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ABSTRACT 

 

Domestic and foreign regulations require that the pull-out test of geogrids should first level the laying surface before 

laying geogrids. However, it isn't easy to ensure that the laying surface of geogrids is completely flat during on-site 

construction. To consider the influence of the unevenness of the geogrid paving surface on the macroscopic and 

microscopic characteristics of the geogrid-aeolian sand interface, the sand filling method was first used to quantify 

the unevenness of the paving surface. Based on the single rib tensile test, suspension test, and pull-out test of geogrid 

reinforced aeolian sand, a three-dimensional discrete element model of aeolian sand geogrid pull-out test was 

constructed, Analyzed the macro and micro interface characteristics such as ultimate tensile resistance, geogrid 

strain, interface strength parameters, etc. under two working conditions of even and uneven geogrid paving surface. 

The research results indicate that compared with the condition of even pavement, the extreme tensile resistance and 

peak strain of the front and middle sections of the geogrid are smaller in the condition of uneven pavement, and the 

peak strain of the tail section of the geogrid is larger. When the paving surface is uneven, the reinforcement 

performance of the geogrid consists of horizontal reinforcement effect and vertical mesh effect. Under the influence 

of the mesh effect, the aeolian sand particles near the geogrid become looser, indirectly weakening the horizontal 

reinforcement effect. The unevenness of the paving surface reduces the friction angle between the reinforcement and 

soil interface by 2°-3°, while the change in apparent cohesion is minimal. The research results reveal the influence of 

unevenness in the laying surface of geogrids on the friction characteristics of the reinforcement soil interface, which 

can provide a reference for standardizing the requirements of geogrid laying. 
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1 INTRODUCTION 

Geogrids, as a crucial type of reinforcing material, 

are widely utilized in various structural engineering 

projects, such as reinforced soil retaining walls, 

reinforced cushions, reinforced steep slopes, and 

widening of expressway subgrades[1-2]. Geogrids play 

an increasingly significant role in controlling the 

deformation of retaining wall facades, reducing 

settlement, enhancing the bearing capacity of 

foundations, increasing slope stability, and coordinating 

differential settlements between new and old subgrades. 

The characteristics of the reinforcement-soil interface 

reflect the reinforcing performance of geogrids, and the 

reinforcing performance of geogrids directly affects the 

stability of reinforced soil projects. Therefore, it is of 

great significance to study the characteristics of the 

reinforcement-soil interface. 

The pull-out test is recognized as an excellent 

method for studying the load transfer mechanism of 

geogrid-reinforced soil structures and calculating 

relevant parameters[3]. Scholars at home and abroad 

have conducted research on the characteristics of the 

reinforcement-soil interface through indoor pull-out 

tests and numerical simulations. Yan et al.[4] carried 

out large-scale pull-out tests on geogrid-reinforced 

graded crushed stone. The results show that higher 

normal pressures, better particle gradations, and more 

reasonable crushed-stone particle sizes can significantly 

increase the pull-out resistance. Wang et al.[5] 

conducted pull-out tests on five types of coarse-grained 

soils with different coarse-particle contents P5 (the 

mass percentage of particles with a particle size > 5 mm) 

and explored the influence of the coarse-particle 

content P5 on the strength indices of the 

reinforcement-soil interface, the evolution of particle 

displacement, and the strain of geogrids. CHEN et al.[6] 

constructed a two-dimensional discrete element model 

of the pull-out test of geogrid-reinforced sand based on 

the discrete element software PFC, and studied the 

influence of the tensile stiffness of geogrids on the 

mesoscale characteristics such as the contact force 

chain and displacement field. WANG et al.[7] 

constructed a two-dimensional discrete element pull-out 



 

model, studied the influence of the number of 

transverse ribs of geogrids and the rigid-flexible 

top-loading method on the mesoscale characteristics of 

the reinforcement-soil interface, and considered the 

combined effect of these two factors. MIAO et al.[8] 

constructed a three-dimensional discrete element 

pull-out model, studied the interface characteristics 

between three-dimensional geogrids and ballast, and 

analyzed the influence of the ballast shape on the 

evolution law of the shear band. The studies mentioned 

above have fully considered the influence of factors 

such as the form of geogrids, the type of fillers, the 

normal pressure, and the loading method on the 

characteristics of the reinforcement-soil interface but 

rarely considered the influence of the uneven laying 

surface of geogrids on the pull-out test. In the "Test 

Specifications for Geosynthetics" (SL 235-2012) in 

China[9], it is required that the height of the filled soil 

is flush with the joint, and the soil surface should be 

leveled before laying the geogrid. The American test 

standard ASTM D6706-01[10] requires that geogrids 

be located on the same horizontal plane. The 

construction site also requires that the site be leveled 

and compacted first, and then the geogrid be laid[11]. 

Both the pull-out test specifications and the 

construction of geogrids require the leveling of the 

laying surface. Therefore, in the pull-out test, the 

geogrid is usually assumed to be flat, and the influence 

of the uneven laying surface is usually not considered. 

In fact, the influence of the uneven laying surface on 

the reinforcement-soil interface should be considered. 

This is because, on the one hand, it is impossible to 

ensure that the laying surface of geogrids is entirely flat 

at the construction site, as shown in Fig. 1. On the other 

hand, the domestic and foreign specifications only put 

forward a vague requirement for leveling the geogrid 

during the test and construction, and there is a lack of 

clear evaluation criteria for whether the actual laying is 

flat. 

 

Fig. 1. Installation site of geogrid. 

 

Based on the tensile test, suspension test of geogrids, 

and the pull-out test of geogrid-reinforced aeolian sand, 

this paper uses the discrete element software PFC6.0 to 

construct a three-dimensional discrete element pull-out 

model considering the uneven laying surface. The 

macro-and meso-scale characteristics of the 

reinforcement-soil interface, such as the pull-out 

resistance, interface strength parameters, contact force 

chain, wall pressure, geogrid strain, aeolian sand 

displacement field, and shear band, under the two 

working conditions of a flat and an uneven laying 

surface of the geogrid are compared. The influence of 

the uneven laying surface on the reinforcing 

performance of geogrids is studied, providing a 

reference for domestic and foreign specifications to 

clarify the laying requirements. 

2 PARAMETER CALIBRATION 

2.1 Pull-out model parameters 

The filler for the pull-out test is aeolian sand with a 

compaction degree of 0.93, which is taken from the 

construction site of the Hetian-Ruoqiang Railway. The 

geogrid is a biaxial polypropylene geogrid. The pull-out 

test device is a YT1200S-type pull-out tester[12]. The 

size of the pull-out test box is 250mm×200mm×200mm 

(length×width×height). The accuracy of the 

displacement sensor is 0.001mm, the displacement 

stroke is 200mm, and the accuracy of the pull-out force 

is ±0.02%. The numerical model of the pull-out test 

follows the homogeneous aeolian sand numerical 

model constructed by DU et al.[13]. The aeolian sand 

adopts the anti-rotation contact model, the geogrid 

adopts the parallel-bond contact model, and the contact 

between the aeolian sand and the wall adopts the linear 

contact model. In this paper, the dimensions and 

parameters of the geogrid model are modified. The 

parameters of the pull-out model are shown in Table 1. 

2.2 Geogrid tensile test 

A biaxial polypropylene geogrid was used in the 

pull-out test. To obtain the macro and micro mechanical 

parameters of this type of geogrid, Du et al.[14] 

adopted the single rib method for testing. The gauge 

length of the specimen on the instrument was 235 mm, 

and the tensile speed was 50 mm/min. The tensile test 

was carried out in accordance with the Geosynthetics 

Test Procedure[9]. The macro mechanical parameters 

of the geogrid are shown in Table 1. Fig. 2 shows the 

numerical model of the geogrid, with a length × width 

of 245.8 mm × 137.4 mm. The geogrid is divided into 

seven sections. Sections 1-3 are the tail section of the 

geogrid, sections 4-6 are the middle section of the 

geogrid, and section 7 is the front section of the geogrid. 

The number of geogrid particles is 725, and the particle 

size range is 2.65 mm-4.40 mm. The parallel bond 

contact model was used to simulate the contact between 

geogrid particles. When the tensile force between 

geogrid particles is greater than the bond force, the 

bond is broken. The simulation method of the single rib 

tensile test is as follows: fix one end of a single geogrid 

and make the other end free. Give the particles at the 

free end a fixed horizontal speed of 1 cm/s and monitor 

the tensile force of the particles at the free end. Fig. 3 

shows the relationship curve between the tensile 



 

strength and strain of the geogrid. The development 

trends of the numerical simulation and the test results 

are similar, proving that the micro parameters of the 

geogrid in Table 1 can reasonably simulate the tensile 

performance of the geogrid. 

 

Table 1. Summary of pull-out model parameters. 

 

 
Table 2. Macro-mechanical parameters of geogrid 

Parameters Value 

Density (g/cm3) 1.28 

Aperture Size (mm) 34×31 

Thickness (mm) 1.6 

Elongation Rate (%) 9.6 

Tensile Strength (kN/m) 46.9 

 

 

Fig. 2. Detailed drawing of geogrid. 

 

 

Fig. 3. Tensile Strength-strain relationship curve of geogrid 

 

2.3 Geogrid suspension test 

The single rib tensile test of the geogrid can 

measure its tensile performance. According to the test 
results, a reasonable standard bond stiffness can be 

obtained, but it is impossible to determine the value of 

the tangential bond stiffness. Some scholars[15-16] 

have taken the tangential bond stiffness to be the same 

as the standard bond stiffness. When the pull-out test 

adopts rigid loading, this approach has little impact on 

the pull-out results. However, when the pull-out test 

adopts flexible loading, there will be a specific height 

difference between the front and rear sections of the 

geogrid. At this time, the value of the tangential bond 

stiffness has a significant impact on the pull-out 

results[17-18]. Therefore, this impact needs to be 

considered in the pull-out test simulation, considering 

the uneven laying surface in this paper. As shown in 

Fig. 4, a suspension test was used to calibrate the 

tangential bond stiffness. In the test, the cantilever 

length of the geogrid was 516 mm, the height of the 

fixed end was 740 mm, the height of the free end was 

665 mm, and the free end sagged 75 mm. The 

cantilever length of the geogrid numerical model was 

529 mm, and the free end sagged 71 mm, which was 

similar to the test results of the suspension test, proving 

that the value of the tangential bond stiffness in Table 1 

was reasonable. 

 

     

(a) Test Results                   (b) Simulation Results 

Fig. 4. Suspension test 

 

3 NUMERICAL MODEL OF PULL-OUT TEST 

CONSIDERING UNEVEN LAYING SURFACE 

3.1 Modeling method 

In order to prevent the contact area between the 

Meso-scale Parameters of 

Aeolian Sand 
Value Meso-scale Parameters of Geogrid Value Aeolian Sand-Wall Value 

Deformation Modulus/MPa 80 Normal Bond Stiffness/(N·m
−3 ) 1.05e12 Deformation Modulus/MPa 100 

Stiffness Ratio 5 Tangential Bond Stiffness/(N·m
−3 ) 4e11 Stiffness Ratio 1 

Friction Coefficient 0.55 Bond Strength/(N·m
−2 ) 4e10 Friction Coefficient 0 

Anti-rotation Coefficient 0.15 Geogrid Particle Radius/mm 1.33~2.2   

Porosity 0.4 Friction Coefficient 0.5   

Damping Ratio 0.7 Damping Ratio 0.7   



 

geogrid and aeolian sand from decreasing during the 

pull-out process, the geometric dimensions of the 

numerical model of the pull-out test are 

350mm×200mm×260mm (length × width × height), 

which is larger than the dimensions of the physical 

model of the pull-out test. The specific modeling 

process is as follows: 

(1) Generate the upper and lower half-boxes of the 

pull-out box, each of which consists of 6 closed walls. 

(2) Aeolian sand is characterized by a uniform shape 

and smooth surface[19]. Spherical particles are used to 

simulate aeolian sand in the model. Aeolian sand 

particles are generated in the upper and lower 

half-boxes of the pull-out box, respectively. The 

"distribute" command is used to create aeolian sand 

particles with a specified porosity. The particle size 

distribution ranges from 4.5 to 7.5mm, and the median 

particle size is 5.98mm. The number of aeolian sand 

particles is 83,563. Assign micro-parameters to the 

particles and cycle until the model reaches equilibrium. 

Apply servo control to the top and bottom walls of each 

half-box, operate under a stable normal pressure until 

the model reaches equilibrium, gradually release the 

usual pressure to 0, and operate until the model reaches 

equilibrium again. 

(3) As shown in Fig. 5(a), the arc surface of the 

concave part is transitioned by a quadratic parabola. 

According to the coordinates of the vertex and any 

point on the parabola, a FISH function is written to 

process the aeolian sand in the lower half-box to form 

an uneven laying surface. The concave depth is 80mm, 

the width is 200mm, and the equation of the transition 

quadratic parabola is:
2

8( 0.15) 0.079y x= − − .The 

sand filling method is used to measure the unevenness[21], 

which is calculated by Eq. (1): 
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Where MD is the average depth of the uneven surface, 

that is, the unevenness; V is the volume of the concave 

part; A is the cross-sectional area of the sample. The 

calculated average depth of the uneven surface is 30mm. 

Then, the model cycles to equilibrium. The 3rd step is not 

required when establishing a model with a flat laying 

surface. 

(4) Generate the geogrid, assign micro-parameters 

to the geogrid particles, delete the wall between the 

geogrid and the aeolian sand in the lower half-box, and 

let the geogrid come into contact with the aeolian sand 

in the lower half-box under the action of its weight, and 

cycle until the model reaches equilibrium. 

(5) Delete the wall between the geogrid and the 

aeolian sand in the upper half-box, let the aeolian sand 

in the upper half-box fall under the action of its weight, 

and fully contact with the geogrid and the aeolian sand 

in the lower half-box, and cycle until the model reaches 

equilibrium. 

(6) Apply servo control to the top wall of the upper 

half-box and cycle until the model reaches equilibrium 

under a stable normal pressure. 

Finally, the equilibrium state of the discrete element 

model of the aeolian sand-geogrid pull-out test 

considering the uneven laying surface is obtained, as 

shown in Fig. 5(b). Pull-out test simulations are carried 

out under normal pressures of 15kPa, 30kPa, and 45kPa, 

respectively. When the normal pressure is stable, a 

constant horizontal velocity of 0.1m/s is applied to 5 

geogrid particles at the pull-out end for pulling out. 

This velocity meets the requirements of quasi-static 

pull-out[22]. At the same time, monitor and record the 

development trends of the pull-out force, geogrid strain, 

displacement of aeolian sand particles, and contact 

force chain. 

 

 

(a) Deleting Particles to Form an Uneven Laying Surface 

 

 

(b) Modeling Completed 

Fig. 5. Modeling Process. 

 

3.2 Model verification 

Fig. 6 compares the pull-out results of the numerical 

model and the indoor test when the laying surface is flat. 

The curves of the relationship between the pull-out 

force and the pull-out displacement both show a 

double-kinked shape. That is, the pull-out force first 

increases approximately linearly and rapidly. When the 

pull-out displacement rises to a specific value, the 

pull-out force also increases approximately linearly, but 

the growth rate is less than that in the previous stage. In 

the indoor test results under normal pressure of 15 kPa, 



 

the curve of the relationship between the pull-out force 

and the pull-out displacement shows strain softening; 

that is, the pull-out force first increases rapidly with the 

increase of the pull-out displacement. It then gradually 

decreases as the pull-out displacement continues to 

increase after reaching the peak value. Whether it is the 

numerical model or the indoor test, the ultimate pull-out 

resistance increases with the increase of the normal 

pressure. Although there are some differences between 

the results of the numerical model and the indoor test, 

the overall development trends are similar, indicating 

that this numerical model can reasonably simulate the 

characteristics of the reinforcement-soil interface. 

 

 

Fig. 6. The relationship curve between tensile force —
displacement in numerical models and experiment tests 

 

3.3 Designed working conditions 

Four working conditions with uneven laying 

surfaces were designed to study the influence of 

unevenness on the characteristics of the 

reinforcement-soil interface, as shown in Table 3. 

Among them, the transition curve equation is of the 

parabolic type, the depression width is 200 mm, and the 

unevenness is calculated by Eq. (1). 
 

Table 3. Conditions tested in numerical model tests. 

Working 

Condition 

Depression 

Depth/mm 

Transition Curve 

Equation 

Unevenness 

/mm 

1(Basic 

Working 

Condition) 

0 None 0 

2 40 y=4(x-0.15)2-0.039 14.6 

3 60 y=6(x-0.15)2-0.059 22.3 

4 80 y=8(x-0.15)2-0.079 29.9 

 

4 NUMERICAL MODEL OF PULL-OUT TEST 

CONSIDERING UNEVEN LAYING SURFACE 

4.1 Relationship between laying surface unevenness 

and pull-out resistance 

Fig. 7 compares the pull-out results of flat and 

uneven laying surfaces. Whether the laying surface is 

flat or uneven, the ultimate pull-out resistance increases 

with the increase of the normal pressure, and the 

pull-out force continues to increase with the increase of 

the pull-out displacement. The pull-out force-pull-out 

displacement curve shows a hardening trend. When the 

laying surface is flat (Condition 1), the ultimate pull-out 

resistances under 15kPa, 30kPa, and 45kPa are 1070N, 

1980N, and 2750N, respectively. When the depression 

depth is 80 mm (Condition 4), the ultimate pull-out 

resistances under 15kPa, 30kPa, and 45kPa are 870N, 

1630N, and 2410N respectively, which are reduced by 

18.69%, 17.68%, and 12.36% respectively compared 

with those of the flat surface. 

To quantitatively analyze the influence of 

unevenness on the ultimate pull-out resistance, the 

unevenness reduction coefficient F is defined and 

calculated by Eq. (2): 
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Where T0 is the ultimate pull-out resistance when the 

unevenness is 0, and Td is the ultimate pull-out resistance 

of any working condition. Fig. 8 shows the relationship 

curve between the reduction coefficient F and the 

unevenness under different normal pressures. Generally, 

as the unevenness increases, the reduction coefficient F 

gradually decreases, and the reduction effect becomes 

stronger, with a minimum value of up to 0.80. Except for 

the result of Condition 2 under normal pressure of 15 kPa, 

as the normal pressure increases, the reduction coefficient 

F gradually increases, and the reduction effect becomes 

weaker. 

 

 

(a) 0mm(Condition 1) 

 



 

 

(b) 40mm(Condition 2) 

 

(c) 60mm(Condition 3) 

 

(d) 80mm(Condition 4) 

Fig. 7. The relationship curve between tensile force 

displacement

 

Fig. 8. Reduction coefficient F-unevenness relationship curve. 

 

4.2 Geogrid displacement and strain 

In Fig. 2, the geogrid is divided into seven sections. 

Section 1 is close to the rigid rear wall, and Section 7 is 

close to the pull-out end. Fig. 9 compares the 

displacement of the geogrid before and after pulling out 

under normal pressure of 30 kPa when the laying 

surface is flat and uneven. When the laying surface is 

flat (Condition 1) when the pull-out displacement is 15 

mm, the vertical displacement of the geogrid is small, 

and the tail end of the geogrid moves horizontally by 

14.16 mm, indicating that the continuity of the geogrid 

is good when the laying surface is flat. Suppose the 

laying surface is uneven (Condition 4) when the 

pull-out displacement is 15 mm, the height of the front 

and tail sections of the geogrid decreases, and the 

height of the middle section of the geogrid increases, 

with a maximum increase of 6.11 mm, and the tail end 

of the geogrid moves horizontally by 11.51 mm. 

According to the shear band theory[23], a shear 

concentration zone will appear in the soil near the 

reinforcement-soil interface, and the deformation of the 

soil in the shear concentration zone is the direct cause 

of the interface resistance. When the laying surface is 

flat (Condition 1), the horizontal reinforcement effect 

of the geogrid forms a composite layer with the nearby 

filler, playing a role in strengthening the soil. When the 

laying surface is uneven (Conditions 2-4), due to the 

upward movement of the middle section of the geogrid 

and the downward movement of the front and tail 

sections, it indicates that the geogrid not only has a 

horizontal reinforcement effect but also a netting effect. 

 



 

 

(a) Flat (Condition 1) 

 

(b) Condition 2 

 

(c) Condition 3 

 

(d) Condition 4 

Fig. 9. The displacement of the geogrid. 

 

Fig. 10 compares the strain development laws of the 

geogrid in Conditions 1-4 under a normal pressure of 

30 kPa. Generally, the closer to the pull-out end, the 

larger the peak strain of the geogrid. In Fig. 10(a), the 

geogrid only exerts a horizontal reinforcement effect. 

The strain of Sections 1-3 of the geogrid shows strain 

softening; that is, the geogrid rebounds after being 

stretched. The strain of Sections 4-7 of the geogrid 

shows a double-kinked shape; that is, as the pull-out 

displacement increases, the strain of the geogrid 

increases approximately linearly, and then continues to 

increase, but the growth rate is less than that in the 

previous stage. In Fig. 10(b) and Fig. 10(c), the geogrid 

exerts both a reinforcement effect and a netting effect. 

The strain of Sections 1-5 of the geogrid shows strain 

softening, and the strain of Sections 6-7 of the geogrid 

shows a double-kinked shape. Among them, Section 1 

of the geogrid is located in the flat part of the laying 

surface, Sections 2-6 are located above the depression, 

and Section 7 is partially located above the depression. 

The strain mode of the geogrid located in the 

depression begins to change from a double-kinked 

shape to strain softening. This is because the netting 

effect causes the soil above the geogrid to have an 

upward displacement trend, making this part of the soil 

not in close contact, indirectly weakening the horizontal 

reinforcement effect of the geogrid. It can be seen from 

Fig. 10(d) that Sections 1-7 of the geogrid all show a 

double-kinked shape. This is because as the unevenness 

continues to increase, the horizontal reinforcement 

effect of the geogrid is further weakened, and the 

netting effect is further enhanced. In the initial stage of 

pulling out, the strain of the geogrid is small, and its 

strong reinforcement performance is not exerted. 

During the pulling-out process, the middle section of 

the geogrid rises, making the geogrid change to a 

relatively flatter state, which strengthens the horizontal 

reinforcement effect of the geogrid, causing the strain 

of the geogrid to show a double-kinked shape instead of 



 

straining softening. 

Fig. 11 shows the relationship curve between the 

peak strain of the geogrid in different sections and the 

unevenness. Compared with Condition 1, when the 

laying surface is uneven (Conditions 2-4), the peak 

strain of Sections 1-3 of the geogrid is larger, and the 

peak strain of Sections 4-7 of the geogrid is smaller. 

Regardless of the level of unevenness, the uneven 

laying surface has a great impact on the tensile strain of 

the geogrid, weakening the reinforcement performance 

of the front and middle parts of the geogrid. As the 

unevenness increases, the peak strain of Sections 1-3 of 

the geogrid first increases and then decreases, the peak 

strain of Section 4 of the geogrid has been decreasing, 

and the peak strain of Sections 5-7 of the geogrid first 

decreases and then increases. Under the combined 

action of the horizontal reinforcement effect and the 

netting effect of the geogrid, the relationship curve 

between the peak strain of each section of the geogrid 

and the unevenness does not show obvious regularity. 

 

 

(a) Flat (Condition 1) 

 

(b) Condition 2 

 

(c) Condition 3 

 

(d) Condition 4 

Fig. 10. Geogrid strain-pull displacement relationship curve. 

 

 

Fig. 11. Relationship curve between peak strain and unevenness 

of geogrid. 

 



 

4.3 Friction strength of the reinforcement-soil 

interface 

 
2

d
f

T

BL
 =  (3) 

 tanf n sg sgC  = +  (4) 

It is assumed that the shear stress distribution at the 

upper and lower interfaces of the geogrid during the 

pull-out process is uniform, and the uniform shear 

stress and the pull-out force satisfy the static 

equilibrium relationship. The interface friction strength 

τf can be obtained from Eq. (3)[24]. After obtaining the 

interface friction strength τf from the peak pull-out force 

Td under different normal pressures, based on the 

Mohr-Coulomb strength criterion, the corresponding shear 

strength envelope is linearly fitted by Eq. (4), and then the 

interface strength indices of the geogrid and aeolian sand 

can be obtained. In the formulas, Td is the peak pull-out 

resistance; L and B are the length and width of the 

reinforcement embedded in the soil, respectively; τf is the 

interface friction strength; Csg and φsg are the apparent 

cohesion and interface friction angle of the 

reinforcement-soil interface respectively, and σn is the 

normal pressure. Fig. 12 shows the fitting curve of the 

interface friction strength-normal pressure. The apparent 

cohesion and interface friction angle are counted and 

shown in Table 4. With the increase of the unevenness, the 

apparent cohesion increases and decreases, but the change 

range is between 0.8-2.3 kPa; with a small change; the 

interface friction angle decreases by 2-3°. 

 

 

Fig. 12. Shear strength-normal pressure fitting curve. 

 
Table 4. Interface Strength Parameters 

Simulation 

Condition 
Unevenness /mm 

Linear Fitting 

Expression 

Apparent Cohesion 

/kPa 

Interface Friction 

Angle /(°) 
Goodness of Fit 

Condition 1 0 τf =0.829σn+3.750 3.750 39.658 0.995 

Condition 2 14.6 τf =0.745σn+4.589 4.589 36.686 0.999 

Condition 3 22.3 τf =0.769σn+2.220 2.220 37.560 0.996 

Condition 4 29.9 τf =0.759σn+1.431 1.431 37.198 0.999 

 

5 CONCLUSION 

1) Under the same conditions, compared with the 

case when the laying surface is flat, the ultimate 

pull-out resistance of the geogrid in Conditions 2-3 

with an uneven laying surface is smaller. To 

characterize the influence of the uneven laying surface 

on the ultimate pull-out resistance, the unevenness 

reduction coefficient F is proposed. As the unevenness 

increases, the unevenness reduction coefficient F 

gradually decreases. In a low confining pressure 

environment (15-45 kPa), when the unevenness is 14.6 

mm, the reduction coefficient F is in the range of 

0.91-0.98; when the unevenness is 22.3 mm, the 

reduction coefficient F is in the range of 0.83-0.89; 

when the unevenness is 29.9 mm, the reduction 

coefficient F is in the range of 0.79-0.87. 

2) The uneven laying surface has an impact on the 

interface friction strength parameters. Compared with 

Condition 1 with a flat laying surface, the interface 

friction angle in Conditions 2-4 decreases by 2°-3°, and 
the apparent cohesion increases or decreases, but the 

change range is small. 

3) When the laying surface is flat, the horizontal 

reinforcement effect dominates the action of the 

geogrid. When the laying surface is uneven, the geogrid 

has both a horizontal reinforcement effect and a netting 

effect. During the pull-out process, the middle section 

of the geogrid gradually rises, and the front and tail 

sections gradually fall. The geogrid changes to a 

relatively flatter state, gradually weakening the netting 

effect and strengthening the horizontal reinforcement 

effect. 

4) Compared with Condition 1 with a flat laying 

surface, in Conditions 2-4, the peak strain of the front 

and middle parts of the geogrid decreases significantly, 

indicating that the uneven laying surface weakens the 

reinforcement performance of the front and middle 

parts of the geogrid. Due to the combined action of the 

horizontal reinforcement effect and the netting effect of 

the geogrid, as the unevenness increases, the peak 

strains of the geogrid in different sections increase or 

decrease without showing a consistent regularity. 
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