacement extremum rises rapidly, indicating that
the grid cross ribs become further embedded into the soil particles.

1.6

2} /

11 -/

Maximum normal displacement
of transverse ribs/mm

1 1
100 150 200 250

Normal stress/kPa

Figure 16. Variation in extreme displacement in the transverse rib direction with normal stress.

4.3.2. Stress Analysis of Soil-Reinforcement Interface

The force vector nephograms of the wall-ball contact elements were extracted when
the displacement at the loading end reached 5 mm, 20 mm, and 40 mm, and the stress
state of the soil-reinforcement interface was analyzed, as shown in Figure 17. As shown in
the figure, the friction force represented by the blue-green arrows is relatively uniformly
distributed across all parts of the geogrid. As the pull-out displacement increases, there is
little significant change in the size and distribution of the arrows, indicating that the fric-
tion force at the soil-reinforcement interface remains relatively stable during the pull-out
process. The contact force indicated by the red arrows has a relatively large magnitude,
which represents the mechanical interlocking force generated by the extrusion between soil
particles and the geogrid. It can be observed that during the early and middle pull-out
stages, the mechanical interlocking force originates predominantly from the front ends of
the geogrid transverse ribs and the protrusions at transverse-longitudinal rib junctions.
Combined with the content in Section 4.3.1, in the later stage of pull-out, the transverse ribs
undergo significant deformation, leading to a relatively backward distribution of mechani-
cal interlocking force, which is roughly concentrated in the middle of the transverse ribs.
This indicates that the magnitude and acting position of the mechanical interlocking force
change dynamically during the pull-out process, which is correlated with the deformation
of the geogrid itself.

https:/ /doi.org/10.3390/buildings16030565


https://doi.org/10.3390/buildings16030565

Buildings 2026, 16, 565

15 of 19

Friction force

——» Mechanical interlocking force

/\..\‘ i i
T
1 Smm
"
SR |
I\ . W ] |
: T
1 /.'H‘ {
1
1 : 20mm
| !
1 AN ,\rvm,
Ny Ny /}L

: \T,\\_\-\ vT Y YA \
1 / N P ‘it ‘/»
1
1 Displacement: 40mm \
1
! (RTINS ‘.r""\l’r.‘ NS
! N A LY e MR /?: N
1 Va . voa N ol '
Contact force (N)

i

40 35 30 25 20 15 10 5 O

Figure 17. Stress vector nephogram of soil-reinforcement interface.

5. Theoretical Analysis of the Bearing Characteristics of Geogrids

The pull-out resistance exerted on the geogrid during the pull-out process is mainly
composed of two components: the sliding friction between the geogrid and soil and the
resistance generated by the extrusion and interlocking between the transverse ribs and
soil. Therefore, the pull-out resistance of the geogrid P, can be expressed as the following
Equation (6):

P, = Ps + Py, 6)

where Py is the sliding friction of the soil-reinforcement interface; P, is the interlocking
resistance of the soil-reinforcement interface.
Among these parameters, P,s can be expressed as the following Equation (7):

P,s = 2a3LBoy,tand (7)

where «; is the ratio of the actual surface area of the geogrid to its embedded area,
with a value of 0.61 adopted in this study; J is the soil-reinforcement interface sliding
friction angle.

The Py, can be expressed as the following Equation (8):

Prb = DébﬂBtbO'b (8)

where «j, is the ratio of the effective front-end area of the transverse ribs for calculating
the bearing capacity component of the geogrid transverse ribs, which is assigned a value
of 1 in this study; n is the number of transverse ribs in the embedded segment, which is
assigned a value of 1. t is the thickness of the transverse ribs. Considering the thickness
at the joints between the longitudinal and transverse ribs, the equivalent thickness of the
transverse ribs tzq is determined as 3.25 mm in accordance with the principle of volume
equivalence; 0y, is the bearing stress acting on the transverse rib elements.

0p acting on the transverse rib elements is mainly affected by the failure mode of the
reinforced soil. Currently, there are two classical failure modes for reinforced soil, namely
the general shear failure mode proposed by Nielsen [34] and the puncture shear failure
mode proposed by Jewell et al. [35], which correspond to the theoretical upper-bound
solution and lower-bound solution, respectively.
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03 in the general shear failure mode can be expressed as the following Equation (9):

U
oy = P an? (Z + g)(fn 9)
where ¢ is the internal friction angle of the soil, which is taken as 33.7° based on the direct
shear test results.

03 in the puncture shear failure mode can be expressed as the following Equation (10):

o = e(%ﬂp)m”(”mn(g + g)W (10)

The pull-out test on double longitudinal ribs was performed by removing the trans-
verse ribs, and the test results are presented in Figure 18. As shown in the figure, the
pull-out curve of the double longitudinal ribs exhibits a very obvious stress-softening
phenomenon: the pull-out force drops sharply after reaching the peak value and finally
stabilizes at a constant value. The values of the stable segments of each curve were taken as
the sliding friction force, and the soil-reinforcement interface sliding friction angle ¢ was
calculated to be 9.88°.

3000

2500 |

2000 |

1500 |-

Pull-out force/N

1000 |-

Normal stress:
—8—250kPa —A— 200kPa

500 ——150kPa —=— 100kPa

0 5 10 15 20 25 30 35 40
Loading end displacement/mm

Figure 18. Force—displacement curve for double longitudinal rib pull-out.

According to the ratio of the loading area in this geogrid pull-out test to the area of
the actual geogrid element, the sliding friction force results were scaled up proportionally
to obtain more realistic sliding friction force values, and the overall calculation results are
presented in Table 6. It can be seen from the table that for the actual geogrid element, its pull-
out interlocking resistance accounts for approximately 20% of the total pull-out resistance,
while the sliding friction force accounts for around 80%. This indicates that the geogrid
primarily relies on its wide and slender longitudinal ribs to provide frictional resistance
during the pull-out process. It is different from conventional plastic fine-rib geogrid, for
which the pull-out interlocking resistance can account for 60% of the total pull-out force.
Therefore, in practical engineering applications, attention should be paid to the protection
of the geogrid longitudinal ribs, and the longitudinal ribs should be laid as parallel as
possible during geogrid installation to maximize the effect of frictional resistance.

Table 6. Pull-out resistance of theoretical and experimental results under different normal stresses.

(kPa) P,(kN) plest

On a Diest
pit Pl it &

100 6.32 6.20 5.06 0.29

150 9.30 9.29 7.59 0.19

200 11.61 12.43 10.12 0.21

250 12.97 15.56 12.65 0.19
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Figure 19 shows the relationship curve between pull-out force and normal stress,
with a comparison of theoretical and experimental results. As can be seen from the figure,
the experimental result is closer to the theoretical results proposed by Nielsen under low
normal stress (0, < 200 kPa), while it gradually approaches the theoretical result of
Jewell et al. under high normal stress (0, > 200 kPa). This pattern is also reflected in the
numerical simulation results of the normal displacement variation in the grid cross-ribs,
as shown in Figure 16. In fact, the theory proposed by Nielsen is based on Prandtl’s
ultimate bearing capacity theory of foundations, and it is targeted at the ultimate bearing
capacity failure of strip shallow foundations. This indicates that under low normal stress
conditions, the wide and long geogrid exhibits a pull-out failure mode similar to a shallow
strip foundation, which is general shear failure. With the increase in normal stress, vertical
shear failure occurs in the soil surrounding the geogrid, and the geogrid penetrates into the
soil. So its failure mode is closer to puncture shear failure, which is also consistent with the
deformation mode of the transverse ribs in the numerical simulation.

16

—#— Nielsen et al.
14+ —*— Experimental results
—A— Jewll et al.

—
~
T

Pull-out force/kN
=
T

]
T

100 150 200 250

Normal stress/kPa

Figure 19. Comparison of theoretical and experimental pull-out resistance (the mentioned references
are [34,35]).

6. Conclusions

For polyester yarn bundled geogrid, the pull-out rate has a significant impact on the
strength of the soil-reinforcement interface, with a critical pull-out rate of 1 mm/min at
which the peak pull-out force is maximized. The interface friction angle decreases with
the increase in pull-out rate, while the interface cohesion shows the opposite trend. The
increase in fill moisture content reduces the pull-out resistance through the lubrication
effect, resulting in a strain—softening pattern of the pull-out curve. Under low normal stress
conditions (¢;; < 200 kPa), excessively high pull-out rates and moisture contents exert a
more pronounced weakening effect on the interface, which is manifested by a significant
reduction in the pull-out friction coefficient f.

Numerical simulation results indicate that during the pull-out process, the longitu-
dinal ribs undergo displacement and deformation first, and the transverse ribs exhibit a
displacement pattern of being smaller in the middle and larger at both ends under the
drive of the longitudinal ribs. The transverse ribs of the geogrid experience substantial
deformation, presenting an upward arch-like shape, while the edges of the joints between
the longitudinal and transverse ribs bend downward and embed into the soil. The sliding
friction force at the interface is uniformly distributed, and the mechanical interlocking force
migrates backward from the front ends of the transverse ribs to the middle as the pull-out
progresses, which is dynamically related to the geogrid deformation.

Sliding friction accounts for 80% of the total pull-out resistance of the polyester yarn
bundled geogrid, which mainly relies on the longitudinal ribs to provide frictional resis-
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tance. The failure mode varies with normal stress: at low stress levels ( 0;; < 200 kPa),
it manifests as global shear failure, while at high stress levels ( ¢;; > 200 kPa), it transi-
tions to penetration shear failure. Therefore, in actual engineering practice, the geogrid
should be laid as flat as possible, and the thickness of the fill material should be kept
uniform during layered placement to maximize the geogrid’s friction resistance. The main-
tenance and reinforcement of the grid ribs and node areas are also required to enhance the
grid’s durability.
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