<@ sustainability

Article

Study on Interface Interaction between Uniaxial Geogrid
Reinforcement and Soil Based on Tensile and Pull-Out Tests

Xiaoguang Cai 123

check for
updates

Citation: Cai, X,; Feng, J.; Li, S.; Xu,
H.; Liu, W.; Huang, X. Study on
Interface Interaction between
Uniaxial Geogrid Reinforcement and
Soil Based on Tensile and Pull-Out
Tests. Sustainability 2022, 14, 10386.
https:/ /doi.org/10.3390/
sul41610386

Academic Editor: Fernanda

Bessa Ferreira

Received: 22 June 2022
Accepted: 17 August 2022
Published: 20 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Jiayu Feng 1©, Sihan Li 1>%*, Honglu Xu 4(®, Weiwei Liu ®> and Xin Huang

1,2,3,4

College of Geological Engineering, Institute of Disaster Prevention, Sanhe 065201, China

Hebei Key Laboratory of Earthquake Disaster Prevention and Risk Assessment, Sanhe 065201, China
CEA Key Laboratory for Building Collapse Mechanism and Disaster Prevention, Sanhe 065201, China
Institute of Engineering Mechanics, China Earthquake Administration, Harbin 150080, China

Aolai Guoxin (Beijing) Testing Technology Co., Ltd., Beijing 101318, China

*  Correspondence: lisithan@cidp.edu.cn; Tel.: +86-18730659598

G W N =

Abstract: The interaction between reinforcement and soil is a key problem in the application of
geosynthetics as reinforcement in geotechnical engineering. In this study, tensile and pull-out tests
on a uniaxial geogrid were carried out using self-designed tensile and pull-out test equipment. The
tensile test evaluated the tensile load-strain characteristics of a geogrid. Under the condition of lateral
confinement, the tensile force and secant tensile stiffness of the geogrid increased with an increase
in the normal stress when the strain was constant, and the secant tensile stiffness decreased with a
decrease in the tensile rate. The stiffness coefficient was used to quantitatively describe the change in
the stiffness of the reinforcement. Using the pull-out test, the variation laws of the pull-out force of
the geogrid under different normal stresses and different longitudinal rib percentages were obtained.
When the geogrid was broken, the pull-out force of the same type of geogrid was not significantly
different under different normal stresses. With an increase in the longitudinal rib percentage, the
pull-out force of the geogrid under the same normal stress gradually increased, and the apparent
friction coefficient was obtained by analysis. The results of the apparent friction coefficient obtained
by the analytical method in accordance with French specifications (NF P94-270-2020) are relatively
safe compared to the experimental values.

Keywords: uniaxial geogrid; tensile test; pull-out test; tensile properties; friction coefficient

1. Introduction

In recent years, reinforced soil technology has been widely used in environmental
protection, water conservancy, transportation, municipal, construction and other basic fields.
In 2020, the proportion of geosynthetics in transportation infrastructure in China was 35.5%,
with 31.1% in the field of water conservancy and hydropower, 13.8% in the field of envi-
ronmental protection, and 19.6% in other fields. Yang Guangqing [1] determined that the
composite growth rate of the market scale of China’s geosynthetics industry was about
13.75% over the past five years, and predicts that the market scale of China’s geosynthetics
industry will be nearly CNY 80 billion by 2025. This indicates that reinforced soil tech-
nology must have broad application prospects. Reinforced soil technology shows good
mechanical properties, structural seismic performance [2-9], and economic benefits [10]. The
reinforcement effect of reinforced soil technology is achieved through the interaction between
reinforcement and soil, which affects the safety and stability of the entire reinforced soil
project [11]. Therefore, its interface characteristics are considered a key technical indicator.

The interaction mechanism of the reinforced soil interface varies with the different
reinforced soil structures and the different interface positions of the same structure; the
corresponding test methods are different as well [12]. E.M. Palmerira [13] proposed different
test methods for different locations of slip surfaces (shown in Figure 1): Area A is the
soil sliding on the surface of reinforcement using a direct shear test; Area B is the joint
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deformation of the soil and reinforcement, the parameters of which are obtained by a tensile
test in the soil; the shear between the soil and reinforcement in Area C is measured by a
direct shear test of the inclined reinforcement; finally, Area D reinforcement is pulled out in
the soil, and its parameters can be measured by the pull-out test.
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Figure 1. Internal mechanism of reinforced soil retaining wall [13].

Kokkalis and Papacharisis [14] used an improved direct shear test apparatus to con-
duct tensile tests of the geotextiles with lateral constraints. The elastic modulus and ultimate
tensile strength increased with the increase in constraints. Juran and Christopher [15] car-
ried out tensile tests of three materials (wWoven polyester strips, nonwoven geotextiles, and
plastic geogrid) under confined and unconfined conditions, and found that the confined
conditions had great influence on the material. The study of Wu and Tatsuoka [16] at-
tributed the tensile properties of geosynthetics under constraint conditions to the coupling
effect of constraint and friction on the interface between the reinforcement and the soil.
McGown et al. [17] discussed the concept of “static interlocking”. By incorporating soil
particles smaller than the geogrid grid into the grid, this interlocking mechanism improves
the interaction between the reinforcement and the soil, effectively improving the tensile
performance. Mendes et al. [18] pointed out that under confined conditions, low strain,
and high normal stress, the stiffness of geotextiles becomes higher, and the relative size of
the gap between soil particles and geotextile affects its tensile properties. Therefore, in the
design of reinforced soil structures, the influence of confined conditions on the mechanical
parameters of reinforced materials should be fully considered. At present, the tensile test of
reinforcement is often carried out in the air and then applied to reinforced soil engineering
after the appropriate reduction, which is very different from the mechanical properties of
reinforcement in soil.

The pull-out test is mainly used for the interaction between the reinforcement and
the soil in the anchorage zone of the reinforced soil structure. By measuring the displace-
ment and pull-out force of the reinforcement, the apparent friction coefficient between
the reinforcement and the soil is obtained. A large number of experimental studies have
shown that the mesh size of the reinforcement, the thickness of the filler, and the mesh
size of the test box all affect the characteristics of the reinforced soil interface, and that
the influence of various factors on the parameters of the reinforced soil interface has a
certain regularity [19-22]. Of the 171 instable reinforced soil retaining walls investigated by
Koerner et al. [4], 91% were reinforced with geogrids. According to national codes, in the
calculation of internal stability, it is recommended that the value of the apparent friction
coefficient be determined by the pull-out test. Although the recommended experimental
value in the specification can be selected when the pull-out test is not carried out, there
has been little research comparing this approach to the experimental values of the national
codes. The numerical analysis method is another effective means of determining the stabil-
ity of reinforced soil structures. However, in finite element analysis it is usually assumed
that the grid is a continuous equivalent rough plane of reinforcement and that the interac-
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tion of reinforcement depends on its shape and geometric characteristics. The estimation of
the apparent friction coefficient of reinforcement in design becomes very complex.

At present, the research on the tensile properties of geosynthetics has mainly focused
on geotextiles, and there has been little research on the tensile properties of geogrids under
lateral confinement. There are different methods for obtaining the experimental value of
the apparent friction coefficient in different countries’ codes, but their rationality cannot
be determined without comparison with experimental values. Therefore, in this study, we
used the sand tensile test to compare and evaluate the tensile properties of reinforcement
both under the condition of lateral confinement and without lateral confinement. The pull-
out test was used to test the apparent friction coefficient under different normal stresses,
and the experimental values in the national codes were compared in order to evaluate the
rationality of the experimental value. In this study, experiments were mainly carried out
on the possible reinforcement stress in the B and D zones.

2. Experimental Preparation
2.1. Testing Apparatus

Self-designed large tensile/pull-out test equipment [23] was used for the tensile and
pull-out tests. Figure 2 shows a schematic diagram of the test equipment. A physical
diagram of the test equipment is shown in Figure 3. The model box satisfied the test
requirements of ASTM D6637 [24] and ASTM D6706 [25], with a size of 1.1 m (length) x
0.7 m (width) x 0.5 m (height). Three sides of the box were made of steel plate and one
side of toughened glass. The vertical loading device was made of a rigid plate for loading.
The normal stress, tensile force of the reinforcement, and displacement of the loading end
were recorded by a pressure sensor, tension sensor, top rod displacement meter, and the
Donghua data acquisition system. The fixture was composed of two steel plates fixed by
bolts. In order to reduce the relative displacement between the geogrid and the fixture, two
layers of rubber pads were placed on the contact surface of the geogrid and fixture. The
control range of the pull-out rate was 0~250 mm/min, and the maximum tensile force was 5 t.

Rigid plate
Model box Lim

Tension sensor

Fixture / Helical screw Horizontal reaction frames

0.2m

Displacement meter

0.2m

Conversion head Motor

G id
eogri Sand

Figure 2. Diagram of test equipment.

Figure 3. Physical view of test equipment.
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2.2. Material Used
2.2.1. Sand

In this study, standard sand was used as backfill. The particle gradation curve and
related physical and mechanical parameters are shown in Figure 4 and Table 1, respectively.
The coefficient of curvature (Cc) and the uniformity coefficient (Cu) of the backfill were
1.262 and 2.055, respectively, indicating medium sand with poor gradation.

100 T

80 1 .

60 H .

Content (%)

40 1

20 .

1

0
10 1 0.1 0.01

Particle size (mm)

Figure 4. Particle gradation curve.

Table 1. Physical and mechanical parameters of sand.

Relative Density Specific Angle of Internal Characteristic Particle Size

Compaction p Gravity Friction (mm)
(%) (g-cm*3) Gs (] ©) d10 d30 d60
70 1.82 2.86 41 0.18 0.29 0.37

2.2.2. Geogrid

In this study, three types of uniaxial geogrid were used for the test (G1: no rib removal
treatment; G2: 60% of the longitudinal ribs remaining after rib removal; G3: 40% of the
longitudinal ribs remaining after rib removal), as shown in Figure 5. The basic parameters
of the uniaxial geogrids are shown in Table 2. The G1 geogrid was used for the tensile test
to study the change in the stiffness and tensile ultimate strain under different normal stress
and tensile rates. The G1, G2, and G3 geogrids were used for the pull-out test to study the
interaction between the reinforcement and the soil interface.

Table 2. Basic parameters of uniaxial geogrids.

Thickness Rib Spacing Length of Tensile

(mm) (mm) Unit (mm) Raw Material

Type

Uniaxial geogrid 1 22.2 225 Polyethylene
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o ;

Figure 5. The three kinds of uniaxial geogrid specimens used in the tests: (a) G1 uniaxial geogrid (no

rib removal treatment), (b) photo of G1 uniaxial geogrid, (c) G2 uniaxial geogrid (60% of longitudinal
ribs remaining after rib removal), (d) photo of G2 uniaxial geogrid, (e) G3 uniaxial geogrid (40% of
longitudinal ribs after rib removal), and (f) photo of G3 uniaxial geogrid.
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2.3. Testing Program

Tensile tests in sand allow for full consideration of the effect of lateral restraint on
the mechanical properties of the reinforced materials. The tensile test was carried out
using the wide strip tensile method. According to the relevant provisions of the Test
Specification for Geosynthetics in Highway Engineering (5L235-2012) [26], the tensile rate
of the reinforcement was (20 £ 1)%/min of the nominal clamping length. A diagram of the
tensile test is shown in Figure 6.

LLLLLTT Lo
Geogrid |

Soil

Figure 6. Diagram of the tensile test.

In the tensile test under unconfined conditions, the geogrid was first placed in the
model box. The front end of the geogrid was tightly connected to the loading device by
the fixture, and the rear end was fixed by the fixture, as shown in Figure 7. The sand
samples with lateral constraints were prepared in the model box. The sand samples were
divided into four layers. After each layer was filled, the sand samples were compacted and
smoothed with a vibrator so that the relative density of each layer reached 70%. After the
first two layers were filled, the geogrid was laid and then tightly connected to the loading
section by a fixture. As shown in Figure 8, the tail was fixed by a fixture as well.

Figure 7. Tail fixture.

Figure 8. Head fixture.
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The tensile test (TG1) of the G1 geogrid under unconfined conditions was carried
out at a rate of 247 mm/min and the tensile-strain curve under unconfined conditions
was obtained. The tensile test in sand, with o, = 40 kPa (TG2), 0, = 40 kPa (TG3), and
0y = 60 kPa (TG4), was used to study the influence of the tension—strain of the G1 reinforce-
ment under confined conditions. Under the ¢, = 40 kPa condition, we changed the tensile
rate to 200 mm/min (TG5), 150 mm/min (TG6), and 1 mm/min (TG7) in order to study the
effect of the strain rate on the tension-strain of the G1 geogrid under confined conditions.
The tensile test conditions are shown in Table 3.

Table 3. Tensile test condition table.

Test Number Grid Type Length (mm) Width (mm) S t?ezzr?ljll’a) (mrii;:sin)
TG1 Gl 1400 240 0 247
TG2 Gl 1400 240 20 247
TG3 G1 1400 240 40 247
TG4 Gl 1400 240 60 247
TG5 Gl 1400 240 40 200
TG6 G1 1400 240 40 150
TG7 Gl 1400 240 40 1

The pull-out test was used to simulate the frictional resistance at the reinforcement—
soil interface when the reinforcement material in the sand was pulled out under normal
stress. The coefficient of friction between the reinforcement and the soil was determined by
measuring the displacement of the reinforcement and the head tension of the reinforcement.
A diagram of the pull-out test is shown in Figure 9. The pull-out rate was 1 mm/min,
according to the ASTM specifications [25]. Then, pull-out tests of the G1, G2, and G3
geogrids under 20 kPa (PG1~PG3), 40 kPa (PG4~PG6), and 60 kPa (PG7~PG9) were carried
out to study the influence of different normal stress and longitudinal rib percentage on the
interface characteristics of reinforced soil. The tail was not fixed in the pull-out test, and
both the production process of the sand samples and the layout of the geogrid were the
same. The pull-out test conditions are shown in Table 4.

1 Normal stress

Model box

Gap
Pull-out force /
—
— —

— =

Geogrid
Soil

Figure 9. Diagram of the pull-out test.
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Table 4. Pull-out test conditions.
. . Normal Rate
Test Number Grid Type Length (mm) Width (mm) Stress (kPa) (mm/min)

PG1 Gl 1400 550 20 1
PG2 G2 1400 550 20 1
PG3 G3 1400 550 20 1
PG4 Gl 1400 550 40 1
PG5 G2 1400 550 40 1
PG6 G3 1400 550 40 1
PG7 Gl 1400 550 60 1
PG8 G2 1400 550 60 1
PG9 G3 1400 550 60 1

3. Results

Normal stress was applied to the upper part of the sand using the steel plate, although
there is uncertainty regarding the normal stress applied to the geogrid. This may be due to
the friction of the side wall of the model box, which leads to a decrease in the normal stress
of the reinforcement.

In order to avoid the above problems, double-layer polyethylene is usually laid
between the side wall of the model box and the sand, and the lubricating material is coated
between the two layers of polyethylene [27]. Because the process was complicated and the
test conditions were limited, the normal stress of the reinforcement was corrected through
analysis and calculation of the Terzaghi formula (see Appendix A). The distribution of the
normal stress in the sand is shown in Figure 10. Under normal stress conditions of 20 kPa,
40 kPa, and 60 kPa at the top, the corresponding normal stress of the reinforcement was
20.23 kPa, 37.33 kPa, and 54.43 kPa, respectively.

0.5 T T T

Stress applied to the surface

0.4

o
w

Tank height (m)
(=}
o

0.1

0.0

Normal stress (kPa)

Figure 10. Relationship between normal stress and height of model box.

3.1. Tensile Test
3.1.1. Effect of Normal Stress

Figure 6 shows the influence of normal stress on the tension—strain of the G1 geogrid.
The strain is defined as the displacement of the loading end divided by the test length
of the reinforcement (L = 1300 mm), expressed as a percentage. From Figure 11 it can be
seen that, first, the strain of the geogrid is high under unconfined conditions. With the
increase in normal stress, the strain of the geogrid decreases gradually, and the tensile
force of the geogrid increases by 11-15% under confined conditions. (Second, under lateral
confinement, the tensile force of the geogrid increases because the sand is embedded in
the geogrid mesh hole, which limits the strain on the geogrid; additionally, the change in
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the tensile force with strain is nonlinear under the conditions of lateral confinement. Third,
with the increase in normal stress, increased tension is required for relative displacement
between the transverse ribs of the geogrid and the sand, which is in keeping with the results
of Balakrishnan et al. [28]. At the same time, the increase in the interlocking effect leads to
an increase in the curvature of the tensile-strain curve of the geogrid, which decreases the
strain rate of the geogrid with the increase in normal stress under the same tensile force.
Fourth, according to the results of this tensile test, the tensile strength of the reinforcement
in the sand is restricted by the strength of the reinforcement itself. As the strength of the
geogrid is less than its tensile force in the sand, a fracture occurred at the junction of the
transverse rib and the longitudinal rib, as shown in Figure 12.

Tensile force (kN/m)

——TG1-0kPa
—@—TG2-20kPa |
—A— TG3-40kPa
—¥— TG4-60kPa

1

8 10 12

Strain (%)

Figure 11. Effect of normal stress on tension-strain.

Figure 12. Uniaxial geogrid fracture diagram.

The confinement of the geogrid in sand affects the stiffness of the geogrid [18]. There-
fore, the secant tensile stiffness—strain curve is shown in Figure 13. The secant tensile
stiffness, | (kN/m), of reinforcement is calculated by the following formula:

o= M)

€
where T is the tensile force (kN/m) generated by the corresponding strain, € (%). In order
to quantitatively describe the change in the secant tensile stiffness of the reinforcement
in sand, the dimensionless factor stiffness coefficient J is introduced, with the following
formula used for calculation:
S = (Ie)c

VEle 2
<]€>un—c ( )
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2500 T T T T T

—&— TG1-0kPa

—0— TG2-20kPa
—A— TG3-40kPa
—¥— TG4-60kPa

2000

1500 B

1000 B

Secant tensile stiffness (kN/m)

500 1 1 1 1 1

Strain (%)

Figure 13. Effect of normal stress on stiffness—strain.

In the above formula, (J;). is the value of the secant tensile stiffness tested under
confined conditions and (J¢),;;—¢ is the value of the secant tensile stiffness tested under
unconfined conditions. Table 5 summarizes the influence of normal stress on the stiffness
coefficient under conditions of 2% strain, 5% strain, and peak strain,.

Table 5. Effect of normal stress on stiffness coefficient.

Test Number o (kPa) Jo.02 Jo.os Jpeak 90.02 90.05 O peak
TG1 0 847.62 616.75 503.15 - - -
TG2 20 1423.03 955.20 867.44 1.68 1.55 1.72
TG3 40 1468.42 1041.92 955.00 1.73 1.69 1.90
TG4 60 1465.51 1082.78 1024.64 1.73 1.76 2.04

The change in the geogrid secant tensile stiffness is shown in Figure 13. The geogrid
secant tensile stiffness under confined conditions was greater than that under unconfined
conditions. The stiffness coefficient, J, represents the increase in tension under confined
conditions. When the geogrid was subjected to lateral confinement and normal stresses
of 0, = 20 kPa, 40 kPa, and 60 kPa were applied, the stiffness coefficients § were 1.68, 1.73,
and 1.73 at 2% strain and 1.55, 1.69, and 1.76 at 5% strain, respectively. It can be observed
that the stiffness coefficient § increased with the increase in normal stress. At 20 kPa and
40 kPa, the stiffness coefficient J corresponding to the 2% strain of the geogrid increased,
which may be due to the fact that, during the tensile process of reinforcement in sand,
tension is provided by the relative displacement of the geogrid transverse ribs and the sand.
With the increase in normal stress, the shear strength of sand increases while the secant
tensile stiffness of reinforcement changes little. The stiffness of the reinforcement is mainly
affected by the mutual displacement of the geogrid transverse ribs and the sand.

3.1.2. Effect of Loading Rate

Using the tensile test on the G1 geogrid under 40 kPa of normal stress at different
tensile rates (247 mm/min, 200 mm/min, 150 mm/min, and 1 mm/min), we evaluated the
effect of the tensile rate on the tension-strain of the reinforcement under lateral confinement.
As shown in Figure 14, when the geogrid was stretched to 200 mm /min, the corresponding
tensions with 2% strain and 5% strain were 28.10 kN/m and 48.05 kN /m, respectively.
When the geogrid was stretched to 150 mm/min, the corresponding tension with 2% strain
and 5% strain were 25.79 kN/m and 43.85 kN/m, respectively, and the corresponding
tensile strength with 2% strain and 5% strain was 25.88 kIN/m and 44.13 kN /m, respectively,
at 1 mm/min. The tensile strength was slightly higher than 150 mm/min, and the secant
tensile stiffness value was slightly higher. The higher the tensile rate, the less the sand
particles can be rearranged, which leads to the force affecting the entire tensile test section.
When the tensile rate is small, the sand is rearranged, and the force is not transmitted to the
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back of the reinforcement test section. Formulas (1) and (2) were used to calculate TG3 and
TG5~TG7. Overall, the decrease in the tensile rate leads to a decrease in the geogrid secant
tensile stiffness. At 5% strain, the influence of the tensile rate on the geogrid tension and
the secant tensile stiffness was small.

70 . . 2400 T T T T T
—A— TG3-247mm/min —A— TG3-247mm/min

60 - —@— TGS-ZOOmm/m?n B —0— TG5-200mm/min
—— TG6-150mm/min —8—TG6-150mm/min |

| —%— TG7-1mm/min —¥— TG7-1mm/min

2000

N
S

1600 - B

Tensile force (kN/m)
g

1200

L 800 1 1 1 1 1

0 2 4 6 8 10 0 1 2 3 4
Strain (%) Strain (%)

(@ (b)

Figure 14. Effect of tensile rate on tensile properties of uniaxial geogrid; (a) tensile-strain curve, (b)

Secant tensile stiffness (kN/m)

[
=N

stiffness—strain curve.

3.2. Pull-Out Test
3.2.1. Effect of Normal Stress

Figure 15 shows the relationship between the pull-out force and the pull-out dis-
placement of the G1, G2, and G3 geogrids during the pull-out test. The pull-out force of
the geogrid is composed of the friction force of the longitudinal rib, the friction force of
the transverse rib, and the passive resistance [29]. Under the action of different normal
stress, the pull-out forces of the same type of geogrid were similar, and the pull-out curve
decreased sharply after reaching the maximum pull-out force. The observation of the test
phenomenon is that the geogrid broke, and the failure position was at the junction of the
transverse rib and the longitudinal rib. The reason for this phenomenon is that the end
bearing resistance of the transverse rib of the geogrid increased with the increase in the
displacement of the pull-out end; as the strength of the junction of the transverse rib and
the longitudinal rib was relatively low, tensile failure of the reinforcement occurred after a
certain displacement was reached. Ziegler and Timmers [30] confirmed the same view. The
uniaxial geogrid test results with different longitudinal rib percentages were compared.
With an increase in the longitudinal rib percentage, the pull-out force increased, and the
change in the pull-out force was significant.

50 T T T T T

—8— G1-20kPa
—B G1-40kPa
— B -G1-60kPa
40 —e— (G2-20kPa
2 —@— G2-40kPa
5 — @ -G2-60kPa
<30 —A— G3-20kPa
S —A— (3-40kPa
< —A- - G3-60kPa
§ 20 =
= Gl
W
10 G2
G3

0 20 40 60 80 100 120

Displacement (mm)

Figure 15. Relationship between pull-out force and displacement of three uniaxial geogrid specimens
under different normal stresses.
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In order to evaluate the proportion of pull-out force provided by the longitudinal and
transverse ribs in the uniaxial geogrid, the pull-out force (P;) of three types of geogrids was
evaluated. The friction and passive resistance provided by the transverse ribs of the G1,
G2, and G3 geogrids were considered to be the same, and the difference between them was
that the friction provided by the longitudinal ribs was different. The end bearing resistance
and friction (P,r) of the transverse ribs were calculated by the following formula:

Py = PrGa) + Prcs) — Prcu ®3)
The longitudinal rib friction (P, ) is
Py =Pycy — Prr 4

The pull-out force provided by the transverse and longitudinal ribs under different
normal stresses is summarized in Table 6.

Table 6. Proportion of transverse rib and longitudinal rib in terms of pull-out force.

Lo P, P2 Pyc3) P,r P,1/P, 1) P,y P,1/PyG)
(kPa) (kN/m) (kN/m) (kN/m) (kN/m) (%) (kN/m) (%)

20 37.70 27.11 18.36 7.77 20.61 29.93 79.39

40 41.77 27.45 18.46 4.14 991 37.63 90.09

60 39.46 25.89 17.48 391 991 35.55 90.09

It can be seen in Table 6 that the passive resistance of the uniaxial geogrid was small,
and the pull-out force was mainly provided by friction.

3.2.2. Apparent Friction Coefficient

In order to analyze the internal stability of a reinforced soil structure, it is necessary to
evaluate the tensile strength of the reinforcement in the anchorage zone. Its pull-out force
was calculated by the following formula [31,32]:

Pr =2Lo’'yfytan ¢’ = 2Lo’y fx = 2Lo’ yaFx* 5)
The following was obtained:

fptan @ = fx = aFx (6)

where Pr is the pull-out force per unit width, L is the anchorage zone length of the
reinforcement, 0,/ is the effective normal stress, ¢ is the internal friction angle of the sand,
fp is the interaction coefficient of the reinforcement and the soil, f* is the apparent friction
coefficient, F* is the pull-out force coefficient, and « is the scale effect correction factor
considering the nonlinear stress reduction of extensible material in the embedded length.

When f;, is not explicitly expressed to be used for calculation, and in order to avoid
numerical analysis that is too complex, the apparent friction coefficient can be used for
calculation, which depends on the normal stress. The formula is as follows:

Pr

f*:m )

In the FHWA [32], there is an experimental value for the f* of the geogrid, thatis, « = 0.8,
F*=2/3 tan ¢; however, the use of this coefficient has a high requirement for the sand, which
needs to meet the requirements of the FHWA [32], and the maximum value of ¢ is 34°.

In the China Railway Subgrade Retaining Structure Design Code (TB10025-2019) [33],
the experimental value of the apparent friction coefficient is 0.3-0.4. In the Highway
Subgrade Design Code (JTG D30-2015) [34], the experimental value of the apparent friction
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coefficient is provided according to the type of soil. The value of cohesive soil is 0.25-0.4,
the value of sandy soil is 0.35-0.45, and the value of gravel soil is 0.4-0.5.

The French Code (NF P94-270-2020) [35] provides different values based on the absence
of pull-out tests. The values of the apparent friction coefficient are calculated according to
different depths. The formulas are as follows:

*h*a * g
fr=folole 4 fija ha <o ®
fx=ff h, > hg

where I, is the average soil depth considered in the calculation, /iy = 6 m, and f(* is the ap-

parent friction coefficient at the top. The calculation formula is as follows: fy = 1.1 (tati%) ,

where f1* is the apparent friction coefficient at depths of 6 m or below and the calculation
formulais f;" = 0.8 tan ¢.

The apparent friction coefficients of the three types of geogrids were compared with
the standard values, and the results are shown in Figure 16. First, it can be seen that the
apparent friction coefficient of the three types of geogrids decreases with the increase in
normal stress. When the normal stress was 20~60 kPa, the apparent friction coefficient f* of
the G1, G2, and G3 geogrids were reduced to varying degrees, decreasing from 0.91 to 0.33,
from 0.61 to 0.21, and from 0.41 to 0.15, respectively. The reason for this phenomenon is that
under the action of low normal stress, the sand of the geogrid experienced shear expansion
during movement and the weight of the surrounding sand prevented the shear expansion
effect, which caused an increase in the vertical stress on the geogrid. Compared to the
values obtained from the test, the experimental values provided by the French specification
are relatively lager. Especially with the increase in normal stress, the experimental values
tended to be dangerous, although their variation laws were consistent. The values given
by the FHWA specifications, that is, the railway subgrade retaining structure design and
highway subgrade design, are conservative at 20 kPa. In the design of reinforced soil
structure, the French specification overestimates the tensile force of the reinforcement,
which can easily lead to excessive panel deformation due to insufficient tensile force of the
structure, thereby reducing the durability of the reinforced soil structure.

0 T T T T T
I
I
|
|
I
I
20 | A ° n 4 ® Gl Experimental value
N 1 ® G2 Experimental value
i | A (3 Experimental value
I ! —— NF P94-270-2020
. | - — - FHWA-NHI-10-024
© A e | m = TB 10025-2019
40 | T JTG D30-2015
I
|
|
I
Ao = |
60 1 ! 1 1 1
0.0 0.3 0.6 0.9 1.2 1.5

Figure 16. Comparison of test values and standard values of apparent friction coefficients.

4. Conclusions

In this study, tensile tests and pull-out tests were carried out on a unidirectional ge-
ogrid using tensile and pull-out test equipment. The effects of sand constraint, normal
stress, and tensile rate on the tensile load-strain response of the reinforcement were ana-
lyzed. The stiffness coefficient was used to quantitatively describe the change in the tensile
load-strain response of the geogrid. In the pull-out test, the influence of three geogrids
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on the interface between the reinforcement and the soil under different normal stresses
was analyzed, and the apparent friction coefficient was obtained. The experimental values
provided in the specification were evaluated and compared to the national standards. The
specific conclusions of this study are as follows.

(a) When the normal stress was 20 kPa, 40 kPa and 60 kPa, the secant tensile stiffness
corresponding to a 5% strain increased by 1.55, 1.69, and 1.76 times, respectively, compared
to that without lateral confinement. Due to the interlocking effect of the sand particles and
the reinforcement, the secant tensile stiffness of the reinforcement under lateral confinement
was higher than that without lateral confinement.

(b) With the decrease in the tensile rate, the secant tensile stiffness of the reinforcement
decreased. Under confined conditions, the secant tensile stiffness of 200 mm /min, 150
mm/min, and 1 mm/min decreased by 0.92, 0.84, and 0.85 times, respectively, compared
to the tensile rate required by the specification at a 5% strain, which may have been due to
the rearrangement of the sand particles.

(c) With the increase in the percentage of the longitudinal ribs, the pull-out force of the
geogrid increased gradually under the same normal stress, and the material itself broke
down. Due to the occurrence of this failure mode, the increments of the pull-out force were
small with the increase in normal stress.

(d) The apparent friction coefficient decreased with the increase in normal stress and
increased with the increase in the longitudinal rib percentage under the same normal
stress. While the change law was consistent with the change law of the French norms, the
experimental value of the similar friction coefficient in the French Code is larger, which
overestimates the tensile force of the reinforced soil structure and reduces its durability.
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Appendix A

The Terzaghi formula [36] can calculate the vertical stress (0,) along the soil column,
assuming that the stress is proportional to the arch formed in the soil [37]:

7B ( —2K, tan ¢ i) —2K, tan¢ e
=—|(1-— i RBc Hr — H, . RBe Al
% = K tangg ¢ + (v(Hr — He) + 0p)e (A1)
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Figure A1. Terzaghi arching effect theory [38].

The parameter definitions and values are shown in Table Al.

Table Al. Parameters for the Terzaghi formula.

Parameter Definition Figure
K Coefficient of active earth pressure, in this 0.34
a .
case K; = Ky
Bc (m) Width of soil column 0.7
Hg (m) Soil height 04
H, (m) Equivalent soil settlement height 0.4
oy (kPa) Normal stress along soil column -
01 (kPa) Normal stress at the bottom of soil column -
oy (kPa) Load 0
or (°) Internal friction angle of soil 41

For uniform settlement, H, = Hy [39], the normal stress applied to the bottom of the
soil column can be calculated as follows:

_ He _ He
Tol = 5p K:tiri ox (1 — ¢ 2Katangr BC) + ope 2Katanfr g (A2)
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