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Abstract: Geogrid has been extensively used in geotechnical engineering practice due to its effectiveness and
economy. Deep insight into the interaction between the backfill soil and the geogrid is of great importance for
proper design and construction of geogrid reinforced earth structures. Based on the calibrated model of sand and
geogrid, a series of numerical pullout tests are conducted using PFC3D under special considerations of particle
angularity and aperture geometry of the geogrid. In this study, interface characteristics regarding (a) the
displacement and contact force developed among particles and (b) the deformation and force distribution along the
geogrid are all visualized with PFC3D simulations so that new understanding on how geogrid-soil interaction
develops under pullout loads can be obtained. Meanwhile, a new variable named fabric anisotropy coefficient is
introduced to evaluate the inherent relationship between macroscopic strength and microscopic fabric anisotropy. A
correlation analysis is adopted to compare the accuracy between the newly-proposed coefficient and the most
commonly used one. Furthermore, additional pullout tests on geogrid with four different joint protrusion heights
have been conducted to investigate what extent and how vertical reinforcement elements may result in
reinforcement effects from perspectives of bearing resistance contribution, energy dissipation, as well as
volumetric response. Numerical results show that (a) both the magnitude and the directional variation of normal
contact forces govern the development of macroscopic strength and (b) the reinforcing effects of joint protrusion
height can be attributed to the accelerated energy dissipation across the particle assembly and the intensive
mobilization of the geogrid.
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1. Introduction

Geogrid has received increasing popularity in geotechnical engineering practice such as
reinforced soil retaining walls, geosynthetic-reinforced and pile-supported embankments, and
reinforced sand cushions [1-3]. It is commonly accepted that the overall performance of
geogrid-reinforced soil systems depends heavily on the interaction between the backfill soil and
the reinforcing elements [4, 5]. Plenty of experimental and theoretical studies [6-10] as well as
finite element (FE) simulations [11, 12] have been carried out to evaluate the macro performance
of geogrid-reinforced soil systems. Nevertheless, outcomes regarding the micro mechanism of
soil-geogrid interaction still remain limited, owing partially to the inherent limitations of
experimental, theoretical and finite element methods in performing micro-scale investigation.
The micro-scale mechanism of soil-geogrid interaction is fundamental for refining reasonable

design guidelines for geogrid-reinforced soil systems. It is hence necessary to identify the
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soil-geogrid interaction mechanism from a micro-scale perspective.

In principle, the discrete element method (DEM), which is a particle-based method [13],
tends to be more capable of providing insight into the soil-geogrid interaction mechanism from a
micro-scale perspective [14]. DEM possesses particular advantages in capturing microscopic
responses of granular material such as particle sliding and rolling that are very likely to show up in
practical cases. Some researchers have attempted to utilise DEM to study the geogrid-reinforced
soil performance and evaluate the geogrid-soil interface behaviour [15-18]. However, these studies
focused mainly on interface features including soil mobilization and geogrid deformation, but not
particularly on the quantitative correlation between the macro and micro indices. Moreover, the
geogrids covered in these studies were conventional plane types, and thus the corresponding
findings are possibly not applicable to some new types of geogrids such as the three-dimensional
(3D) reinforcing elements with vertical inclusions, as conceptually proposed by Zhang et al [19,
20]. It has been demonstrated experimentally in References [19, 20] that a 3D reinforcing element
not only produces a higher apparent soil cohesion but also gives rise to a much higher angle of
shearing resistance of geogrid-soil systems. In other words, the pullout behaviour of a 3D geogrid
can be quite different from that of a conventional plane geogrid. Therefore, to popularize the
application of 3D geogrid in practice, further investigation should be performed to identify its
pullout behaviour.

This study aims to bridge the gaps mentioned above. The objective is to characterize the
pullout behaviour of geogrids in granular soil, with particularly emphasis on the pullout behaviour
of geogrids with joint protrusions. The specific work presented in this paper is divided into three
parts. The first part introduces the strategies and procedures to model the pullout process of
geogrids with or without joint protrusions by the use of PFC3D. The second part focuses on
analyzing the pullout behaviour of a conventional tri-axial geogrid in granular material. An effort
is also made in this part to reveal the inherent correlation between the pullout force (a macroscopic
parameter) and the fabric evolution (a microscopic index). The final part compares the pullout
behaviour of 3D geogrids with different joint protrusions against that of a conventional geogrid, to
demonstrate the influence of vertical joint protrusions on the reinforcing efficacy. The findings
obtained from this study are expected to be helpful in enhancing the application of 3D geogrids in
practice.

2. DEM modelling of geogrid pullout tests

2.1. Problem description

DEM is used to simulate a geogrid pullout test on sand specimen in a testing box subjected to
a confining pressure. The testing box is created using a parallelepiped bounded by six rigid walls.
After a low confining pressure is reached, a piece of geogrid is placed at the mid-depth of the
testing box following the arrangements presented by Miao et al [21], as depicted in Fig. 1. To
prevent restriction of aggregates between the first row of transverse ribs and the pullout outlet, a
length of 20 mm transverse ribs in front of the geogrid are removed. Two vertical walls are
introduced to replace the left side wall to form a slot for subsequent pulling. The width of the
outlet is 2.75 mm, which is slightly larger than the thickness of geogrid ribs (1mm).
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Fig. 1 Schematic diagram of the test settings

2.2. Modelling of sand assembly

The sand used in this study is assumed to be the same as that used by Zhou et al [22] and
Zheng et al [23]. The diameter of sand particles follows a uniform distribution ranging from 1.5
mm to 2 mm, and the initial porosity is 0.36. By matching the numerical modelling results and the
data of laboratory tri-axial compression tests, Zhou et al [22] have successfully calibrated a
combination of microscopic parameters for the sand assembly. This combination of microscopic
parameters is listed in Table 1, and will be used in the computation later.

As emphasized by Lu and McDowell [24] and Yan [25], sphere particles are not adequate for
depicting the realistic mechanical features of sand, hence in this study the original sphere balls are
transformed to quasi-elliptical ones, obeying mass and volume equivalent principle. Fig. 2
illustrates the transforming algorithm, a quasi-elliptical particle is actually formed by three
overlapping spheres. The dimensional relations between an original sphere ball and the
corresponding quasi-elliptical particle are given by,
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where R and R> are the radii of the overlapped sphere balls shown in Fig. 2b; Ry is the radius of
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the original sphere ball; Se is the major-minor axis ratio of the quasi-elliptical particle, and S. =
2R»/R1. To approximately reflect the randomness of particle shape of the sand assembly, S. is
assumed to obey a uniform distribution within the interval of [1, 2]. Also, the quasi-elliptical
particles are orientated randomly via a fish variable-urand, which is a random number obeying
uniform distribution in the range [0.0, 1.0].

Table 1 Input parameters for DEM modelling of sand assembly

Parameter Value
Particle density, p,/( kg/m?) 2650
Coefficient of friction, 0.7
Contact normal stiffness, &, ,/( N/m) 1.00x107

Contact shear stiffness, &, /( N/m) 1.25%x10°
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Fig. 2 Transforming process of a clump particle: (a) original sphere ball; (b) quasi-elliptical particle

2.3. Modelling of geogrid
2.3.1 Plane tri-axial geogrid

A type of plane tri-axial geogrid with triangular apertures, as shown in Fig. 3, is considered in
this study as a reference case. The mechanical behaviour and other information about this type of
geogrid have been reported previously by Miao et al [21]. In this study, the ribs and joints are

connected by parallel bonds, the input microscopic parameters used in modelling are listed in
Table 2.

Modified

segment

Fig. 3 Modelling of geogrid with triangle apertures
Table 2 Input parameters for DEM modelling of geogrid

Parameter Value
Particle density, 2, /( kg/m®) 850
Coefficient of friction, £, 0.68
Contact normal stiffness, &, ,/( N/m) 2.00x10°
Contact shear stiffness, & ,/( N/m) 2.00x10°
Parallel bond normal stiffness, &, ,/( N/m?) 2.10x10'°
Parallel bond shear stiffness, X, ,/( N/m?) 2.10x10"
Parallel bond normal strength, 0, ,/( N/m?) 1.55x10"
Parallel bond shear strength, o, , /( N/m?) 1.55x10"

Parallel bond radius multiplier, 7%, 0.01




2.3.2 3D geogrids with joint protrusions

Zhang et al [19, 20] proposed a few new three-dimensional (3D) reinforcing geogrids
featured by the presence of vertical inclusions such as joint protrusions. The laboratory
experiments performed by Yang et al [2] also demonstrated that, in comparison with the
conventional plane geogrids, a 3D geogrid is able to improve the working performance of the
reinforced soil system by mobilizing evidently higher passive resistance against external load.
Motivated by this observation, this paper aims to make an effort to explicitly figure out the
influence of joint protrusions on the reinforcing efficacy. Therefore, besides the plane tri-axial
geogrid, a group of 3D reinforcing geogrids with different sizes of joint protrusions are also
considered in the following sections.

Fig. 4 shows the DEM modelling strategies for the joint protrusions. Basically, joint
protrusion is simulated by a clump of 3 overlapped balls, including a prime particle (the
intermediate one, of which the diameter is expressed as d) and two identical subordinate particles.
The two subordinate particles are constantly tangent to each other. In other words, the total height
of a joint protrusion, h, is equal to 2 times the diameter of the two identical subordinate particles,
d'. Particles consisting of the same joint protrusion are clumped to a rigid body. For each joint
protrusion, only the prime particle is bonded to the rib particles, therefore, the geogid ribs do not
directly interact with the subordinate particles of joint protrusions. Other input microscopic
parameters involved in the modelling of 3D geogrids with joint protrusions are the same as those

listed in Table 2.

(a) Typical joint (b) h=d (c)h=1.25d
(d)yh=1.5d (e) h=1.75d (HHh=2d

Fig. 4 DEM modelling strategies for different sizes of joint protrusions

2.4. Modelling procedures

The specific modelling procedures can be summarized as follows:

1) Enclose a simulation box (90 mm (L) x 45 mm (W) X 45 mm (H)) by six walls, and
generate 41 565 sphere balls in strict accordance with the prescribed porosity and particle size
grading.

2) Transform the original sphere balls to quasi-elliptical clumps following the strategies
introduced in Section 2.2, and cycle the assembly until the unbalanced contact force reaches an
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allowable level.

3) Apply a confining pressure of 10 kPa through adjusting the velocity of top and bottom
walls.

4) Delete the aggregates that occupy the predefined region of geogrid particles, and install the
geogrid particles.

5) Continue cycling and control the servo mechanism to obtain the prescribed normal stress.

6) Clear the displacement information of all the particles.

7) Initiate the pullout process by applying a constant velocity of 2x 10" m/step on the end
particles of longitudinal ribs. The magnitude of applied velocity is expected to accelerate the
computational efficiency with an appropriate estimation of pullout resistance.

8) Record the values of the key indices such as the pullout force, the energy term, and the
tensile force etc. at an interval of 0.15 mm, until the total displacement of the clamp end reaches
15 mm.

Fig. 5 gives an overview of the initial stage of the pullout test specimen, note that for
illustration purpose, the upper quarter of particles have been removed for easy visualisation of the
geogrid. It can be found that, as expected, some aggregates are penetrated into the triangle
apertures owing to the overburden surcharge. In addition, it is to be noted that the timestep is
constantly assigned to be 1x 107 s/step in this study. This timestep is lower than the minimum
value of all critical timesteps computed in different working conditions. Therefore the adjustment
of timestep would ensure stable solutions for force-motion equations and facilitate further

analysis.

Fig. 5 PFC3D model of a geogrid pullout test

3. Pullout behaviour of geogrids without joint protrusions

3.1. Pullout force

DEM simulations of pullout tests are conducted under five different normal stresses, i.e., 20
kPa, 50 kPa, 100 kPa, 200 kPa and 400 kPa. For a given normal stress and a given clamp end
displacement, the pullout force can be determined by accumulating the unbalanced forces of the
clamp end particles along the pull-out direction. Fig. 6 shows the variation trends of pullout forces
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versus the clamp end displacement. As expected, the pullout force at each level of applied normal
stress increases rapidly at first with the increase in clamp displacement, and finally tends to
approach to a constant value. The clamp end displacement, beyond which the pullout force
remains approximately constant or declined evidently, is referred to as the critical clamp end
displacement in this study. Clearly, a higher normal stress not only gives rise to a much higher
peak pullout force, but also produces an evidently higher critical clamp end displacement.
Moreover, no obvious reduction in pullout force was observed within the prescribed maximum
clamp end displacement (15 mm), implying that a relatively stable state could be reached
providing that the embedded length of geogrid is sufficient and no transverse ribs are pulled out of
the testing box.
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Fig. 6 Variation of pullout force versus clamp end displacement

3.2. Distributions of deformation and tensile force along geogrid

The case under a moderate normal stress of 100 kPa is adopted to represent the particle
motion features during the pullout process of geogrid. Three typical clamp end displacements,
namely 1.5 mm, 7.5 mm and 15.0 mm, are focused to analyze the deformation and tensile force
distributions of geogrid. The top row of Fig. 7 shows the overall views of geogrid deformation at
the three typical clamp end displacements. It can be seen that at a low level of clamp end
displacement (e.g. 1.5mm), the geogrid apertures are able to maintain the original shapes.
Nevertheless, with the increase in pullout force, transverse ribs deflect significantly because
aggregates interlocked in the triangle apertures will restrict the geogrid from being pulled out.
This phenomenon agrees well with the results reported by Stahl et al [26]. Furthermore, it is clear
that the geogrid tends to shrink in the transverse direction, thus the actual aperture area during the
pullout process decreases gradually in comparison with the original area.

In order to acquire the distribution regularity of tensile force along the geogrid, a subroutine
is compiled in FISH language to output the coordinates of parallel bonds and the corresponding
normal forces. Then, a continuous distribution of tensile force can be obtained using interpolation
method, force distribution within the extruded section is not concerned because no interaction
occurs there. Generally, tensile forces at different test stages distribute non-uniformly along the
longitudinal direction. To be specific, a horizontal section, of which the length depends on the
distance between the first row of transverse ribs and the frontal outlet, can be observed before a
sudden reduction appears, implying that the modified segment without transverse ribs contributes
little to the mobilization of pullout force and the applied external load is carried mainly by the first
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row of transverse ribs. This observation is consistent with the results presented by Stahl et al [26].
Due to the transverse shrinkage of geogrid and the decrease of effective aperture area, the
magnitude of tensile force at a clamp end displacement of 15.0 mm (as shown in Fig. 7¢) declined
slightly in comparision with that at a clamp end displacement of 7.5 mm (as shown in Fig. 7b).
The similar trend can also be found in the pullout force-displacement curve under a normal stress
of 100 kPa (as shown in Fig. 6). On the whole, the overall trend of tensile force distribution, i.e.
reducing gradually along the longitudinal direction and approaching to null at the terminal end, is
in reasonable agreement with the analytical model proposed by Sieira et al [27]. As a matter of
fact, the graphical analysis of geogrid behaviour, especially for the internal tensile force of geogrid
which is difficult to be captured experimentally, provides an unique perspective to understand how

the geogrid reacts during the pullout process.

() Clamp end displacement=1.5 mm () Clamp end displacement=7.5 mm (¢} Clamp end displacement=15 mm

Fig. 7 Deformation and tensile force distributions along the geogrid under different clamp end displacements (the

first row: deformation; the second row: tensile force)

3.3. Particle motion mobilized by geogrid pullout

Similarly, the case under a normal stress of 100 kPa is selected as an example. Particle
motion features at the three typical clamp end displacements can be graphically visualized by
plotting the displacement vectors of sand particles in scale, as shown in the left column of Fig. 8.
Since the length of a displacement vector arrow is proportional to the magnitude, the gray level
resulting from overlap of displacement vectors actually reflects the intensity of aggregate motion.

At the initial stage (#clamp=1.5 mm), the frictional resistance, which is induced by relative
particle motion, just needs to balance a small pullout force, so only particles in the very vicinity of
geogrid are involved. As clamp end displacement and pullout force increase, the grey level in the
whole region gradually deepens, and an evident grey level distinction can be observed between the
near region adjacent to the geogrid and the far region. The near region forms a shearing band.
When the clamp displacement comes to 15 mm, the thickness of shearing band (i.e. near region)
reaches a maximum level.

Additionally, to better understand local particle motion characteristics around the stress
boundary, the displacement vectors of sand particles beneath the upper wall are partially
magnified, as shown in the right column of Fig. 8. It can be seen that, generally, the primary
motion directions under the three typical clamp end displacements orientate downward, disorderly
and upward, respectively. Since the normal stress is kept constant by the servo mechanism, this

motion feature indicates that shearing dilation occurs in the assembly.
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Fig. 8 Distribution of particle displacement vectors under different clamp end displacements (left: overall view;

right: partial view)

3.4. Distribution of contact forces and macro-micro correlation
3.4.1 Distribution of contact forces

Forces are transferred across the assembly via compression and sliding at contact points
between ball-ball entities. The contact force at each contact point can be decomposed into normal
and shear components relative to the contact plane. It is reported that the distribution and
anisotropic evolution of the contact forces in normal direction mainly dominates the development
of macroscopic shearing strength[28]. Therefore, the normal contact forces, fn, are focused in the
following analysis. The left column of Fig. 9 shows the distributions of normal contact forces at
the three typical clamp end displacements. Note that the thickness of a short line shown in this
figure stands for the magnitude of normal contact force at that point. On average, the distribution
of fi follows a similar trend with the tensile force distribution discussed earlier. With the progress
of pullout process, the normal contact force gradually concentrates in the region of the first row of
transverse ribs. Moreover, the orientation of f; in the statistical analysis region tends to rotate
anticlockwise since the outlet is set at the left side. This is consistent with the findings presented
by Dyer [29]and Tran et al [14].

Through grouping the orientation of f, that falls within predetermined angle intervals,
Rothenburg and Bathurst [30, 31] proposed an approximate method to quantitatively assess the

anisotropic features of normal contact force. The mathematical expression is:
Jo (@)= fo[l+a,cos2(60—-0,)] (3)

where fois the mean value of normal contact forces in the region of interest; on is the magnitude of
directional variation of f, in each predefined angle interval, and 6, is the rotational angle
corresponding to the major principal direction of anisotropy, respectively. It should be noted that
above fitting function is not suitable for a 3D analysis. Hence, normal force vectors in a 3D

analysis should be projected to the yz plane first. The angle between the projected vector and the
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positive direction of z axis determines a certain interval in which the projected vector falls.

The above method is adopted in this paper to statistically analyze the anisotropic features of
normal contact forces during the geogrid pullout process. An interval of 10° is used following Lai
et al [32]. The statistical analysis region of interest is defined by x€[3.5, 41.5], y€[y1, y2],
z€[25.0, 35.0] (unit: mm), where y1 and y» denote the y-coordinates of the first and last row of
transverse ribs, respectively. Note that y1 and y» vary synchronously with the increase in clamp
end displacement. The region of interest for statistical analysis is so chosen by referring to the
displacement intensity in the upper part of the sand assembly, as depicted in the left column of Fig.
8. The right column of Fig. 9 presents the polar distribution of normal contact forces within the
statistical analysis region during the pullout process. In this figure, the area of an irregular zone
enclosed by broken lines reflects the average magnitude of fu. It is explicit that the magnitude of fu
depends heavily on the pullout stage and differs significantly in different angle intervals.
Furthermore, the major principal direction of anisotropy sharply rotates from approximately 0° at
Uclamp = 0 mm to 35.92° at uclamp = 1.5 mm, suggesting that force chain in the initial pullout stage is
too weak to resist the horizontal pullout load. Whereas as the pullout process goes on, strong force
network gradually develops, and the quantitative contact force indices, in terms of the degree of
anisotropy on and the inclination of major principal direction 8, become less sensitive to the
clamp end displacement, as shown in Fig. 9b-c. In addition, the polar distribution of fn changes
from “peanut” shape in Fig. 9b to elliptical shape in Fig. 9c, indicating that the directional
variation of f; declines along with the growth of f; in the direction perpendicular to the major
principal direction.

——£.(0) measured
Normal contact force r --= [,() fitting

A /\
\

a, =U"lHj r} =35916

a, =0.491 e
[b) L Iamp ;.nd d1sp|a-.cm-.m=?.5 mm

s i
a. =0329 6, =45.451
(L) Clamp end displacement=15 mm

Fig. 9 Evolution of normal contact force and fabric anisotropy (left: contact force distribution; right: polar
distribution of normal contact force in predefined region)

It should be emphasized that in above statistical analysis, the length of the projected vector in
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each angle interval constantly exceeds 0.75 times the original (3D) length. This means that the
projection scheme is competent to reflect the actual 3D response of the assembly. In other words,
this simplified statistical method can provide a reasonable insight into the nature of load transfer
mechanism. Hence it will be used in the following sections to further clarify the correlation
between macro and micro indices.
3.4.2 Correlation between macro and micro indices

Shi et al [28] have proposed a correlation between the evolution of normal contact force and
the shearing strength. This correlation merely depends on the degree of anisotropy om, regardless
of the average magnitude of normal contact force. However, it should be noted that statistical
indices with different magnitudes possibly share the same degree of anisotropy, as schematically

shown in Fig. 10.

a1
i 1807
a =0142 ' 6,=-1868 a,=0.142 0, =-1.868

Fig. 10 Polar distribution of normal contact force at initial stage (left: actual magnitude; right: 2 times the actual
magnitude)

In fact, Eq. (3) indicates that the product of fy and ax, rather than the ax itself, is proportional
to the fitted value. This suggests that a new variable Rn, defined by multiplying fo & on and termed
fabric anisotropy coefficient, is possibly better in depicting the macroscopic behaviour (such as
pullout force) originated from internal particle interaction. To prove this point, a comparison is
drawn amongst the variation curves of pullout force (a macro index) and the two micro indices (on
and R,) with the increase in clamp end displacement. For easy reference, the variation curves of
pullout force, an and Ry are normalized, respectively by the peak pullout force, maximum a, and
maximum Ry. The normalized results are shown in Fig. 11. It is observed that the variation trends
of the three normalized curves are in good agreement before the pullout force reaches the peak
value, while beyond the peak value point, neither an nor Ry matches the pullout force well. One
possible reason is that a greater clamp end displacement will mobilize a larger scope of sand
particles and it turns out that the main interaction zone exceeds the predefined statistical analysis
region. Nevertheless, the correlation coefficient between normalized pullout force and normalized
on is 0.864, while a much higher correlation coefficient of 0.948 can be reached if the magnitude
of fn is taken into consideration. Therefore, it is concluded that R, is more appropriate to bridge the
connection between microscopic fabric evolution and the pullout force at the clamp. This means

that not only a, but also the magnitude of f, govern the development of macroscopic strength.
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Fig. 11 Comparison amongst the normalized variation curves of pullout force, an and Rn

4. Pullout behaviour of geogrids with joint protrusions

The results of the DEM simulations for the pullout tests of the five different 3D geogrids
(referring back to Fig. 4) are discussed in the following sections to understand the influence of the
size of joint protrusions on the pullout behaviour. The discussions are conducted in terms of
pullout force, pullout resistance components, energy storage and dissipation as well as volumetric
dilation.

4.1. Pullout force for 3D geogrids

Fig. 12 plots the variations of the pullout forces for different 3D geogrids, the variation trend
for each curve shown in this figure is approximately the same as that for the conventional plane
tri-axial geogrid (referring to Fig. 6), namely increasing rapidly at first and finally approaching to
a constant value. On the other hand, it is quite obvious that, for any given normal stresses and
clamp end displacements, a 3D geogrid with larger joint protrusions constantly gives rise to an
evidently higher pullout force. This suggests that the joint protrusions are able to enhance the
pullout performance of geogrid in a substantial manner. The enhancement seems to be more

significant under a relatively lower normal stress such as 100 kPa.
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Fig. 12 Variation of pullout force for different 3D geogrids

Further, the peak pullout forces during the entire pullout process for all the modelling cases
are summarized in Table 3. The influence degree of joint protrusions can be quantified by the
increasing percentage of the peak pullout force, #, which can be determined as follows:
1 (%) = (Fomax - Fpmax0) / Fpmax0 4)
in which Fpmax,0 denotes the peak pullout force of the geogrid without joint protrusions (i.e. h =
1.0d) under a given normal stress; and Fpmax denotes the peak pullout force of a 3D geogrid with
joint protrusions under the same normal stress. The determined values of # for all modelling cases
are given in Table 3. Take the case h = 2.0d as an example, the value of # can even reach up to
32.64% when the normal stress is 100 kPa, demonstrating again that the introduction of joint
protrusions is a promising way to improve the work performance of geogrid.

Sugimoto and Alagiyawanna [12] presented a method to estimate the average shear stress

Tavg:

£
£y = R 5
e ©

where Fpmax is the peak value of pullout force and A4 is the gross area of geogrid embedded in soil.
By using this equation, the average shear stress zavg for each 3D geogrid under each normal stress
can be easily determined. If a straight line is used to fit the relation between the average shear
stress Tavg and the normal stress, the slope of the fitting line actually represents the angle of
shearing resistance J - a very important design parameter. The last column of Table 3 provides the
values of J for the geogrids with different sizes of joint protrusions. It can be seen that the
obtained ¢ for all modelling cases are higher than the angle of shearing resistance of the sand used.
This is owing to the resistance contributed by transverse ribs and the arching effect resulting from
the stiffness difference between soil and geogrid, as confirmed by Suksiripattanapong et al [33].
More importantly, the angle of shearing resistance J increases with the increase in the size of joint
protrusions, signifying that a higher level of interaction can be potentially gained by an
enhancement in joint height.

Table 3 Reinforcing efficacy in different modelling cases
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Calculated

Joint Normal Peak pullout Increasing interface
. . stress f N) percentage angle of
protrusion size (kPa) orce ( (%) shearing
resistance (°)
20 281.27 N.A.
50 482.29 N.A.
h=1.0d 100 660.33 N.A. 4428
200 1238.25 N.A.
400 1973.40 N.A.
20 306.84 9.09
50 497.93 3.24
h=1.25d 100 762.79 15.52 45.21
200 1234.03 -0.34
400 2040.49 3.40
20 351.90 25.11
50 520.96 8.02
h=1.5d 100 749.68 13.53 47.08
200 1197.70 -3.27
400 2254.50 14.24
20 327.86 16.56
50 49431 2.49
h=1.75d 100 798.56 20.93 47.33
200 1297.36 4.77
400 2224 .43 12.72
20 363.72 29.31
50 565.91 17.34
h=2.0d 100 875.86 32.64 48.29
200 1378.28 11.31
400 2261.16 14.58

4.2. Pullout resistance components

The preceding subsection has demonstrated the substantive influence of nodal protrusions on
the work performance of geogrid. In this subsection, the cases under a normal stress of 100 kPa
are adopted to reveal the microscopic mechanism that nodal protrusions affect the work
performance.

It is generally acknowledged that the pullout force consists of two components: the frictional
resistance on geogrid surface and the passive bearing resistance caused by transverse members.
However, it is rather difficult to quantify the magnitudes of the two components neither
experimentally nor analytically. Whereas in DEM, the frictional force relies on the prescribed
friction coefficient between the two contacting entities [34], hence the frictional resistance can be
eliminated if the friction coefficient of geogrid particles is set to 0. In this fictitious case, the
pullout force is equal to the passive bearing resistance, and then the true magnitude of frictional
resistance can be obtained by excluding the component of passive bearing resistance from the total
pullout force in the actual case. Fig. 13 shows the mobilization of the two pullout resistance
components for the 3D geogrids with different sizes of joint protrusions. The results show that a
substantive difference can be observed amongst resistance mobilization curves for different sizes
of joint protrusions, particularly when the clamp end displacement exceeds 6 mm. When the joint
height h increases from 1.0d to 2.0d, the passive bearing resistance mobilized at tclamp = 12 mm
rises by 77.89% from 306.18 N to 544.62 N, while the friction resistance mobilized at the same
clamp end displacement reduces by 6.78% from 323.18 N to 301.25 N, since evidently higher
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dilation appears with the increase of the joint height, as illustrated in Fig. 17 below. It turns out
that the total pullout force increases by 34.40% from 629.36 N to 845.87 N. Comparatively, the
passive bearing resistance plays a dominant role and accounts for 64.39% of the total increment of

pullout force.

G600 T T T T T T T 600

S -

EL]

g resistance (N)
£

Passive bearin,
=

100 +

o 2 4 13 8 111 12 4 16 0 2 4 L] & 10 12 14 16
Clamp end displacement (mm) Clamp end displacement (mm)

(a) (b)

Fig. 13 Mobilization of pullout resistance components for different 3D geogrids: (a) passive bearing resistance;

and (b) friction resistance

4.3. Energy storage and dissipation

The evolution of energy storage and dissipation, which is important in understanding the
inherent mechanical behaviour of granular materials [35, 36], is systematically examined in this
subsection. PFC3D provides a total of 6 intrinsic energy terms including boundary work done by
walls Ev, total accumulated body work Eb, total strain energy stored in the parallel bonds Epp,
energy dissipated by frictional sliding Ef, kinetic energy Ex, and strain energy stored at aggregate
contacts Es. Among them, the energy terms stored and dissipated in the particle system are of
particular concern in this study. Specifically, these energy terms can be categorized into two
groups, namely energy consumed (stored or dissipated) by particle assembly E. (Ec= Er+ Est+ Ex)
and energy stored in the parallel bonds of geogrid Epb.

All the energy terms of interest are traced and recorded for different modelling cases. It is
found that the magnitudes of Es and Ex are marginal in comparison with the magnitude of Ef,
therefore Es and Ex are omitted in analysis of Ec. Fig. 14 presents the evolution of E. during the
pullout process. It can be observed that in each case E. rises in a parabolic form. The rapid growth
in the later stage can be ascribed to the sufficient mobilization of aggregates. Moreover, A geogrid
with bigger joint protrusions exhibits a higher capacity of energy consumption. This is not
surprising since particles in a larger region can be gradually mobilized.

6.00 s SR T L T T T
h=d
5.00 | = h=1.25d -
h=1.5d 3
—o— h=1.75d
4.00 | — h=2d 1
2 300} .
g
2.00 ¢ 1
1.00 | 1
it e
0.00 i 1 i 1 " L i L " 1 " 1
0 2 4 6 8 10 12 14 16

Clamp end displacement (mm)

Fig. 14 Evolutions of Ec in different modelling cases
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A comparison is further drawn between the magnitudes of E. consumed in the modelling
cases with and without considering the friction coefficient of geogrid particles. The comparison
results is shown in Fig. 15. Note that in this figure the magnitude of E. without considering the
friction coefficient of geogrid particles is actually consumed merely by the passive bearing
members. It is found that the energy consumed merely by passive bearing members accounts for
nearly 60% of the total E¢, and the increment of E. arising from the joint protrusions can be up to
20%.

6.00

T T T T T
] Considering the friction coefficient of geogrid particles
| Without considering the friction coefficient of geogrid particles
5.00 - 4.81 .
4.58 4.55 7]
4.33 7 =

4.00 | 22, .

©

>
s
e

E (Jol)

2.00 - .

1.00 -

0.00
h=d h=1.25d h=1.5d h=1.75d h=2d

Size of nodal protrusions

Fig. 15 Comparison between the magnitudes of £c with and without considering the friction coefficient of geogrid
particles (uclamp = 15mm)

Another energy term Epb is analyzed in Fig. 16 to demonstrate the mobilization of geogrid.
As expected, the magnitude of energy stored in parallel bonds has a positive correlation with the
height of joint protrusions. Also, it is noticed that Ep, follows approximately the same pace with
the pullout force. In summary, the quantitative evaluation of energy terms enables deep insight
into the contribution of the vertical reinforcing elements, and the effect of joint protrusions mainly
includes 3 aspects: a. accelerating the energy dissipation across the particle assembly; b.
promoting the contribution of passive bearing members; and c. enhancing the mobilization of

geogrid.

E., (Jol)
5
n
1

0.00 1 i 1 i 1 i 1 i L i 1 " 1 i
0 2 4 6 8 10 12 14 16

Clamp end displacement (mm)

Fig. 16 Strain energy stored in parallel bonds of geogrid

4.4. Volumetric dilation
Indraratna et al [37, 38] successfully captured the volumetric change by recording the
displacement of the top wall in a DEM simulation. Similarly, in this study the relative
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displacement between the top and bottom walls, of which the velocities are dynamically adjusted
to guarantee a given normal stress, is recorded by a user-defined subroutine to evaluate the global
volumetric change of the particle system. Fig. 17 depicts the associated change of volume in
different modelling cases. It is explicit that under an identical normal stress of 100 kPa, the
volumetric dilation is significantly affected by the size of joint protrusions. Besides, the presence
of joint protrusions reduces the critical clamp end displacement, at which the system transits from
volumetric compression to volumetric dilation. This means that the presence of joint protrusions

will promote the rearrangement and self-organization of aggregates to resist the external load.

0.5 — T T T T
— h=d
041 o pej2sd T
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Fig. 17 Volumetric response of aggregates in different modelling cases

5. Conclusions

Based on the calibrated model of soil and geogrid, a series of DEM simulations of pullout
test have been conducted to visualize the geogrid-soil interactions and promote the understanding
of geogrid reinforcement mechanism under special consideration of joint protrusions. The main
conclusions regarding the interface behaviour and the enhancing effect of joint protrusions can be
summarized below:

1) The association between geogrid and soil is qualitatively detected by a combined
observation of typical interface characteristics including deformation and force distribution in
geogrid, displacement and contact force developed among particles, respectively. The
mobilizations of soil and geogrid under three representative displacements could reflect that how
geogrid-soil interaction develops under pullout loads.

2) more accurate connection between macroscopic strength development and microscopic
fabric evolution is bridged as the introduction of fabric anisotropy coefficient Rn. Correlation
analysis testifies that both of the magnitude and the directional variation of normal contact force
govern the development of macroscopic strength.

3) The partial enhancement in joint height significantly increases the interaction intensity and
therefore is a promising way to improve the work performance of geogrid. Specific analysis at
double scales reveals that the existence of joint protrusions promotes the contribution of bearing
members and the rearrangement and self-organization of aggregates to resist the external load, as a
result, the energy dissipation across the particle assembly is accelerated.
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