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Geosynthetics-reinforced soil (GRS) structures have been widely used for the prevention of geological hazards. As a recently
introduced product, the triaxial geogrid has been confirmed to provide improved performance due to the more stable grid
structure. *is paper presents an evaluation of the mechanical behavior based on a series of laboratory tests. *e unconfined
tensile strength of biaxial geogrid and triaxial geogrid in different loading directions relative to the orientation of ribs was
investigated. *en, more than 8 pullout tests were conducted on the triaxial geogrid specimens embedded in the compacted sand.
*e internal displacements along the geogrid length were monitored. *e results show that the triaxial geogrid has been shown to
provide nearly uniform tensile strength in all loading directions as compared with the biaxial geogrid. *e triaxial geogrid
deformation is mainly characterized by rib bending and nodal distortion along with an inward squeeze perpendicular to the
pullout direction. *e interface friction between the soil and the geogrid develops in a progressive mode, and an elasto-plastic-
softening characteristic is detected experimentally due to the extensibility of geogrid.

1. Introduction

Geosynthetic-reinforced soil (GRS) structures are widely
constructed on account of their economic advantages,
successful performance, and environmentally friendly. For
the prevention of geological hazards, such as landslides
induced by the rainfall, as one kind of effective retaining
structure, GRS structures have been widely used to repair the
excavated mountains in recent years. However, it is worth
noting that the performance of GRS structures is largely
governed by the interface behavior between the geo-
synthetics and the backfill soil [1, 2]. *e interaction de-
veloped along the soil-geosynthetic interface is very complex
due to the effect of the physical and mechanical properties of
the soil and geosynthetics, as well as the loading conditions
[3]. For extensible reinforcements, tensile deformation,
along with the load transfer from unstable portions to the

stable zones, will increase the complexity of the analysis of
interaction mechanism [1].

Uniaxial and biaxial geogrids are two common types of
geogrids which have been used successfully worldwide for
soil reinforcement, including reinforced slopes, retaining
walls, and embankments using uniaxial geogrids and
pavements using biaxial geogrids. Significantly improved
performance of GRS structures was investigated and con-
firmed through laboratory tests and field applications [4].
However, the uniaxial geogrid is only suitable for the GRS
structures of which the unanticipated failure is only possible
to occur in the predictable direction. As for biaxial geogrids,
if subjected to tension in different direction apart from the
longitudinal and transverse direction, especially in the 45°
loading direction, large reduction of tensile strength should
also be taken into account. Considering the limitation of
uniaxial and biaxial geogrids, a recently introduced geogrid
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product with triangular apertures (i.e., triaxial geogrid) has
been manufactured to settle this deficiency, as shown in
Figure 1.

*e geometrical characteristic of triaxial geogrid is ob-
viously different and more complicated compared with
uniaxial and biaxial geogrids. *e triaxial geogrid has also
been confirmed experimentally and numerically to provide
improved performance over the biaxial geogrid in some
aspects due to the more stable grid structure which can
provide nearly uniform properties in all directions [5–9].
*e tensile strength and stiffness of the triaxial geogrid were
relatively uniform at all the loading directions even though
those at the 45° loading were slightly lower [5]. More uni-
form stress and strain distributions among the ribs were also
obtained. Meanwhile, when used to improve soft subgrade
and reinforce weak base courses, triaxial geogrids had sig-
nificantly reduced the maximum vertical stress on the
subgrade and resulted in a more uniform stress distribution
[6]. As the finite element method and finite difference
method cannot provide full insight into the complex in-
teraction between the granular soil or ballast and the triaxial
geogrid, the discrete element method had also been used to
provide much needed micromechanical investigation and
more detailed working mechanism has been uncovered [7].
A series of laboratory pullout tests were conducted on tri-
axial geogrid specimens considering the effect of two kinds
of pullout directions [8, 9].*e interaction of triaxial geogrid
could be better enhanced with the increase of vertical stress
compared with that of biaxial geogrid.

Nevertheless, due to the relatively recent introduction of
this product, the interface behavior between the triaxial
geogrid and compacted soil has not been well tested and
evaluated, and most of the existing research studies are also
only carried out by numerical simulation [5, 7]. Pullout tests
are commonly employed to address the problems associated
with soil-geosynthetic interaction, to characterize the stress
transfer mechanisms, and to obtain the interface strength
parameters which are of utmost importance for the design
and construction of reinforced soil structures [10–14].

*is paper presents an evaluation of the mechanical
behavior based on the results of a series of tensile strength
tests and pullout tests. *e unconfined tensile strength of
biaxial geogrid and triaxial geogrid in different loading
directions relative to the orientation of ribs was investigated
by the tensile strength test. *en, more than 8 pullout tests
had been conducted at constant displacement rate on the
triaxial geogrid specimens embedded in the compacted sand
by varying the applied normal stresses.*e pullout response,
including pullout resistance and displacements monitored
along the geogrid length, was analyzed based on the ex-
perimental data. Special attention was also paid to the in-
terface behavior.

2. Experimental Program

2.1. Tensile StrengthTests. *e unconfined tensile strength of
biaxial/triaxial geogrids in different loading directions rel-
ative to the orientation of ribs was investigated by the tensile
strength test. In this study, the biaxial geogrid (SS20) and

triaxial geogrid (TX160) were selected for comparison. Since
the test speed has obvious influence on the tensile response
of the geogrid [12], six specimens of 200mm long and
200mm wide in each direction for both the SS20 and TX160
were tested at the same displacement rate as the pullout test
which was 1mm/min.

Figure 2 shows the comparison of ultimate tensile
strength in different loading directions. Good consistency is
observed for the ultimate tensile strength both in the 0° and
90° loading directions. However, much higher ultimate
tensile strengths of the TX160 are recorded in other loading
directions, especially in the 45° loading direction, in the
direction of which the SS20 is weakest. *is was also
demonstrated by the numerical analysis performed by Dong
et al. [5]. It is clear that the TX160 has been shown to provide
nearly uniform tensile strength in all loading directions as
compared with the SS20. *erefore, the TX160 is more
effective and efficient to carry uniaxial tension form different
directions than SS20. Apart from this, the triaxial geogrid
has also been shown to provide improved performance
involving bearing capacity and dynamic stress relief of
geogrid-reinforced platform or subgrade, as compared with
the biaxial geogrid [15, 16].

2.2. Pullout Device. Figure 3 shows a view of the pullout
device used in this investigation. *e pullout device was
composed of test box, a normal stress application system, a
pullout load actuator device, a clamping system, and all the
supporting load cells and displacement transducers. *e
dimensions of both the upper and below test box were
600mm long, 300mm wide, and 150mm high. A steel
loading frame connected with two steel rods to the hydraulic
actuator was used to apply the normal stress. *e pullout
load was also applied using the hydraulic actuator which
allowed for a pullout test speed varying from 0.02 to 3mm/
min. For the testing program conducted in this study, a
constant displacement rate of 1mm/min was adopted, as
was also the case in some literature stuides [10]. *e loading
system was capable to apply a normal load and a tensile force
both up to 100 kN to a geosynthetic specimen embedded in
compacted soil. Load cells and displacement transducers
allowed for the measurements of normal stress (σn) applied
on the sample, normal displacement of the loading plate,
pullout force (P), and pullout displacement throughout the
test.

2.3. Materials. Figure 4 presents part of the properties of
experimental materials used in this study. Standard sand
suitable for sand filling method was used in the pullout test
for the preparation of samples, whose mainly properties are
summarized in Table 1.*e particle size distribution curve of
the standard sand is shown in Figure 4(a). *is was a rel-
atively uniform sand (Cu � 1.92 and Cc � 1.4) with particle
diameters varying between 0.1 and 0.8mm. A maximum dry
density of 1.646 g/cm3 was obtained through standard
Proctor compaction tests with a minimum void ratio of
0.994. *e triaxial geogrid made of polypropylene was used
in this study. It is well known that the test speed has a
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significant influence on the tensile response of the geogrid.
*erefore, six triaxial geogrid specimens which were
160mm long and 240mm wide had been tested employing
unconfined tensile tests performed at the same displacement
rate as the pullout tests which was 1mm/min.*ree kinds of
tensile directions of the triaxial geogrid, including 0°, 60°,
and 90°, are defined, as illustrated in Figure 4(b). In this
study, both of the tensile test and pullout test were only

performed in 0° direction. *e physical and mechanical
properties of triaxial geogrid are listed in Table 2.

2.4. Test Procedure. Pullout tests were conducted using
195mm× 225mm geogrid specimens as per Test Methods of
Geosynthetics for Highway Engineering in China. Normal
stresses of 10, 20, 30, and 40 kPa were applied throughout the
pullout tests for evaluating the effects of confinement. *e
sand filled in the test box both below and upper the geogrid
were compacted to the target degree of compaction in layers
using a manual hammer.*e initial relative density and void
ratio of the soil samples after preparation were equal to 90%
and 0.648, respectively. A constant stress rate of 0.5 kPa/s
was adopted to apply the normal stress until the target stress
level was reached. *en, the normal stress should be
maintained at least for three minutes before the pretension
force of 0.2 kN was applied aiming at achieving the close
contact of each part. In this study, all the tests and mea-
surements had been performed until tensile failure of the
geogrid or a total pullout displacement of 20mm was
achieved. Table 3 summarizes the scope of the pullout testing
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Figure 2: Comparison of ultimate tensile strength in different loading directions. (a) Biaxial geogrid (SS20). (b) Triaxial geogrid (TX160).
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Figure 3: View of pullout test device used in this study.
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Figure 1: *ree kinds of geogrids. (a) Uniaxial geogrid. (b) Biaxial geogrid. (c) Triaxial geogrid.
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program. In order to ensure the repeatability and reliability
of the pullout tests results, the pullout tests under each stress
level were performed at least two times.

As the deformation or strain of the geogrid specimens
embedded in the compacted sand is not easy to be
measured directly, the indirect measuring method was
put forward. In this study, four linear variable dis-
placement transformers (LVDTs) connected to points #1,
#2-1, #2-2, and #3-1 and three dial gages connected to
points #3-2, #3-3, and #4 using inextensible and smooth
steel wires were adopted to monitor and record the in-
ternal displacements along the geogrid specimen. Spe-
cifically, displacements of the geogrid specimen were
monitored at four sections, which were 39, 107, 185, and
224mm from the clamp in turn, as shown in Figure 5(a).

Afterwards, the elongation of the geogrid specimen be-
tween two sections could be calculated. All the mea-
surements were automatically collected and digitally
recorded on a portable computer at defined constant time
intervals.

3. Test Results and Analysis

3.1.GeometryDeformationCharacteristic. Figure 5(b) shows
the geometry deformation after pullout test performed on
the geogrid specimens under the normal stress of 10 kPa and
30 kPa, respectively. An increasing normal stress had led to
the significantly increased geometry deformation, which
were mainly characterized by rib bending and nodal dis-
tortion. Analysis suggested that an inward squeeze
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Figure 4: Experimental material properties. (a) Particle size distribution curve of standard sand. (b) Tensile strength of the triaxial geogrid in
0° direction.

Table 1: Physical properties of standard sand.

d60 (mm) d30 (mm) d10 (mm) Cu Cc emax emin ρmax (g/cm3) ρmin (g/cm3)
0.48 0.41 0.25 1.92 1.40 0.610 0.994 1.646 1.329
Note: d60 � limiting size; d30 �median size; d10 � effective size; Cu � coefficient of uniformity; Cc � coefficient of curvature; emax �maximum void ratio;
emin �minimum void ratio; ρmax �maximum dry density; ρmin �minimum dry density.

Table 2: Physical and mechanical properties of the triaxial geogrid.

Tensile direction Aperture size (mm) Specimen size
(length×width)/mm Ultimate tensile strength (kN/m) Ultimate elongation (%)

Tensile
modulus
(kN/m)
2% 5%

0° 45 160× 240 28.7 11.6 232.0 192.0

Table 3: Testing program.

Pullout
direction

Loading speed
(mm/min)

Normal stress
(kPa)

Degree of
compaction (%)

Specimen size
(length×width)/mm

Longitudinal spacing of
measuring sections (mm)

0° 1 10/20/30/40 90 195× 225 78/39
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perpendicular to the pullout direction of the geogrid
specimens was very obvious during the pullout test, thus
leading to rib bending and nodal distortion along the two
sides of the geogrid specimens. A triangular area with rel-
ative slight deformation is also marked in Figure 5(b).

3.2. Pullout Resistance. *e pullout resistance is usually
evaluated in terms of pullout force-displacement curves,
from which the peak pullout resistance PR, corresponding to
the maximum value of pullout force, and the residual pullout
resistance PRR, corresponding to the ultimate value of
pullout force, are easy to be obtained. Figure 6(a) illustrates
the pullout force-displacement curves measured at the
clamp under different normal stresses. Pullout force was
seen increasing with increase in pullout displacement at the
initial phase, followed by a strain-softening behavior with a
progressive decrease of pullout force after the peak value. In
these tests, the decrease of pullout force was also possible
attributed to the decrement of shear area due to part of the
specimen, previously embedded into the soil, leaving the soil
as the clamp was not inserted into the soil. It was evident that
the pullout behavior was strongly influenced by the applied
normal stress. *e increase of normal stress had led to
increasing pullout force, increased initial stiffness, and in-
creased strain-softening of the pullout force after the peak
value. A larger pullout displacement corresponding to the
peak pullout force was expected as the increase of normal
stress. It should be noted that the pullout displacement at
which the peak pullout force was obtained increased ap-
proximately linearly with the normal stress, as shown in
Figure 6(b).

3.3. Displacement Behavior. For the extensible geogrid, the
interface friction between the geogrid and the soil usually
developed in a progressive mode, leading to a nonuniform

distribution pattern along the geogrid length. In this con-
dition, the pullout displacement was composed of the
geogrid tensile deformation and the translation motion at
the free end of the specimen. Analysis of the displacement
along geogrid length could provide a valuable insight into
the developing mechanism of interface friction.

Figure 7 shows the displacement of measuring sections
along the geogrid length versus pullout displacement of the
clamp.*e results show that the displacements of measuring
sections were highly dependent on the free part of the
specimen between the clamp and the soil boundary (section
1) and the applied normal stress. As the increase of normal
stress, the displacement of section 1 fell behind that of the
clamp significantly due to the influence of free part of the
specimen. *e difference between two measuring sections
reflected the extension of the geogrid between these two
sections. *e maximum displacement occurred at section 1
and decreased towards the back of the geogrid following a
nonlinear trend which indicated the effect of geogrid ex-
tensibility. An increasing difference of the displacement
between sections 1 and 2 was significantly observed as the
increase of normal stress. *e difference of displacement
between sections 3 and 4 was not obvious.*us, the interface
friction of triaxial geogrid developed in a progressive mode.

3.4. Interface Behavior and Parameters. Figure 8 shows the
applied pullout force as a function of internal section dis-
placements along the geogrid length during the pullout tests.
*e pattern of the pullout force versus the displacements,
measured at different sections shown that an approximate
rigid-plastic behavior was observed for sections 3 and 4 which
were close to the free end of the specimen under each normal
stress level, while an approximate elasto-plastic-softening
characteristic was observed for sections 1 and 2 that were close
to the clamp as the increase of normal stress. *is was mainly
attributed to the effect of geogrid extensibility.
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*e interface behavior between geogrid and soil was
commonly described and evaluated in terms of interface
strength parameters (c, φ) and interface apparent coefficient
of friction (μP, μR). If the interface friction distribution was
assumed to be uniform, the peak interface shear stress and
residual interface shear stress were found to be directly
proportional to normal stress, with the correlation coeffi-
cient up to 0.9965 and 0.9994, as shown in Figure 9(a), in
spite of the complex stress transfer mechanisms that took
place during pullout test.*e residual interface cohesion was
1.78 kPa, smaller than the peak interface cohesion of 6.1 kPa,
while the residual angle of friction, which was 49.02°, was
larger than the peak angle of friction of 47.78°.*is evolution
of interface parameters is attributed to the geometry de-
formation of the geogrid specimens, especially the out-of-
plane bending. Figure 9(b) shows both the peak and residual
apparent coefficient of friction as function of the normal

stress. *e peak and residual apparent coefficient of friction
can be evaluated by means of the following expressions:

μP �
τP
σn

,

μR �
τR
σn

.

(1)

where τP is the peak interface shear stress and τR is the
residual interface shear stress.

Both of the residual apparent coefficient of friction, μR,
and the peak apparent coefficient of friction, μP, decreased
with the increase in normal stress, as shown in Figure 9(b).
*is could be mainly attributed to a greater dilative response
of the dense sand under low stresses [2]. μR was also expected
to be smaller than μP due to the effect of strain-softening, as
shown in Figure 6(a).
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4. Conclusions

A series of unconfined tensile strength tests and pullout tests
have been conducted to evaluate the mechanical and in-
terface behavior of triaxial geogrid used for GRS structures.
By using the inextensible and smooth steel wires, these
laboratory experiments has provide an effective method to
investigate the deformation and complex interlocking be-
tween the triaxial geogrid and compacted sand under dif-
ferent normal stresses. *e main conclusions obtained are
summarized as follows:

(1) *e triaxial geogrid has been shown to provide
nearly uniform tensile strength in all loading di-
rections as compared with the biaxial geogrid. *is
advantage can contribute to the usage of triaxial
geogrid in the GRS structures of which the unan-
ticipated failure is possible in random directions.

(2) *e geometry deformation of the geogrid specimen
after pullout test was mainly characterized by rib
bending and nodal distortion. An inward squeeze
perpendicular to the pullout direction of the geogrid
specimen was obviously observed during the pullout
test. *e pullout resistance was strongly influenced
by the applied normal stress. In order to obtain more
accurate test results, a sleeve inserting into the soil
was recommended to avoid the shear area decrement
of the geogrid specimen during the pullout tests.

(3) *e interface friction of triaxial geogrid developed in
a progressive mode and an elasto-plastic-softening
characteristic for interface behavior was detected due
to the extensibility of geogrid. Although the residual
interface cohesion was smaller than the peak in-
terface cohesion, the residual angle of friction was
larger than the peak angle of friction. *is evolution
is beneficial to the stability or mitigation of interface
displacement of GRS structures, especially in the

condition of the occurrence of large deformation
occurred.
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