Soil–Geogrid Interaction at Various Influencing Factors
by Pullout Tests with Applications of FBG Sensors
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Abstract: The behavior of soil–geogrid interaction is a dominant factor in the long-term performance of geogrid-reinforced earth structures.
This study investigates the interaction of sandy soil and the embedded geogrid by pullout tests with the application of a novel testing method
using fiber Bragg grating (FBG) sensors. Three influencing parameters are considered: dry density of soil, initial normal stress, and fixing
condition of the pullout back end. A displacement-controlled mode is used for the normal stress, and the pullout load is applied at a constant
loading rate. The results indicate that for the case with a free back end, the peak shear stress mobilizes from the front face toward the back end
with the elongation of the geogrid during the pullout process, before the entire slippage of the geogrid. With higher dry density or higher
initial normal stress, the mobilization of the peak shear stress transmits more slowly and the distribution area of shear stress along the geogrid
is accordingly narrower due to the corresponding higher resistance by the soil particles. However, the values of the peak shear stress in these
two cases are still higher than in cases with lower dry density or lower initial normal stress. By contrast, a different distribution mode of shear
stress along the soil–geogrid interface is identified for geogrid with a fixed back end, with maximum shear stress developing near the front
face for all pullout displacements. DOI: 10.1061/(ASCE)MT.1943-5533.0002537. © 2018 American Society of Civil Engineers.
Author keywords: Soil–geogrid interaction; Fiber Bragg grating (FBG); Pullout test; Dry density; Fixing condition.

Introduction
As an effective reinforcing inclusion layer embedded in soil, geogrid has been extensively used to deal with geotechnical problems
in practice, such as in the field of slopes, embankments, retaining
walls, and some other earth structures (Leshchinsky et al. 2010;
Al-Qadi et al. 2012; Han et al. 2012; Chen et al. 2013, 2014b,
2016; Qian et al. 2013; Abdesssemed et al. 2015; Zhao et al.
2016; Sun et al. 2017a; Wang et al. 2018a, b). During the service
life of these structures, the soil–geogrid interaction plays a key role
in the reinforcing behaviors. Therefore, assessing the soil–geogrid
interaction is of paramount importance to maintain the long-term
performance of the reinforced structures.
The behavior of soil–geogrid interaction is complex, with
various influencing factors, such as normal stress (overburden
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pressure), soil properties, stiffness of the front face, geogrid stiffness, number of transverse and longitudinal members, loading
rate, and so on (Lopes and Ladeira 1996; Sugimoto et al. 2001;
Sugimoto and Alagiyawanna 2003; Moraci and Recalcati 2006;
Teixeira et al. 2007; Zhang et al. 2007; Liu et al. 2009; Palmeira
2009; Zhang and Yasufuku 2009; Abu-Farsakh et al. 2012;
Arulrajah et al. 2014). In general, the failure of geogrid can be categorized into two cases under pullout conditions: pullout failure,
with significant overall slippage in the soil; and tensile failure,
probably with anchorage at the back end. To date, the soil–geogrid
interaction related to the pullout failure has been widely studied,
whereas fewer investigations of the tensile failure with fixed back
end have been reported (Palmeira 2009; Wang et al. 2014). Moreover, the comparison of these two cases is still scarce. With regard
to the effect of the dry density of soil, the pullout behavior of geogrid was studied by Lopes and Ladeira (1996), Zhang et al. (2007),
and Zhang and Yasufuku (2009). Nevertheless, the behavior of
soil–geogrid interaction has not been fully addressed, and this issue
still needs to be clarified.
In terms of the evaluation methods of soil–geogrid interaction,
both the finite-element method (FEM) and the discrete-element
method (DEM) are widely applied (Sugimoto and Alagiyawanna
2003; McDowell et al. 2006; Ferellec and McDowell 2012; Chen
et al. 2014a; Wang et al. 2014). On the other hand, experimental
approaches, such as pullout tests, are also commonly considered to
investigate this behavior. To estimate the deformation of geogrid
during the pullout tests, nonextensible steel wire is generally used
to connect a specific location of the geogrid with the other end,
integrated with a corresponding LVDT sensor or dial gauge outside
the pullout box (Wilson-Fahmy et al. 1994, 1995; Sugimoto et al.
2001; Sugimoto and Alagiyawanna 2003; Moraci and Recalcati
2006; Teixeira et al. 2007; Ferreira and Zornberg 2015). Although
this method provides reasonable testing results according to these
studies, the estimations using this method are indirect and complicated, and require calculating several equations. In addition,
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Fig. 2. Pullout testing apparatus. (Image by Yan-Wei Wang.)

consisted of two pullout boxes, two clamps, a loading plate, a vertical actuator, a horizontal actuator, and a servo loading system.
The upper box and lower box were made of 10-mm-thick steel,
with inner dimensions of 600 × 300 × 150 mm (length × width ×
height) for each box. During the pullout test, the two boxes were
fixed to each other, leaving two openings 300 mm wide and 10 mm
high at the front and back faces for the installation of the geogrid.
Two plane clamps were provided. The clamp at the front face was
fixed to the geogrid in all tests, whereas the fixing condition between the geogrid and the clamp at the back face defined the
two tests: a free-end test with no fixing, and a fixed-end test with
fixing. The front clamp was connected to a horizontal actuator to
apply the pullout load. After the sample preparation in the pullout
box, a loading plate was lowered to contact the leveled surface of the
sample to ensure the homogeneity of the normal stress applied by
the vertical actuator. For this apparatus, both the horizontal and vertical actuators were controlled by the servo loading system. Both
actuators were integrated with a force sensor (range 50 kN; accuracy
0.1% full scale) and LVDT (linear variable differential transducer;
range 300 mm; accuracy 0.04 mm) to monitor the force and
displacement, respectively, in pullout and normal stress directions.

Testing Setup and Materials
Geogrid and Fiber Bragg Grating Sensor

Pullout Testing Apparatus
The schematic view and a photograph of the pullout testing apparatus are shown in Figs. 1 and 2, respectively. The apparatus mainly
Vertical actuator

Loading plate

Pullout direction

150 mm

Servo loading system
Clamp

Geogrid
Horizontal actuator

Two fixing
conditions

Upper box

Table 1. Properties of geogrid

Whole geogrid

Sand
Lower box

Base

600 mm

(a)
Front face

This study used a commonly used uniaxial geogrid made of polypropylene (PP). Table 1 lists the properties of this material. For a
single span of the geogrid, the length of the longitudinal rib was
500 mm and the interval between two adjacent longitudinal ribs
was 20 mm. Because of the width of the pullout box (300 mm),

Geogrid part

150 mm
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the testing setup is also complex and costly, with several LVDT
sensors in addition to the pullout box.
A newly developed testing technology based on the theory of
light propagation, strain-sensitive fiber Bragg gratings (FBG) have
been used as sensing elements in optical fiber sensors in recent decades. As the light travels, the reflected wavelength—namely the
Bragg wavelength (in a narrow band)—of the FBG sensor is used
to estimate the strain in a structure. Under external loading or temperature variation, deformation or strain may develop in structures.
Accordingly, the Bragg wavelength of the integrated FBG sensors
changes in the reflected wavelength spectrum, which can be recorded by the optical interrogator. Using the precalibrated relationship between the strain of the specific structure and the wavelength
shift of the FBG sensor, the corresponding strain can be estimated.
Compared with conventional electrical sensors, FBG sensors have
advantages of high sensitivity, high resolution, fast response, and
immunity to electrical and electromagnetic signals (Nichols et al.
2007; Mihailov 2012; Mamidi et al. 2014; Hussaini et al. 2015;
Chen et al. 2016). To date, the testing method with FBG sensors
has been used in several geotechnical areas (Lee et al. 2004;
Ho et al. 2006; Hussaini et al. 2015; Wang et al. 2015; Chen
et al. 2016; Hong et al. 2016; Sun et al. 2017b). However, the reliability of the application of FBG sensors to evaluate the soil–
geogrid interaction in pullout tests remains unknown.
This study conducted pullout tests on geogrid embedded in
sandy soil, with various dry densities of soil, initial normal stresses,
and fixing conditions at the back end. The normal stress was applied in a displacement-controlled mode and the pullout process
was performed under a constant loading speed. FBG sensors were
first calibrated and then were integrated at different locations of the
geogrid to investigate the strain behavior. During the tests, pullout
force, pullout displacement, normal stress, and wavelength shift of
the FBG sensors were monitored. The effects of the three aforementioned influencing factors on the soil–geogrid interaction
behavior are analyzed and discussed.

FBG sensor

Longitudinal rib
Back face

Clamp
Geogrid
Unit: mm

20

60 60 60 60 60 60 60 60 60

40

(b)
Transverse rib

Fig. 1. Schematic view of pullout testing apparatus: (a) cross section;
and (b) FBG sensors on the geogrid (four tests).
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Parameter
Ultimate longitudinal tensile
strength, T u
Longitudinal strain at T u
Geogrid solid area/total area
Stiffness at strain of 2%
Length
Width
Thickness
Interval between two adjacent
longitudinal ribs
Number of longitudinal ribs
(in this study)
Length (in this study)
Width
Thickness

Value
130.6 kN=m
8.22%
22.6%
2,459.5 kN=m
500 mm
4.2 mm
1.6 mm
20 mm
15
280 mm
20 mm
5.6 mm
J. Mater. Civ. Eng.

0.7

Tr ¼

Measured strain (%)

0.6

0.4
0.3
0.2
0.1

τi ¼
1

2

3

4

5

Wavelength shift of FBG sensor (nm)

T ri−1 − T ri
Δs

ð2Þ

where T ri−1 and T ri = tensile forces measured at the front and back
end of the ith segment, respectively; and Δs = distance between the
FBG sensors.

Fig. 3. Calibration of FBG sensor.

geogrids with an overall width of 280 mm were chosen for the tests.
In other words, the examined geogrids contained 15 longitudinal
ribs. Considering the length of the pullout box (600 mm), geogrids
with two spans (three transverse ribs with total length equaling
1,000 mm) were selected. During the sample preparation, the
middle transverse rib was located in the middle of the pullout
box (300 mm from the front face) in all tests.
In four tests, fiber Bragg grating sensors were integrated in the
middle longitudinal rib of the geogrid. The distribution of the FBG
sensors is shown in Fig. 1(b). For one FBG sensor, an optical fiber
was used, composed of a core, a cladding, and a coating. The core
was a cylindrical rod of dielectric material with 8–10 μm diameter,
allowing long-range transmission of light. The cladding was used to
wrap the core to ensure proper light propagation through the core
without the interference of the surrounding environment. To protect
the fiber from being damaged by environmental agents, the cladding
was covered with a coating made of acrylate. The Bragg grating was
photoetched inside the core of an optical fiber along a short section
(<10 mm) by exposure to an ultraviolet interference pattern. This
grating structure is also known as the periodic demodulation of the
refractive index of optical fiber core. During testing, the FBG sensors were connected to a data acquisition system (MOI sm130,
produced by Micron Optics, Atlanta, Georgia). Using this grating
structure, the Bragg wavelength can be determined by the reflection
signal of light with a narrow band. In this study, the testing Bragg
wavelength of this sensor ranged from 1,510 to 1,590 nm and the
testing error remained within 0.2 nm. Under structure deformation or temperature change, the Bragg wavelength shifts due to
the expansion or contraction of the Bragg grating. In this way,
the strain information can be obtained using the wavelength shift.
To integrate the FBG sensor into the geogrid rib, the surface of the
rib was first ground with sandpaper and washed with water cotton to
ensure full contact between the FBG sensor and the geogrid rib.
Then the FBG sensor was fixed on the geogrid rib with epoxy
and waterproof tape. Before the pullout tests, the FBG sensor attached to this geogrid was calibrated using a universal testing
machine at a constant temperature condition. The strain of the geogrid and the wavelength shift of the FBG sensor were measured by an
electrical strain gauge and the FBG sensor mounted on the surface of
the longitudinal rib, respectively (Chen et al. 2016). The testing results are presented in Fig. 3. A proper linear relationship was
presented between the measured strain of the geogrid and the wavelength shift data measured by the FBG sensor. Hence, the calibration
result in Fig. 3 was also used to calculate the axial strain of the
geogrid ε in the pullout tests. Then the tensile force per unit width
of the geogrid T r was determined using the following equation:

Testing Soil
Sand from a filling site in Hangzhou, China was used in all tests.
This sand is commonly applied as the protective cushion for the
geogrid layer in the geosynthetic-reinforced pile-supported embankment of this region (Chen et al. 2016; Wang et al. 2018a, b).
The grain-size distribution curve is shown in Fig. 4. The coefficient
of uniformity Cu and coefficient of curvature Cc were determined
as 2.83 and 0.77, respectively. According to ASTM (2017), the testing sand is classified as poorly graded sand (SP), which is also
widely used as standard model soils for investigating soil–interface
problems in the literature (Kang et al. 2012).

Testing Procedures
This study investigated the effects of dry density of soil ρd , initial
normal stress σn0 , and fixing condition of the back end. Table 2 lists
the experimental details. During the sample preparation, the water
content of the sand was controlled at 4.0% (natural water content)
for all tests. The sand was oven-dried, and water was added and
mixed with the dry sand to obtain the target water content. After
mixing, the wet sand was stored in a hermetic container for 24 h
for moisture homogenization. Then the mass of the wet sand was
calculated based on the target dry density, water content, and the
volume of the pullout testing apparatus.
Before putting sand into the pullout box, the inner walls of
the pullout box were lubricated with grease to reduce friction
along these boundaries. The soil samples were prepared using
the following compaction method, which was also used in several
studies to assure the relatively uniform sample with predetermined

100

Percent passing (%)

0
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ð1Þ

where F = tensile force across the width of the geogrid; J = stiffness
parameter [2,459.5 kN=m (Table 1)], which is defined as the force
needed to cause a unit axial strain (longitudinal) in the geogrid for a
unit width (ASTM 2015); and W = width of the testing geogrid in the
pullout tests (0.28 m in this study).
With the tensile forces measured by the adjacent FBG sensors,
the mean shear stress τ i along the ith segment was estimated as

0.5

0.0
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F JεW
¼
¼ Jε
W
W

80
60
40
20
0
0.01

0.1

1

10

Grain size (mm)

Fig. 4. Grain-size distribution of sand.
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Table 2. Experimental details
Variables
Dry density of soil

Initial normal stress

ρd (g=cm3 )

σn0 (kPa)

Back-end fixing

With FBG sensor

1
2
3
4
5
6
3
7
6
8
3
9

1.51
1.57
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68

80
80
80
3
20
50
80
200
50
50
80
80

Free
Free
Free
Free
Free
Free
Free
Free
Free
Fixed
Free
Fixed

No
Yes
Yes
No
No
Yes
Yes
No
Yes
No
Yes
Yes

Note: ρd and σn0 represent dry density of soil and initial normal stress, respectively.

Pullout Force and Normal Stress
Fig. 5 shows the variation of pullout force with the pullout displacement for different dry densities. On the whole, the pullout force
increased rapidly in the beginning and tended to become stable
as the pullout displacement continued to increase. For a given
pullout displacement, the pullout force at higher dry density was
higher, which agrees with the discrete-element method investigations conducted by Zhang et al. (2007) and the experimental studies
carried out by Zhang and Yasufuku (2009).
The variation of normal stress with pullout displacement is plotted in Fig. 6. Because a displacement-controlled loading mode was
applied for the normal stress, this value may change during the
100

ρ =1.51 g/cm 3
d

Pullout force (kN/m)

dry density (Indraratna et al. 1993; Trinh et al. 2012; Wang et al.
2017, 2018c, d). First, sand with a specific mass was placed into the
lower box homogeneously in three layers with a thickness of
50 mm for each layer. A metal tamp (rectangular bottom 220 ×
220 mm and a total weight of 16 kg, with compaction energy provided by a vibration pump) was used to compact the sample to
achieve the desired thickness corresponding to the expected dry
density. After the sand sample was placed in the lower box, a geogrid 1,000 mm long and 280 mm wide was set on the top of the
leveled surface. The front end was connected to the plane clamp by
tightening seven bolts (Figs. 1 and 2); the fixing condition of the
back end depended on the testing condition (Table 2). To ensure the
tightness between the clamp and front end of the geogrid, two
pieces of geotextiles were set between them. In this way, an even
force was applied across the geogrid width through the clamp. In
four tests, FBG sensors were integrated with the geogrid [Fig. 1(b)
and Table 2]. Then the upper box was installed and fixed to the
lower box. Like the sample preparation in the lower box, sand with
a predetermined mass was also placed in three layers and tamped to
the target dry density in the upper box.
For the loading process, the loading plate was lowered to be in
contact with the leveled surface of the sand sample and the normal
stress was applied through the vertical actuator. This study used the
displacement-controlled loading mode for the normal stress to directly investigate the dilative behaviors of soil, with the loading
plate controlled at a constant location during the loading process.
Due to the dilatancy of soil, biased improvement of soil might develop during the pullout process. Because the same loading method
was applied for the normal stress, the improvement effect was not
considered in the following analysis. After the application of normal stress, the geogrid was pulled out by the horizontal actuator at a
constant rate of 1 mm=min, which is commonly used in the pullout
tests (Huang and Bathurst 2009). The tests terminated when the
maximum pullout displacement (100 mm) or the peak pullout force
was reached.

d

60

ρd =1.68 g/cm3

40
20

20

40

60

80

100

Pullout displacement (mm)

Fig. 5. Comparison of dry densities: variations of pullout force with
pullout displacement.

120
ρ d =1.51 g/cm3

Effect of Dry Density

© ASCE

ρ =1.57 g/cm 3

0

Results and Discussions

This section demonstrates the testing results including the variations of pullout force, normal stress, tensile force, and shear
stress along soil–geogrid interface for different dry densities in
Tests 1, 2, and 3 (Table 2). The pullout force and tensile force
discussed in this study both indicate the force per unit width
of the geogrid.

80

0

Normal stress (kPa)
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Fixing condition of back end

Test number

110

ρ d =1.57 g/cm3

100
ρd =1.68 g/cm3

90
80
70
0

20

40

60

80

100

Pullout displacement (mm)

Fig. 6. Comparison of dry densities: variations of normal stress with
pullout displacement.
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Tensile Force and Shear Stress
To better understand the effect of soil dry density on the soil–
geogrid interaction behavior, the measured results from the FBG
sensors in Tests 3 and 2 (Table 2) are compared in Fig. 7, which
plots variations of tensile force of the geogrid with the pullout displacement at different locations [Figs. 7(a and b)], and distributions
of tensile force [Figs. 7(c and d)] and shear stress [Figs. 7(e and f)]
along the geogrid length at various pullout displacements. To investigate the stress mobilization at the soil–geogrid interface, the
data for small pullout displacement of less than 5 mm (before entire
slippage of the geogrid) are compared. In Fig. 7, Si and s represent
the distance of the sensor location from the front face of the pullout

Si =20 mm

Si =200 mm

Si =200 mm

Si =260 mm

Si =260 mm

Si =380 mm

Si =380 mm

Si =500 mm

Si =500 mm

Si =560 mm

Si =560 mm

21

21

18

18

Tensile force (kN/m)

Tensile force (kN/m)
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pullout process, induced by the movement of the soil particles. In
the pullout test, both elongation and slippage of the geogrid occur
at the same time (Sugimoto and Alagiyawanna 2003). For lower
dry densities (ρd ¼ 1.51 and 1.57 g=cm3 ), the normal stresses
stayed relatively stable at the initial value, suggesting that slight
soil dilatancy developed during the tests and the overall slippage
of geogrid was dominant without causing significant movement
of the loose sand particles. By contrast, at ρd ¼ 1.68 g=cm3 , the
normal stress increased by about 30 kPa at 100 mm pullout displacement compared with the initial status. For this case, significant
dilatancy of the soil was produced and more noticeable elongation
of the geogrid developed.

15
12
9
6
3

15
12
9
6
3

0

0
1

(a)

2

3

4

s
s
s
s
s
s

18
15
12
9

0

= 0.1 mm
= 0.8 mm
= 1.5 mm
= 2.2 mm
= 2.9 mm
= 3.6 mm

6
3

(c)

4

5

21

100

200

300

400

500

18
s = 0.1 mm
s = 1.5 mm
s = 2.9 mm

15
12

s = 0.8 mm
s = 2.2 mm
s = 3.6 mm

9
6
3

600

0

(d)

Distance from front face (mm)

200

300

400

500

s = 0.8 mm

s = 0.1 mm

s = 0.8 mm

s = 1.5 mm

s = 2.2 mm

s = 1.5 mm

s = 2.2 mm

s = 2.9 mm

s = 3.6 mm

s = 2.9 mm

s = 3.6 mm

75

60

60

45
30
15
100

200

300

400

500

Distance from front face (mm)

600

Distance from front face (mm)

75

0

100

s = 0.1 mm

Shear stress (kPa)

Shear stress (kPa)

3

0
0

(e)

2

Pullout displacement (mm)

0

0

1

(b)

Pullout displacement (mm)
21

Tensile force (kN/m)

5

Tensile force (kN/m)

0

45
30
15
0

600

(f)

0

100

200

300

400

500

600

Distance from front face (mm)

Fig. 7. Comparison of dry densities: (a and b) variations of tensile force with pullout displacement; (c and d) variations of tensile force with distance
from front face; and (e and f) variations of shear stress with distance from front face. (a, c, and e) indicate the Test 3 with 1.68 g/cm3 dry density; and
(b, d, and f) indicate the Test 2 with 1.57 g/cm3 dry density.
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Table 3. Coefficients of determination for fitting curves
s (mm)

Test 2

Test 3

Test 6

Test 9

0.1
0.8
1.5
2.2
2.9
3.6

0.402
0.924
0.868
0.999
0.913
0.930

0.885
0.745
0.431
0.687
0.952
0.930

0.720
0.553
0.610
0.717
0.900
—

0.393
0.736
0.573
0.652
0.848
—

Note: s = pullout displacement.

Effect of Initial Normal Stress
As in the previous section, the effect of initial normal stress on the
variations of pullout force, normal stress, tensile force and shear
stress at the soil–geogrid interface were interpreted in Tests 4, 5,
6, 3, and 7 (Table 2).
Pullout Force and Normal Stress
Fig. 8 plots the variations of pullout force against the pullout displacement for different initial normal stresses. In all cases, the
variation trend of the pullout force was similar to that illustrated
previously: a rapid increase of pullout force with the pullout
σ n0 =3 kPa

σ n0 =20 kPa

σ n0 =50 kPa

σ n0 =80 kPa

σ n0 =200 kPa

Pullout force (kN/m)

100
80
60
40
20
0

0

20

40

60

80

100

Pullout displacement (mm)

Fig. 8. Comparison of initial normal stresses: variations of pullout
force with pullout displacement.

200

Normal stress (kPa)
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box and the pullout displacement, respectively. Because of a technical problem, data from the sensors located at Si ¼ 20–140 mm
were not recorded for the case of 1.57 g=cm3 dry density; the
existing measured data (Fig. 7) for this case could still interpret
the soil–geogrid interaction well.
The tensile force of the geogrid part close to the front
face increased rapidly as the pullout displacement increased
[Figs. 7(a and b)]. As Si increased, the increasing rate of the tensile
force decreased. In particular, the tensile forces changed slightly
when Si ≥ 500 mm (close to the back end) for both cases in this
range of pullout displacement. The tensile force distributions along
the geogrid length are more clearly shown in Figs. 7(c and d). At a
given pullout displacement, the maximum tensile force developed in
the vicinity of the front face. The value of the tensile force decreased
nonlinearly to the back end, showing negligible values of tensile
force when Si ≥ 500 mm. The aforementioned phenomena indicate
that the elongation of the geogrid first developed at the location
near the front face after the prompt application of the pullout displacement. As the pullout displacement increased, the strain of the
elongated part continued to increase until tensile failure, and the
elongation behavior also tended to transmit toward the back end.
On the other hand, the effect of the soil dry density on the tensile
force of the geogrid was distinct [Figs. 7(c and d)]. At a given pullout displacement at locations Si < 500 mm, where the geogrid
started to elongate, the tensile force was higher for the sample with
higher dry density. This suggests that the deformation of geogrid
embedded in the denser sample was more significant, whereas more
localized slippage behavior of the geogrid was identified for the
looser sample.
To investigate the soil–geogrid interaction behavior, the
shear stress along the geogrid length was calculated using
Eq. (2) [Figs. 7(e and f)]. Quadratic polynomial fitting methods
(y ¼ ax2 þ bx þ c) were used to fit the measured data. Table 3 lists
the coefficients of determination R2 , i.e., the square of the Pearson
correlation coefficient between the testing results and the fitting
outcomes (Devore 2011) for the fitting curves. When the pullout
displacement exceeded 2.2 mm, the fitting curves well predicted
the testing results, with R2 values higher than 0.900. For the case
of ρd ¼ 1.68 g=cm3 , a peak shear stress was identified for all cases
[Fig. 7(e)]. This peak point mobilized from the front face toward
the back end as the pullout displacement increased, which indicates
that the elongation was also transmitted to the back end. After this
peak point reached the back end and the entire elongation of the
geogrid was less than the pullout displacement, the overall slippage
occurred. This observation about the mobilization of the shear
stress is consistent with the illustrations by Sugimoto et al. (2001)
and Sugimoto and Alagiyawanna (2003). Furthermore, the peak
shear strength clearly showed in the middle part of the geogrid
when s ≥ 0.8 mm for ρd ¼ 1.68 g=cm3, with the part near the front
face presenting smaller values [Fig. 7(e)]. This might be because in
the vicinity of the front face, as the pullout displacement increases,
more soil particles move with the elongation of this part, and thus
the relative soil–geogrid displacement is smaller, leading to a lower
shear stress. To better clarify the issue about the micromechanism
of relative soil–geogrid displacement, more studies are needed.
Compared with the case of higher dry density, the shear stress at
the soil–geogrid interface had lower values for the looser samples
at a given pullout displacement [Fig. 7(f)]. Furthermore, due to less
resistance of the soil particles, the location of the peak shear stress
for the looser sample was closer to the back end than in the case
with denser soil. This in turn led to less movement or rearrangement
of the sand particles during the pullout process for the looser sample. As a result, less or even negligible soil dilatancy occurred in
these samples, corresponding well with the observations in Fig. 6.
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Fig. 9. Comparison of initial normal stresses: variations of normal
stress with pullout displacement.
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Fig. 10. Comparison of initial normal stresses: (a and b) variations of tensile force with pullout displacement; (c and d) variations of tensile force with
distance from front face; and (e and f) variations of shear stress with distance from front face. (a, c, and e) indicate the Test 3 with 80 kPa initial normal
stress; and (b, d, and f) indicate the Test 6 with 50 kPa initial normal stress.

displacement increasing in the beginning, followed by a less significant variation. As the initial normal stress increased, the pullout
force increased at a given pullout displacement, suggesting higher
soil resistance under a higher initial normal stress.
Fig. 9 presents the effect of initial normal stress on the variations
of normal stress versus the pullout displacement. At a pullout displacement of 90 mm, the normal stress increased by 4.11%, 1.69%,
0.44%, 0.37%, and 0.04% compared with the initial state for the
cases of σn0 ¼ 3, 20, 50, 80, and 200 kPa, respectively. It can
be concluded that under higher initial normal stress, the increment
ratio of the normal stress is lower during the pullout process.
© ASCE

Tensile Force and Shear Stress
In order to investigate the effect of initial normal stress on the soil–
geogrid interaction behaviors, Fig. 10 shows the measured results
of the FBG sensors in Tests 3 and 6 (Table 2) at σn0 ¼ 80
and 50 kPa.
The variation curves of tensile force for σn0 ¼ 50 kPa were distributed in a narrower range than those for σn0 ¼ 80 kPa [Figs. 10(a
and b)]. The difference of tensile force between two locations
was thus less significant for σn0 ¼ 50 kPa, except at Si > 500 mm,
where negligible elongation was identified for σn0 ¼ 80 kPa. For
the geogrid part closer to the front face (Si ≤ 300 mm), the tensile
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Fig. 11. Comparison of fixing conditions: variations of pullout force
with pullout displacement.
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The effect of the fixing condition of the back end on the pullout
behavior of the geogrid is compared in Fig. 11 by plotting the variations of pullout force versus the pullout displacement in Tests 6,
8, 3, and 9 (Table 2); N50-free denotes an initial normal stress of
50 kPa and that the fixing condition of the back end is free. Before
the pullout displacement Si reached about 5 mm, the variation
curves remained close to each other regardless of the fixing condition. Nevertheless, at a given initial normal stress, the pullout
force with a fixed back end was higher than with a free back end
when Si > 5 mm due to the additional force provided by the fixed
clamp at the back end. Furthermore, the pullout behavior of the
geogrid with a fixed back end was not influenced by the initial
normal stress significantly, as shown by the two close curves with
hollow symbols in Fig. 11.
Fig. 12 presents the variations of normal stress with the pullout
displacement for the two cases with different fixing conditions of
the back end. In spite of the higher pullout force for the case with
the fixed back end, its increment of the normal stress was lower
than that of the free-back-end case. This indicates that in the test
with the free back end, more-significant soil dilatancy was developed because of the more intense movement of soil particles induced by the slippage of the entire geogrid.
Tensile Force and Shear Stress
The measured results of the FBG sensors are depicted in Fig. 13 by
the variation of tensile force of geogrid and shear stress at the soil–
geogrid interface in Tests 3 and 9 (Table 2). Figs. 13(a and b) show
© ASCE
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force was slightly higher for σn0 ¼ 80 kPa than for σn0 ¼ 50 kPa
at a given pullout displacement [Figs. 10(c and d)]. However, when
Si > 300 mm, which was closer to the back end, the values of tensile force for σn0 ¼ 50 kPa were larger than for the σn0 ¼ 80 kPa
case [Figs. 10(c and d)]. This was because for the small pullout
displacement (less than 5 mm), the elongation of geogrid had
not reached Si > 500 mm for σn0 ¼ 80 kPa, whereas this part
of geogrid for σn0 ¼ 50 kPa started to elongate, leading to higher
values of tensile force in the vicinity. In other words, the elongation
of the geogrid spread more widely for σn0 ¼ 50 kPa because of less
resistance by the soil particles. Nevertheless, at Si ≤ 300 mm, the
tensile force still had higher values under higher initial normal
stress, with more-pronounced elongated behavior.
In terms of the shear stress, quadratic polynomial fitting methods were also applied to fit these data [Figs. 10(e and f)], with
the coefficients of determination listed in Table 3. The peak shear
stress mobilized from the front face toward the back end for
σn0 ¼ 80 kPa, whereas this mobilization was less significant for
σn0 ¼ 50 kPa, which might be affected by the fitting method.
Nevertheless, the location of the peak shear stress for σn0 ¼
50 kPa was closer to the back end than for the case of σn0 ¼
80 kPa. Moreover, the peak shear stress had higher values for
σn0 ¼ 80 kPa at a given pullout displacement than for σn0 ¼
50 kPa, whereas lower shear stress was identified for σn0 ¼
80 kPa at the locations near the back end (Si > 500 mm). These
observations can be explained as follows. Under higher initial normal stress, the transmission of the elongation of the geogrid is
slower due to higher soil resistance. However, in the elongated section, the deformation of the geogrid is more pronounced, which
also leads to a higher shear stress. By contrast, because of less resistance provided by the soil particles under lower initial normal
stress, the elongation transmits faster toward the back end, with
lower peak shear stress but wider distribution of shear stress.

20

40

60

80

100

Pullout displacement (mm)

Fig. 12. Comparison of fixing conditions: variations of normal stress
with pullout displacement.

the variation of pullout force with pullout displacement at different
locations on the geogrid. Unlike the free-back-end case, the area at
Si > 500 mm in the fixed condition started to elongate after the
pullout displacement increased to 3 mm because of the additional
force of the fixed back end. The tensile force distribution along the
geogrid length at different pullout displacements [Fig. 13(d)] shows
that in the fixed condition, the maximum tensile force developed in
the geogrid section closest to the front face at each pullout displacement. In addition, the distribution of the tensile force was more
proportional or linear along the geogrid when Si > 80 mm in this
condition.
Figs. 13(e and f) compare the distributions of the shear stress
along the soil–geogrid interface for the two cases. Quadratic polynomial fitting methods were also applied to fit these data; the coefficients of determination for these curves are presented in Table 3.
Totally different distribution modes of shear stress along the geogrid can be identified. In the free-end condition, the peak shear
stress mobilized from the front face to the back end as the pullout
displacement increased, as illustrated previously. By contrast, in the
fixed-end condition at a given pullout displacement, the maximum
shear stress was generated in the area closest to the front face,
showing a nonlinear decreasing trend of shear stress along the
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Fig. 13. Comparison of fixing conditions: (a and b) variations of tensile force with pullout displacement; (c and d) variations of tensile force with
distance from front face; and (e and f) variations of shear stress with distance from front face. (a, c, and e) indicate the Test 3 with free back end; and
(b, d, and f) indicate the Test 9 with fixed back end.

geogrid length toward the back end, which corresponds well with
the DEM investigations by Wang et al. (2014). As the pullout displacement increased, the maximum shear stress increased accordingly. In addition, due to the fixed back end, the peak shear stress
still developed in the vicinity closest to the front face.

Conclusions
This paper presents an experimental study of soil–geogrid interaction behavior with the application of fiber Bragg grating (FBG)
sensors under pullout conditions. Three influencing factors were
© ASCE

considered: dry density of soil, initial normal stress, and fixing condition of the back end. During the pullout process, the normal stress
was applied using a displacement-controlled mode and the horizontal pullout load was conducted at a constant rate. In the tests, pullout force, pullout displacement, normal stress and wavelength shift
of the FBG sensors were directly monitored. The obtained results
allow the effects of the aforementioned three influencing factors on
the soil–geogrid interaction behaviors to be analyzed.
At a given pullout displacement, the pullout force and the increment of normal stress had higher values for samples with higher dry
density, showing more significant dilatancy of the soil. For the
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sample with a free back end, the peak shear stress mobilized from
the front face toward the back end as the pullout displacement increased. Because of less soil resistance, this mobilization behavior
transmitted faster in the looser sample, whereas this sample’s peak
shear stress values were lower than those of the denser sample.
As the initial normal stress increased, the pullout force increased
accordingly. In cases with lower initial normal stress, the mobilization of the peak shear stress transmitted faster, leading to larger values of shear stress near the back end and wider distribution of the
shear stress along the geogrid. However, the peak shear stress for the
higher initial normal stress remained higher than that for the lower
initial normal stress at a given pullout displacement, due to the more
significant deformation in the elongated area of the geogrid.
When the back end was fixed, the pullout force was not significantly affected by the initial normal stress, which also had higher
values than that of the free-back-end case for a given initial normal
stress, due to the additional force provided by the fixed end. Two
different modes of shear stress distribution along the soil–geogrid
interface were identified in the cases with different fixing conditions of the back end: for the free-end condition, the peak shear
stress developed in the middle of the geogrid and transmitted toward the back end as the pullout displacement increased; for the
fixed-end condition, the peak shear stress developed at the front
face, with a nonlinear decreasing trend along the geogrid toward
the back end.
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Notation
The following symbols are used in this paper:
Cc = coefficient of curvature;
Cu = coefficient of uniformity;
F = tensile force across width of geogrid;
Fp = pullout force;
J = stiffness at strain of 2% for geogrid;
Si = distance from front face of pullout box;
s = pullout displacement;
T r = tensile force per unit width of geogrid;
T ri = tensile force at back end of ith segment;
T ri−1 = tensile force at front end of ith segment;
T u = ultimate longitudinal tensile strength;
W = width of geogrid;
Δs = distance between FBG sensors;
ε = axial strain of geogrid;
ρd = dry density of soil;
σn0 = initial normal stress; and
τ i = mean shear stress at ith segment.
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