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(is paper describes a series of laboratory pullout tests that were performed to investigate the pullout behavior of high-density
polyethylene (HDPE) uniaxial geogrid subjected to static and dynamic loading. Pullout tests were conducted on HDPE geogrid
reinforced coarse sand under normal static loading (60–300 kPa), dynamic loading with different amplitudes (20, 40, and 60 kPa),
and different frequencies (2, 4, and 6Hz) by using the newly developed pullout apparatus. (e results indicated that the pullout
resistance of geogrid presented different growth patterns with the increase of normal loads under static loading. (e amplitude
and frequency both had significant effects on the interaction between reinforcement and soil, and the increment of the pullout
resistance was 0.6 kN and 0.3 kN, respectively. (e effect of dynamic loading on the soil-geogrid interface can be gradually
equivalent to that of static loading corresponding to the balance position of dynamic loading with the increase of frequency
compared with the static loading. (e results of this study are helpful for the selection of the strength of the reinforcement in
different locations and to simplify the study on the stress of reinforcement in reinforced soil structures under traffic loads.

1. Introduction

In recent decades, geosynthetic-reinforced soil (GRS)
structures have been constructed more frequently, such
as subgrade [1, 2], embankment [3, 4], retaining walls
[5–7], slopes [8, 9], and landfills [10, 11], because they
have the advantages of low cost [12], simple construction,
and environmental protection [8, 13] and can deform
without damage. High-density polyethylene (HDPE)
geogrids, as an example of the important geosynthetics
reinforcement materials, are commonly adopted in many
GRS structures, such as reinforced soil retaining wall and
reinforced slopes, especially for steep slopes [14–16],
because of their excellent mechanical characteristics such
as high strength, high elongation, and durability. In
addition, the geogrid can significantly enhance the
bearing capacity and reduce the settlement [17–19]. To
give full play to the performance advantages of the
geogrid, extensive investigations have been conducted on

the performance of the geogrid reinforced soil structure
by several authors [20, 21].

(e deformation conditions and the engineering per-
formance of the soil are a significant improvement by the
friction of the interface of reinforced soil. Hence, the friction
characteristics [22, 23] of the interface between soil and
geogrid reinforcement are one of the important factors to be
considered in the design and stability analysis of GRS
structures. (e pullout test [24–26] is an effective and also
commonly used method to investigate the interaction of the
interface between soil and reinforcement. In order to sim-
ulate the interaction process and further understand the
mechanical behavior and deformation characteristics of
geogrid reinforcement, many laboratory experiments have
been performed by several authors [27–29]. At the same
time, some valuable results were obtained by a series of
pullout tests.

Abdi and Mirzaeifar [26] conducted pullout tests to
investigate the effect of the particle size and distribution on
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the friction characteristics of the soil-geogrid interface. It
was observed that the pullout resistance increased with the
increase of the particle size and nonuniformity, and the
particle size had a greater influence. Altay et al. [30] studied
the interaction of the interface between geogrid and clay soil.
In addition, the effect of the moisture content of the clay soil
on the pullout resistance was also examined. (e test results
showed that when the moisture content of clay was the
optimum moisture content (OMC), the pullout resistance
was the largest. Wang et al. [31] conducted laboratory
pullout tests and numerical simulations to investigate the
effect of the number of transverse members on the pullout
resistance. By visualizing the interaction of geogrid and soil
in the numerical model, the load transfer characteristics
were also analysed. Peng and Zornberg [32] used transparent
soil to visualize the interaction of the soil-geogrid interface
to study the mechanism of loads transfer. Cardile et al. [33]
investigated the effect of the interference mechanism be-
tween two transverse ribs on the bearing capacity based on
laboratory pullout tests and proposed a theoretical method
to predict the peck pullout resistance.

(e above-mentioned literature mainly studied the in-
fluence of the properties of the infill materials and rein-
forcements on the friction characteristics of the soil-geogrid
interface through pullout tests. In addition, the normal static
loading is also one of the important factors that affect the
mechanical behavior of the interface. (e interaction of the
soil-geogrid interface was investigated under static loading
(σ � 20, 40, and 100 kPa) by Wang et al. [31]. Aali et al. [34]
studied the influence of the number of longitudinal and
transverse rib members on the pullout force by conducting a
series of pullout tests under normal static loading (σ � 20, 40,
and 80 kPa). (e pullout characteristics of waste tire strips
with uniaxial and biaxial geogrids were conducted under
σ � 20, 40, 50, and 60 kPa by Li et al. [35]. In the present
study, there is a lack of detailed investigations into the
variations of the pullout capacity of geogrid reinforcement
under higher normal static loading as compared to past
studies.

In addition to static loading, GRS structures are generally
subjected to dynamic loading [36]. At present, deformation
calculation and stability analysis of reinforced soil retaining
walls are generally based on the friction strength parameters
between soil and reinforcement under static loading. Tra-
ditional testing methods where the friction coefficient of the
interface between soil and reinforcement was obtained by
static loading may be adopted, but these are limited to light
traffic loads and slow speed. However, reinforced soil
structures are generally subjected to dynamic loading gen-
erated from earthquakes and traffic loads. Specifically, the
effect of traffic loading on the reinforced soil structures
cannot be ignored. Hence, the effect of dynamic loading on
the interface friction strength of reinforced soil and the
change of interface strength after dynamic loading are need
further research.

Cardile et al. [37] studied the effect of cyclic loading
history (effective stress� 10, 25, 50, and 100 kPa; f� 1Hz) on
the pullout resistance and the stability of the interface. (e
test results indicated that the mechanical behavior of the

soil-geogrid interface was related to the amplitude of the
cyclic loading and effective stress. Liu et al. [38] tested the
tensile strain of geogrid under different amplitudes and
frequencies and obtained the dynamic characteristics and
cumulative deformation development law of retaining wall
under repeated traffic load. Hussaini et al. [39] investigated
the mechanical behavior of the ballast-geogrid interface
under cyclic loading. It was observed that the geogrid can
effectively prevent the lateral movement of ballast and re-
duce the settlement. However, the failure of larger particles
was relatively high. In contrast to the above-mentioned
studies, the effect of the dynamic loading with higher loading
amplitude and higher frequency on the strength of the in-
terface lacked enough research. Meanwhile, the relationship
of the strength of the interface between static loading and
dynamic loading also lacked enough research. To further
understand the pullout behavior and deformation charac-
teristics of geogrid reinforcement, a large-scale laboratory
pullout apparatus was developed. (e newly developed
equipment provides the basis for research.

In this paper, a series of laboratory pullout tests were
performed on HDPE uniaxial geogrid by using the newly
developed pullout apparatus under static and dynamic
loading. (e effects of several factors, including the value of
the normal static loading and the frequency and amplitude
of dynamic loading, on the pullout resistance were inves-
tigated. Additionally, the relationship of the pullout behavior
of the geogrid subjected to static and dynamic loading was
also discussed.

2. Laboratory Pullout Apparatus

In this paper, a large-scale multifunction laboratory pullout
apparatus, which can be applied to both static loading and
dynamic loading, was developed to examine the friction
characteristics of the interface between soil and geogrid
reinforcement under different loading scenarios. (e newly
developed pullout apparatus is mainly comprised of four
components: a rigid steel pullout box, normal loading
system, horizontal control system, and a data acquisition
system. Table 1 presents themain technical parameters of the
pullout apparatus, and the view of the apparatus is shown in
Figure 1.

2.1. Pullout Box. Several factors, including the types and
sizes of geosynthetics and the shape and size of infill ma-
terials, were considered to design the dimensions of the
pullout box. (e inner dimensions of the pullout box de-
veloped in this study were 600mm× 400mm× 500mm
(L× W ×H), and the material is a steel plate with the
thickness of 15mm. What is more, the reinforced ribs,
namely, steel transverse ribs, were uniformly arranged
around the box to protect the sides of the test box from
deformation and even damage during the pullout test, as
shown in Figure 1.

In the traditional apparatus, the front displacement
monitored by the displacement sensors at the clamp is
generally adopted to analyse and discuss the results of the
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pullout test. Additionally, the calculation formula of the
shear stress was τ �T/2LB, where Twas pullout resistance at
the moment when geogrid was pulled out; L and B were the
length and width of the reinforcement placed on the inside
of the pullout box, respectively. It should be noted that, for
the duration of the test of the traditional apparatus, the
contact area of the interface between reinforcement and soil
decreased with an increase in the relative displacement of the
soil-geogrid interface, which will cause the results obtained
from the laboratory pullout tests to be greater than the real
values. (erefore, the newly developed apparatus needs to
solve this problem.

A slot was set on both the front and back of the box, one
of which is close to the clamp and the other is far away from
the clamp as shown in Figures 1 and 2. Firstly, the height of
the slot is consistent with the height of the clamp to ensure
that the reinforcement was pulled out in a horizontal state
during the test. In addition, taking into account the types of
geosynthetics and the thickness of reinforcement, the height
of the narrow gap can be adjusted to meet the requirements
of different tests and reinforcements. Last but most im-
portant, the setting of the back slot is aimed at keeping the
contact area of the soil-geogrid interface constant for the
duration of the test. Due to the existence of the back slot, the
geogrid can be placed along the longitudinal direction of the
test box, and the end of the geogrid reinforcement can
extend to the outside of the test box.(e back slot is designed
to ensure the accuracy of the calculation results of the
formula. What is more, the end of the reinforcement is
connected to the back displacement (BD) sensor by a clean
steel wire rope to monitor the relative displacement of soil-
geogrid during the test.

Compared with other test apparatus, the newly devel-
oped pullout box had a larger internal size, and the test box
was made from steel, so the quality will be greater after
filling. To ensure that the test can be carried out smoothly
and quickly, the pullout box was equipped with some
auxiliary facilities. Multiple linear guide rails were arranged
under the test platform. (e setting of the linear guide rail is
helpful for not only themovement of the test box but also the
loading and unloading of the infill materials. Additionally, a
limit device was set to ensure that the test box located di-
rectly under the loading plate to avoid the friction between
the loading plate and the inner wall of the pullout box. To
prevent the infill material from falling into the linear guide
rail through the narrow gap in front of the pullout box
during the test, the baffle was added to the test platform.

2.2.NormalLoadingSystem. In the design of this equipment,
the inverted hydraulic loading method was adopted through
the action of the reaction frame.(e hydraulic pump applied

the normal loading to the infill material in the pullout box
through the loading plate. To avoid the friction between the
pressure plate and the side wall of the pullout box during the
test, the size of the loading plate made from steel was
590mm in length, 390mm in width, and 35mm in thick-
ness. A series of tests, including strength and stiffness tests,
were carried out on the loading plate to avoid producing
deflection and even damage when transferring the normal
loading. (e tests showed that, in the process of the test, no
deformation was found on the loading plate under the
normal loading up to 1000 kPa. (e maximum normal
loading applied to the apparatus is 800 kPa.(e frequency of
the dynamic loading was up to 50Hz. At the same time,
several waves, including sine wave, triangle wave, square
wave, and combination wave, can be applied by the normal
loading system. (e normal loading system can apply not
only static loading but also dynamic loading. Additionally,
an important function of the normal loading system was to
meet the relative density of the infill material in the ex-
perimental programs by using the loading plate.

2.3. Horizontal Control System. (e horizontal servo control
system adopted the strain control type. (e improvement
feature of the pullout apparatus was the pullout rate and the
horizontal displacement, because limited researches had
been conducted on the effect of the pullout rate on the
friction characteristic of the soil-geogrid interface. (e in-
crease of the horizontal displacement can greatly reduce the
size effect of the geogrid specimen and provide the basis for
the subsequent study of the effect of the number and the
position of the transverse ribs on the interaction mechanism.
(e clamp with complementary concave convex and a sine
wave can ensure that the tested geosynthetic sample does not
slide and reduce the damage to the geosynthetic sample. (e
force sensor and displacement sensor were set at the clamp,
which were connected with the computer. (e time interval
of data acquisition was set at the computer terminal so as to
accurately record the pullout resistance and the pullout
displacement during the test.

2.4. Data Acquisition and Processing System. To facilitate the
setting and input of test parameters in the process of the test,
the pullout apparatus was equipped with data acquisition
and processing system, which can not only monitor but also
record some important data. It is important for the appa-
ratus to monitor the normal loading during the test because
it needed to ensure that the normal load applied to the infill
material was constant and stable, especially for high static
loading and dynamic loading. In addition, the pullout re-
sistance, the front and back displacement monitored by
sensors, and the curve of the data can be obtained from the

Table 1: Main technical parameters of static and dynamic pullout apparatus.

Test box inner dimensions
Pullout rate
(mm/min)

Pullout horizontal displacement
(mm)

Maximum loads
Frequency

(Hz)Length
(mm)

Width
(mm)

Height
(mm)

Normal
(kPa)

Horizontal
(kN)

600 400 500 0∼30 150 800 100 0∼30
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data acquisition system to enhance the control of the test
progress. Last, in order to ensure the safety of the experi-
menters during the test, the special protection devices, which
included force protection and displacement protection, were
set in the software system.

2.5. Summary of Pullout Apparatus Characteristics.
Compared with the previous apparatus, the developed
pullout apparatus had the following technical characteristics:

(1) (e normal loading can apply a high normal static
load of up to 800 kPa to simulate the vertical pressure
of reinforced buildings such as high slope and high
retaining wall. At the same time, different parameters
such as waveform, load amplitude, frequency, and
cycle times can be set to simulate the dynamic load.

(2) (e overall rigidity of the test box is improved
significantly by the reinforced ribs uniformly
arranged around the side of the box, providing a

guarantee for the pullout test under high normal
static loading and dynamic loading.

(3) (e setting of the slot at the front and back can not
only ensure that the contact area between the re-
inforcement and the filler is constant but also
measure the real pullout displacement between the
reinforcement and the infill material.

(4) (e data acquisition system improves the accuracy of
the data and strengthens the control of the test
process.

3. Test Materials and Experimental Program

3.1. InFillMaterial. (e infill material used in this study was
coarse sand with a particle size distribution varying from 0.1
to 10mm. (e particle size distribution curve of the coarse
sand determined from sieve analysis is shown in Figure 3.
Coarse sand can be classified as well-graded sand (SW)

(1) Pullout box
(2) Steel longitudinal rib 
(3) Clamp -front displacement
(4) Slot
(5) Back displacement gauge
(6) Limit device
(7) Baffle
(8) Normal loading system
(9) Loading plate
(10) Horizontal control system

(8)

(3)
(1)

(2) (5)

(4)

(3)

(6)
(7)

(9)

Figure 1: (e view of the pullout apparatus.

600mm

700mm

(a)

soil

Geogrid

600mm

250mm

250mm

BD

Clamp 

(Front
displacement)

Slot

(Pullout direction)

(b)

Figure 2: (e view of slot and displacement meter of the pullout apparatus.

4 Advances in Materials Science and Engineering



according to the Unified Soil Classification System (USCS)
(ASTM D2487-11).

To determine the shear strength parameters of the infill
material used in the test, a series of laboratory direct shear
tests (DST) were performed. It should be noted that the
selection of the normal loads in the direct shear test (DST)
should be consistent with the pullout test to ensure that the
effect of the load on the particles was excluded. DST was
carried out on specimens with dimensions of 20mm in
height and 61.8mm in inner diameter under three normal
stresses of 80 kPa, 100 kPa, and 120 kPa. (e basic physical
properties of the coarse sand are summarized in Table 2. (e
dimension of above and below the reinforcement inside the
newly developed pullout apparatus meets the requirements
of ASTM D6706: soil thickness greater than 150mm, six
times 85%-passing particle size (D85) of sand material, and
three times the maximum particle size (Dmax) of the soil used
in testing.

3.2. Reinforcement Material. (e reinforcement material
used in this study was uniaxial geogrid, which was made
from stretched high-density polyethylene (HDPE). (e
engineering properties of the geogrid used in this study are
presented in Table 3.

3.3. Experimental Programs. Experimental programs are
mainly comprised of two components: static loading and
dynamic loading.(e reinforcements are generally subjected
to gravity loads from Earth pressure. To simulate the gravity
loads of the reinforcement at different depths in practical
engineering, a series of normal static loads were defined,
including 60 kPa, 80 kPa, 100 kPa, 120 kPa, 200 kPa, and
300 kPa. In addition to static loads, the GRS structures are
also subjected to dynamic loads such as earthquakes and
traffic loads. To simulate the dynamic loads of the structures
at different road conditions, a series of normal dynamic
loads were defined, including frequency of 2Hz, 4Hz, and
6Hz and amplitude of 20 kPa, 40 kPa, and 60 kPa. (e
loading curve and the magnitude of normal static loads and

dynamic loads are presented in Figure 4 and Table 4, re-
spectively. Chen and Su [40] simulated the traffic loads with
the sine wave and studied the dynamic response of subgrade
by finite element software ABAQUS. Tian and Chu [41]
analysed the load characteristics of traffic load and con-
cluded that the sine wave was a reasonable way to simulate
traffic load. Yu et al. [42] analysed the deformation char-
acteristics and stability of widened embankment under two
conditions with or without reinforcement by using sine wave
to simulate traffic load. Hence, in this paper, the sine wave
was used to simulate the dynamic loading. In addition,
previous tests indicated that the pullout rate had a significant
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Figure 3: Particle size distribution curve of the coarse sand.

Table 2: Physical properties of coarse sand used in the study.

Parameter Value
Effective size, D10 (mm) 0.16
D30 (mm) 0.49
D60 (mm) 1.1
Average particle size, D50 (mm) 0.79
Particle diameter corresponding to 85% finer , D85 (mm) 2.1
Maximum particle size, Dmax (mm) 10
Coefficient of uniformity, Cu 6.88
Coefficient of curvature, Cc 1.36
Specific gravity, Gs 2.65
Maximum dry unit weight, cdmax (kN/m3) 1.83
Minimum dry unit weight, cdmin (kN/m3) 1.42
Internal friction angle, φ (°), at Dr of 45% 26.5

Table 3: (e engineering properties of the geogrid used in the tests
(manufacturer’s data).

Description Value
Type of geogrid Stretched plastic
Material High-density polyethylene
Mass per unit area (kg/m2) 0.41
Tensile strength (kN/m) 95.3
Tensile strength at 2% strain (kN/m) 31.2
Tensile strength at 5% strain (kN/m) 58.2
Elongation at failure (%) 9.6
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influence on the experimental results. (erefore, the pullout
rate used in the tests was kept constant at 2.0mm per minute
to minimize the effect of the pullout rate on the tests.

It can be seen from Figure 4 that the loading process is
mainly composed of two stages. Stage one is the pullout
preparation stage. At this stage, the horizontal control
system is in a relaxed state, and the normal loading system
will quickly reach the target value of the vertical load
according to the experimental programs. Stage two is the
pullout test. At this stage, the normal loading system can
apply and maintain constant uniform normal loads on the
infill material throughout testing, and the horizontal control
system pulls the geogrid at a constant rate of 2.0mm/min. It
should be noted that the setting of the normal load time in
the software operating system needs to be longer, because
this time is counted from the experimental preparation
stage, and the end time of the experiment is unknown. In this
experiment, the pullout displacement is 100mm and the
pullout rate is 2.0mm/min. (e test takes about 50 minutes.
However, the time required for the normal load to go from 0
to the target load in the experimental preparation stage, as
well as the unforeseen conditions in the pullout test, also
needs to be considered. (erefore, the normal static loading
time of this experiment is set to 70min. As shown in Fig-
ure 4, unlike the static load, the dynamic load needs to input
the frequency and amplitude in the second stage when the

normal load reaches the target value. (e sine wave was
adopted to this test. Additionally, it is worth mentioning
that, in Table 4, the aim of the selection of the normal static
load of 70 kPa is used to compare the differences in the
mechanical behavior of the soil-geogrid interface under
static and dynamic loading.

3.4. Experimental Procedures. (e test procedures in this
study are mainly comprised of three components: starting
equipment, test preparation, and test. (e experimental
procedures are shown in Figure 5

It was worth mentioning that some details need to be
paid attention to in the process of the test. Firstly, in the
procedures of starting equipment, it is necessary to lubricate
the sidewall of the pullout box by lubricant to minimize the
effect of boundary on the test. (en, the height between the
bottom of the box and the slot was 25 cm. In the process of
the backfilling, the infill materials should be backfilled in 5
layers and compacted. Next, before laying the geogrid, the
surface of the infill materials needed to be shaved. In ad-
dition, the geogrid in the test box should be parallel to the
two sidewalls of the test box and the distance should be
symmetrical and equal to minimize the friction of the
sidewall. Meanwhile, the laid geogrid should be prefixed by
the clamp to avoid changing the position of the geogrid
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Figure 4: (e experimental loading process curve under different loading conditions: (a) static loads; (b) dynamic loads.

Table 4: Experimental programs of static and dynamic loading.

Loading conditions Magnitude of normal loading (kPa) Amplitude (kPa) Frequency (Hz) Pullout rate (mm/min)
Static 60, 70, 80, 100, 120, 200, 300 — —

2.0Dynamic

60∼80 20
2
4
6

60∼100 40
2
4
6

60∼120 60
2
4
6
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when the upper infill materials were backfilling. When the
upper infill materials were backfilled to the top of the test
box, the clamp should be loosened to release the prestress
generated by the geogrid in the clamp in the process of
backfilling, and then the geogrid reinforcement should be
fixed again. Lastly, the pullout tests were conducted
according to the experimental programs in Section 3.3.

4. Results and Discussion

(is section presents a summary of the results and ana-
lyses of laboratory pullout tests conducted on HDPE
uniaxial geogrid reinforced coarse sand subjected to static
and dynamic loading by using the newly developed
pullout apparatus. Firstly, the influence of the front
displacement (FD) and the back displacement (BD) on the
results of the pullout test was discussed. (en, the effects
of the normal static and dynamic loads on the pullout
resistance of the geogrid were discussed, respectively.
Additionally, the variation laws of the interface shear
strength parameters, including the apparent cohesion
force and the apparent friction angle, with the static and
dynamic load were also analysed. Finally, the similarities
between the static loading and dynamic loading on the
mechanical behavior of the soil-geogrid interface were
analysed by comparing the results such as the pullout
curve and pullout resistance.

4.1. Comparison of Front Displacement and Back
Displacement. Figure 6 shows that the pullout resistance
versus displacement that contains the front displacement
(FD) and back displacement (BD) under the same normal
static loading (σ � 80 kPa) was obtained from front sensors
and back sensors, respectively.

It can be seen from Figure 6 that the curves of the FD
and BD have both similarities and differences. (e
similarities were that the curve trends of the FD and the
BD are the same, both of which showed that as the pullout
displacement increases, the required pullout resistance
gradually increases. It should be noted that the rela-
tionship between the displacement and pullout resistance
was not directly proportional, because the geogrid was

not an elastic material but an elastoplastic material. (e
differences were that the FD monitored by the dis-
placement gauge installed at the clamp occurred at the
moment when the pullout test was started, but the BD
occurred only a period of time after the test started. (e
biggest reason for the difference between FD and BD was
that the geogrid between the clamp and the front slot of
the test box lacked lateral confinement generated from
soil mass. (en, with the increase of pullout force pro-
vided by the horizontal control system, the load was
transmitted along the longitudinal rib of geogrid and then
the BD monitored by the additional displacement meter
occurred when subjected to pullout force. (e experi-
mental results indicated that FD was mainly comprised of
two parts: the tensile deformation of geogrid reinforce-
ment between the clamp and the front slot of the test box,
namely in the air, and the relative displacement between
soil and geogrid in the box during the pullout tests.
However, the back displacement contains only the rel-
ative displacement of soil and geogrid.

From the above analysis, it is determined that the back
displacement can better reflect the relative horizontal dis-
placement of the interface between soil and geogrid rein-
forcement as compared to the front displacement. (us, the
following results should be presented in terms of pullout
resistance versus back displacement, rather than front
displacement.

4.2.Effect of StaticLoadingon thePulloutResistance. (e plot
of pullout resistance versus back displacement under six
normal static loads, namely, 60 kPa, 80 kPa, 100 kPa,
120 kPa, 200 kPa, and 300 kPa, is shown in Figure 7. It can
be seen from Figure 7 that the tendency of the curve
obtained from the laboratory pullout tests has similar
characteristics, which showed that the pullout resistance
increased and displacement decreased with an increase in
the normal loading varying from 60 kPa to 200 kPa, which
was consistent with the conclusion obtained by Altay
et al. [30], Wang et al. [43], and Yi et al. [44] through
pullout tests. Meanwhile, the above conclusions also
verified the reliability of the newly developed pullout
apparatus. However, the geogrid suddenly broke in the

Starting
equipment

Start and check
apparatus

Install the
pullout box

Lubricate the
pullout box

Backfill to slot
and compaction

Laying the
geogrid

Backfill to
top of the box

Test
preparation

Test Set up test
parameters

Start
experiment

End test and
observe geogrid

Figure 5: (e test procedures in this study.
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process of the pullout tests when subjected to normal
stress σ � 300 kPa and then the pullout resistance dropped
sharply. It was found that the magnitude of the normal
static loading directly affected the pullout resistance.

To further investigate the effect of normal static
loading on the pullout resistance of geogrid, the pullout
resistance corresponding to the normal loads is presented
in Figure 8. It should be noted that the pullout resistance
corresponding to the normal loads of 300 kPa cannot be
used, because the geogrid reinforcement was broken
rather than pulled out during the test. (us, it is necessary
to discard this group of the experimental data obtained
from the pullout test under σ � 300 kPa.

It can be seen from Figure 8 that the pullout resistance
increases with the increase of the normal loads from 60 kPa
to 200 kPa, but the pullout resistance presents different
growth modes. According to the increase of the pullout
resistance, it can be roughly divided into three regions,
which are region I, region II, and region III, as shown in
Figure 8. Region I was the normal load increasing from
60 kPa to 80 kPa, and the pullout resistance increased by
1.65 kN. Region II was the normal load increasing from
80 kPa to 120 kPa, and the increase in pullout resistance was
about 0.7 kN, which was a decrease of 59.6% compared with
region I. Region III was the normal load increasing from
120 kPa to 200 kPa, and the increase in pullout resistance was
only 0.22 kN, which was a decrease of 68.6% compared with
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Figure 8: Global polynomial fitting of normal loads versus pullout
resistance under σ � 60 kPa–200 kPa.
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region II. (erefore, it can be seen that the change of the
normal static load has a great influence on the pullout re-
sistance. Specifically, the influence of normal loading on
pullout resistance was gradually weakened.

Considering that there are three growth modes of
pullout resistance with the increase of normal loads, an
approach of global polynomial fitting for the whole test
procedure was adopted to analyse the relationship between
the pullout resistance of the geogrid used in this study and
the normal static load. As can be seen from Figure 8, when
the normal load was small, the pullout resistance increased
as the normal load increased, but when the normal load was
greater than a certain value, the pullout resistance decreased
instead. In addition, when a certain normal load was
reached, such as σ =300 kPa, the pullout resistance of the
interface between the soil and reinforcement was greater
than the tensile strength of the geogrid, and then the geogrid
would break. (is certain value of the normal load is called
critical normal load, and the corresponding pullout resis-
tance is called the maximum pullout resistance of geogrid
used in this test. Under the critical normal load, the strength
of both the infill material and the geogrid can be fully
exhibited, so the pullout resistance can reach the maximum.
According to the polynomial fitting equation, the critical
normal load of the geogrid used in this study is 176 kPa, and
the corresponding pullout resistance is 10.42 kN. (e de-
termination of the critical normal load not only helps to
provide a reference for the selection of reinforcement placed
at different depths but also is of benefit tomake full use of the
material and then reflects significant economic advantages of
reinforced soil structures. Hence, it is necessary to determine
the critical normal load corresponding to the maximum
pullout resistance by conducting a series of laboratory tests
in the design of the geogrid reinforced soil structures, such as
retaining walls and slopes, especially for steep slopes.

According to the calculation formula of the shear stress,
the shear stress of the soil-geogrid interface under different
normal static loads was calculated. (e plot of the rela-
tionship between the shear stress and the different normal
loads is shown in Figure 9. (e interface shear strength
parameters that contain the apparent cohesion force and the
apparent friction angle were obtained from piecewise linear
fitting according to the three areas mentioned above. (e
piecewise linear fitting equation is also shown in Figure 9. To
further analyse the influence of the magnitude of the normal
static load on the shear strength parameters, the variation
laws of the shear strength parameters, including the ap-
parent cohesion force and the apparent friction angle, with
three regions are presented in Figure 10.

It can be seen from Figure 10 that the apparent cohesion
force increases with an increase of the normal static loading,
while the apparent friction angle decreases instead. When
the normal loading increases from region I to region II, the
apparent cohesion force increases from 5.33 kPa to
15.27 kPa, a significant increase of 186.5%, and the apparent
friction angle decreases from 13° to 6.3°, a decrease of 51.5%.
When the normal load increases from region II to region III,
the apparent cohesion increases from 15.27 kPa to 24.16 kPa,
an increase of 58.2%, and the apparent friction angle

decreases from 6.3° to 1.8°, a decrease of 71.4%. It can be seen
that the magnitude of the normal static loading has a sig-
nificant impact on the shear strength parameters of the soil-
geogrid interface. However, with the normal load increases,
the magnitude of the increase in apparent cohesion de-
creases and the magnitude of the decrease in apparent
friction angle increases.(e reason is that as the normal load
increases, the geogrid and coarse sand increase in density,
especially near the transverse ribs at the interface. (is helps
the passive bearing capacity of the geogrid to gradually
develop, so the apparent cohesive force is significantly in-
creased. However, when the normal load continues to in-
crease, the particles may break and then cause the particle
size distribution to change. (e particle size of the infill
material is reduced, which results in an increase in the
decrease in the apparent friction angle, and, at the same time,
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the component of the pullout resistance provided by the
transverse ribs is reduced.

4.3. Effect of Dynamic Loading on the Pullout Resistance.
Figure 11 shows the plot of the pullout displacement versus
pullout resistance of geogrid reinforced coarse sand sub-
jected to dynamic loading with the same frequency and the
different amplitude of 20 kPa, 40 kPa, and 60 kPa. It can be
seen from Figure 11 that the pullout resistance increases with
an increase in the magnitude of the amplitude under the
same frequency, which was consistent with the conclusions
obtained by Cardile et al. [37] and Xu and Shi [45]. Ad-
ditionally, the curve trend of pullout displacement versus
pullout resistance under dynamic load is similar to that
under static load, which provides the possibility for the
equivalent of the dynamic load.

To quantitatively analyse the effect of the amplitude on
the pullout resistance of geogrid under dynamic loading, the
pullout resistance corresponding to the amplitude is pre-
sented in Figure 12. It can be seen from Figure 12 that the
pullout resistance was directly influenced by the amplitude.
(e pullout resistance increases linearly with the increase of
the amplitude of the dynamic load, and the increment is
about 0.6 kN. (e experimental results revealed that the
dynamic loading with a larger amplitude has a greater in-
fluence on the pullout resistance of the soil-geogrid interface
under the same frequency.

(e plot of the geogrid reinforced coarse sand sub-
jected to dynamic loading with the same amplitude
(20 kPa and 40 kPa) and the different frequency (2, 4, and
6 Hz) and frequency versus pullout resistance is shown in
Figure 13. Additionally, the relationship of the pullout
behavior of the geogrid subjected to static and dynamic
loading was also discussed, because the curve trend of
pullout displacement and pullout resistance under dy-
namic load is similar to that of the static load. To compare
and analyse the influence of normal static load (60 kPa
and 80 kPa) and dynamic load (60∼80 kPa) on the friction
characteristics of the soil-geogrid interface, the pullout
test was also conducted under static load of 70 kPa. It is
worth mentioning that 70 kPa was the balance position of
the lower limit value (60 kPa) and upper limit value
(80 kPa) of normal dynamic load.

It can be seen from Figures 13(a) and 13(b) that both the
pullout resistance increased with an increase in the fre-
quency under the same amplitude. By placing the pullout
curves of static and dynamic loading together, some rules
can be observed, which can provide ideas for simplifying the
study of dynamic loads. (e pullout curve under dynamic
loading changed within the upper and lower limits of the
static loading. Furthermore, the pullout curves of the dy-
namic loading at different frequencies do not exceed the two
pullout curves corresponding to the upper and lower limits
of the static loading, but the degree of deviation is different.
Additionally, the pullout resistance increased with an in-
crease in the frequency under the same amplitude and
gradually approached the pullout resistance under the
normal static load corresponding to the balance position of
dynamic loading. (e test results indicated that the dynamic
loading action with a smaller frequency is close to the static
load action corresponding to the lower limit value of the
dynamic load. At the same time, with an increase in the
frequency, the effect of dynamic loading on the interface of
soil and geogrid can be gradually equivalent to that of static
loading corresponding to the balance position of dynamic
load.

To further investigate the effect of frequency on the
pullout resistance, the plot of the frequency versus the
pullout resistance was shown in Figure 14. As shown in
Figure 14, the pullout resistance increases linearly with the
increase of the frequency of the dynamic load, and the
increment is 0.3 kN and 0.5 kN, respectively. (e test results
indicated that the dynamic loading with larger frequency has
a greater influence on the pullout resistance of the interface
between soil and geogrid under the same amplitude.
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Meanwhile, the dynamic loading with a larger amplitude has
a greater influence on the pullout resistance was also vali-
dated. In addition, the difference between the dynamic
loading (σ � 60∼80 kPa; σ � 60∼100 kPa) with larger fre-
quency (f� 6Hz) and the static loading (σ � 70 kPa;
σ � 80 kPa) which was the balance position of dynamic
loading was 0.31 kN and 0.20 kN, respectively. Hence, the
difference between the dynamic loading and the static
loading corresponding to the balance position of dynamic
loading decreased with the increase of the frequency and
amplitude. (rough the above analysis, the idea of simpli-
fying the research of dynamic load can be obtained, thus

improving understanding of the pullout behavior of the
geogrid reinforcement subjected to static and dynamic
loading.

(e reason is that some of the larger particles, especially
near the transverse ribs at the interface, were crushed under
dynamic loading of different frequencies due to the normal
dynamic load from the lower limit value to the upper limit
value in a short time, thus reducing the passive bearing
capacity of the transverse rib on the coarse sand. Hence, the
pullout curve of dynamic loading is close to the pullout curve
of static load corresponding to the lower limit of dynamic
load amplitude. At the same time, with the increase of the
frequency, the density of the infill material in the test box
increases, and the influence of frequency in dynamic loading
is gradually weakened. Specifically, the effect of dynamic
loading on the soil-geogrid interface gradually tends to that
of static loading corresponding to the balance position of the
dynamic loading.

5. Conclusions

(is paper presents a series of experimental investigations
on HDPE uniaxial geogrid under static and dynamic loading
by using the new pullout apparatus.(e variation laws of the
friction characteristics and the shear strength parameters of
the soil-geogrid interface with the magnitude of normal
static loading, frequency and amplitude of dynamic loading,
and the idea of simplifying research on dynamic loading
were analysed by comparing the experimental results ob-
tained from laboratory pullout tests. (e following con-
clusions were obtained.

(e pullout resistance presented three growth modes
with the increase of the normal loads, while the influence
of normal loading on pullout resistance was gradually
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Figure 13: Effect of frequency and loading condition on the pullout resistance: (a) σ � 60∼80 kPa; (b) σ � 60∼100 kPa.
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weakened. A critical normal load was developed to
provide a reference for the selection of reinforcement
placed at different depths, benefiting to make full use of
the material. (e apparent cohesion force increases with
an increase of the normal static loading, while the ap-
parent friction angle decreases instead.

(e normal static loading, the amplitude, and frequency
of normal dynamic load had significant influences on the
friction characteristics of soil-geogrid interface under
60–80 kPa, and the increment of the pullout resistance was
1.65 kN, 0.6 kN, and 0.3 kN, respectively. Hence, the influ-
ence of normal static loading is greater than that of the
amplitude and frequency of the normal dynamic loading.

(e effect of dynamic loading on the soil-geogrid in-
terface tends to the action of the static loading corre-
sponding to the balance position of dynamic loading with
the increase of frequency of dynamic loading. (is study is
helpful to simplify the study of the stress state of the re-
inforcement under dynamic loading in the design and
stability analysis of the reinforced soil structure, avoiding the
failure of the structure.

In this paper, the sine wave was used to simulate the
dynamic load, which had some limitations in reflecting the
traffic load.(erefore, we will study the influence of complex
dynamic loads on the soil-geogrid interface in the follow-up
work.
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