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Abstract:

Size-related factors, such as the dimensions and cell count of geocell, play a crucial role in
determining the effectiveness of soil reinforcement. In this study, a 3D coupled framework
that leverages the strengths of both continuum and discontinuum methods was developed to
investigate the influence of pocket size and multi-cell configuration on geocell-reinforced
soils. To unveil the impact of size-related factors on soil-geocell interactions, reinforced soils
containing various geocell configurations (single large-sized cell, multiple small-sized cells),
as well as geocell-free soils subjected to increasing levels of confining pressure were
extensively examined. This thorough investigation aimed to establish correlations between
macroscopic responses and underlying micromechanical mechanisms. Our findings revealed
that the presence of the geocell not only enhances the densification of interparticle contacts
and reduces the number of floating particles that contribute minimally to load support, but
also facilitates the concentration of force chains within the geocell structure. This leads to an
increase in elastic stiffness along the loading axis. These observations highlight that the
geocell's confining mechanism enhances both the load-carrying capacity and the infill rigidity,
thereby preventing lateral soil spreading. In essence, the geocell serves to increase the soil's

ability to withstand load and maintain its structural integrity laterally.
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1 Introduction

With the rapid evolution of the synthetic material industry, geosynthetics have emerged as the
fourth essential construction material, following cement, steel, and timber in civil engineering
(Xu, 2021). Geocells, three-dimensional expanding cellular polymer products, find extensive
application in subgrades, foundations, railways, retaining walls, slopes, pavements, and more
(Hegde, 2017; Mahgoub and El Naggar, 2020; Sitharam et al., 2020; Amiri et al., 2023). A
concerted effort has been directed towards achieving more economical, efficient, and secure
geocell-reinforced structures (Huang et al., 2023; Zhao et al., 2023).

The effectiveness of geocell reinforcement is inherently tied to the geometry,
manufacturing material of the geocell, properties of the infill material, and more (Sheikh and
Shah, 2021). Notably, the cell's opening size plays a pivotal role in the design and application
of geocell-reinforced infrastructures. This size factor primarily encompasses the size and
number of cells. While larger cell pockets reduce geocell quantities and costs, they can
compromise the reinforcement effect (Biswas and Krishna, 2017; Sawada et al., 2023).
Nevertheless, financial and practical constraints limit large-scale field experiments,
necessitating size or quantity reduction to suit laboratory setups.

Thus, extensive laboratory experiments have explored the influence of size factors on
geocell confinement and reinforcement mechanisms. Triaxial compression tests conducted by
Rajagopal et al. (1999) examined geocell-reinforced soils with interconnected and single cells,
finding that just three interconnected cells in the lab could emulate the response of multiple

interconnected cells in a geocell reinforcement layer. Additionally, the study underscored that



geocell reinforcement imparts cohesive strength even to cohesionless soils. Emersleben and
Meyer (2009) investigated the impact of adjacent cell count through radial load tests,
revealing that an increased cell count leads to better restraint of infill material, greater earth
resistance, and higher horizontal pressure.

Through static plate loading tests, Pokharel et al. (2010) noted that multiple-cell
reinforcement enhances soil performance, surpassing single geocell reinforcement in stiffness
and ultimate bearing capacity. Chen et al. (2013) conducted a series of triaxial compression
tests on geocell-reinforced soils, with particular attention to size factors. Results highlighted
that multiple cells are more constrained than a single cell, significantly affecting the strength
of the reinforced soil. The researchers also pointed out that increased confining pressure
reduces the reinforcing effect, suggesting higher effectiveness at lower confinement. Dash
(2020) performed physical model tests to elucidate size factors' influence on geocell-
reinforced foundations under strip loading. They discovered that as cell size increases,
confinement decreases, allowing soil to deform more, demonstrating size-related deformation
effects. These studies collectively established macro-level principles governing geocell
reinforcement concerning size factors. Yet, they fall short of providing real-time insight into
the strength, deformability, and underlying mechanisms of geocell-soil interaction.

Relative to experimental studies, numerical analyses have gained prominence in
studying geosynthetic-reinforced soil systems due to their superiority in reproduction and
visual representation of soil-structure interacting process (Ngo et al., 2019; Sukkarak et al.,

2021a; Bergado et al., 2022). Two main numerical methodologies are utilized: continuum and



discontinuum methods. Continuum-based methods, such as the finite element method (FEM)
and finite difference method (FDM) (Jirawattanasomkul et al., 2018, 2019), soils are modeled
using solid element. Similarly, the geocell can also be modeled by solid element (Leshchinsky
and Ling, 2013a; Leshchinsky and Ling, 2013b; Biabani et al., 2016; Arias et al., 2020;
Nayyar and Sahu, 2021) or simplified planar structural elements (Hegde and Sitharam, 2015a;
Satyal et al., 2018; Ari and Misir, 2021; Gedela and Karpurapu, 2021; Sheikh et al., 2021).
These methods excel in simulating large-scale models efficiently but do not fully capture the
granular nature of soil (Grange and Salciarini, 2022).

In contrast, discontinuum methods, especially the discrete element method (DEM), have
been extensively used for soil-geostructure studies (Cundall and Strack, 1979). DEM
represents soil and geocells with discrete particles, though modeling complex geocell
geometries requires a substantial number of bonded grains (Ngo Ngoc et al., 2016; Liu et al.,
2018, 2020b). However, modeling geocells as bonded particles lacks realism and efficiency
due to their continuous and homogeneous synthetic material nature. To accurately simulate
geocell-reinforced soils' mechanical response to external loading, a methodology representing
the distinct properties of both geocell and granular soil is essential.

Consequently, this study employs a coupled continuum-discontinuum framework
capable of capturing the differing characteristics of soils and continuous geocell material. This
methodology, successfully applied and validated in geosynthetic-reinforced soils (Tran et al.,
2013, 2015), is constructed based on an experimental program (Chen et al., 2013) and

enhanced with geocell configurations accounting for size factors. The specific aims of this



study are as follows:

To investigate how size-related aspects, such as the size of individual cells and the use
of multiple cells, affect the response of geocell-reinforced soil;

To assess and compare the effectiveness of different geocell sizes in improving the shear
strength of soil,;

To explore the impact of size factors on the deformation and mechanical behavior of
geocell-reinforced soil. This includes an analysis of micromechanical elements such as the
evolution of coordination and redundancy numbers, the development of elastic stiffness, and

the characterization of microstructures within various geocell size configurations.

2 Numerical model

2.1 Coupling mechanism of continuum and discontinuum model

The continuum-discrete coupling scheme has been implemented in the FDM software
FLAC3D and the DEM software PFC3D (lItasca Consulting Group, 2022a). The sand has
been modeled using the ball object in DEM, while the geocell has been simultaneously
replicated using the zone object in FDM, based on their respective material properties. As a
result, the fundamental principle of the FDM-DEM coupling method is to establish a bridging
connection between the ball and the zone. However, direct interaction between the ball and
zone does not occur. Therefore, interfacial coupling walls have been introduced on the surface
of the zone to mediate the interaction between the balls and zones, as illustrated in Fig. 1. In
the DEM, the wall object is composed of triangular facets that together form a spatial surface.

Movement and forces are transmitted via the vertices of these triangular facets within the



coupling wall. The contact location P, of a ball-facet interaction is determined by Eq. (1).
As illustrated in Fig. 1 (a), P, is the centroid of the ball, P, is the point on the facet with
the shortest distance d to P, , R denotes the ball radius, g_ is the contact gap, and n,

indicates the normal direction of contact.

~R (1)

On account of only vertex being capable of transmitting the force and movement
information, a force allocation algorithm is implemented herein. A wall facet is divided into
three subareas by connecting the vertices p, to point P, , with the subscript number of each
sub-triangular area A is in line with the opposite vertex. Then, the weighting factors w, of
the contact force and stiffness allocation is obtained by dividing the sub-triangular area A
to the area of its parent facet A, yielding w, = % The contact force F is then allocated to the
vertices composing the contacted facet as defined in Eq. (2).

F =wF 2)

As illustrated by Fig. 2, during each cycle of calculations, the DEM model updates vertex
positions and contact forces to the FDM model. Simultaneously, the DEM model receives
velocities from the FDM model (Hu et al., 2020). This iterative process ensures that forces,
velocities, and positions between the two systems are consistently updated and exchanged

through this coupling mechanism. For a more detailed description of the wall-zone coupling

mechanism, refer to (Zhou et al., 2012; Chen et al., 2021; Itasca Consulting Group, 2022a).



Importantly, to ensure accurate transmission of movement data, a vertex must align
precisely with a gridpoint of the zone. To achieve this alignment, the FDM zone entity is
generated first, followed by the creation of the coupling wall on the zone's surface to facilitate
interactions with particles. In this study, the coupling wall encompasses all surfaces of the
geocell.

It is worth noting that unlike the ball entities in DEM, the movement of the wall does not
adhere to Newton's laws of motion, and its velocity can be directly assigned. As a
consequence, the wall is primarily used to define geometry or loading boundary conditions in
DEM models. The primary distinction between a conventional wall and a coupling wall lies

in the coupling wall's ability to deform along with the attached zone.

2.2 Contact model and constitutive model
2.2.1 Contact model of discontinuum

In a Discrete Element Method (DEM) model, the relative motion and forces between
interconnected grains are governed by a contact model (Asadi et al., 2022). Between any two
contacting pieces, only one contact exists (a ball itself constitutes one piece, and the pieces of
a wall are referred to as facets). However, a single piece can come into contact with all the
pieces surrounding it, meeting the criteria for contact activation. The macroscopic behaviors
of the granular assembly, such as deformation and strength, result from the cumulative and
integral manifestations of micromechanical interactions among particles (Meng et al., 2023).
The selection of an appropriate contact model is essentially a prerequisite for achieving
reliable DEM simulations (Wu et al., 2021).

Given the material characteristics (uniform sub-angular sand) and the experimental



conditions (quasi-static drained loading), spherical balls and a linear-based contact model
with rolling resistance (RR model) were employed in this study. While using spherical balls
provides the best computational efficiency in DEM simulations, it falls short in representing
the shape effects of irregular and angular sand particles (Gao and Meguid, 2018a, b; Alabbasi
and Hussein, 2021). The inherently rough surface texture of these particles necessitates an
increase in rolling resistance (Jiang et al., 2005). Consequently, introducing artificial rolling
resistance becomes a rational and effective method for compensating for the limitations of
idealized spherical particles (Ai et al., 2011; Wensrich and Katterfeld, 2012).

A local Cartesian coordinate system is automatically established at the contact as
illustrated in Fig. 3. This contact plane coordinate system is oriented such that i coincides
with the contact normal direction while § and t are orthogonal coordinates on the plane.
In addition, the resultant of relative rotation (95 and 9t about S5 and t is the bending
rotation Hr , and the resultant of relative translation 55 and é‘t about § and t is the
tangent displacement 55 .

As illustrated in Fig. 4, rolling resistance linear model gives rise to an elastoplastic
behavior. The spring and slider are liable for elastic and plastic deformations, respectively.
The divider accounts for the incapability of sustaining any tension force. The shear force and
rolling moment cannot infinitely develop with the increase of the tangential translation and
rotation, which conform to the Coulomb’s friction law (Estrada et al., 2008). There is ultimate
shear force FSU and torque Mf dependent on the magnitude of the normal force that

correspondingly limits the development of the shear force and rolling moment. These are



given by Eq. (3) and (4), where Fn is the normal force, and R is the effective radius of the
contact defined by Eq. (5). Further, the normal stiffness kn and shear stiffness kS are
mutually independent, whereas the rolling stiffness kr is dependent on ks governed by Eq.

(6) proposed by Iwashita and Oda (1998).

R =uF, (3)
M/ =uF.R (4)
_ RWLR®G
R=—wR® )

k =kR® ©)

In summary, the contact force of rolling resistance linear model resolves into three

components, normal force Fn, shear force Fs and rolling moment M, which are calculated

via Eq. (7), (8), and (9), respectively.

F =k, )

Fs _ ksch Fs < Fs (8)
Fs“ FS > Fsu

Mo KO MM )
M! M >M!

In a DEM model, the boundary conditions are primarily defined by the walls composed
of manifold triangular facets. The particulate system is confined within these walls. Loadings
applied to the system are implemented by adjusting the velocity of the walls. It is important
to note that there is no interaction among the walls themselves; they only interact with the
particles. A linear contact model without rolling resistance is adopted to describe the contacts

between the walls and particles. A notable discrepancy between interparticle interactions and

10



particle-wall interactions is that the radius of interaction equals the radius of the particle, as
walls do not possess a radius property.

In order to achieve a stable equilibrium state characterized by an acceptable number of
cycles, a localized damping mechanism was employed. This mechanism is differentiated from
a dashpot featuring viscosity, which is typically expressed in relation to the critical-damping
ratios for normal and shear modes. The purpose of this localized damping mechanism is to
aid in the dissipation of energy within the system. Within this localized damping approach, a
constant parameter, denoted as o, is assigned to the contact pieces. The damping force,
denoted as Fd, is computed using Eq (10), wherein the subscript i represents the degree of
freedom spanning from 1 to 6.

Fo) =—|Fsign(v;) (10)

In general, & issetto 0.7 in quasi-static situations (McDowell and Li, 2016).
2.2.2 Constitutive model of continuum

In the realm of continuum mechanics, the stress-strain relationship of a material is established
through the employment of a constitutive model (Chen, 2005). The selection of an appropriate
constitutive model in FDM is regarded as a cornerstone for accurately defining geocells
(Likitlersuang et al., 2018; Sukkarak et al., 2021b). Considering that geocells typically do not
exhibit substantial plastic or rupturing deformation even after complete confined compressive
loading, the isotropic linear elastic model has been deemed suitable for characterizing geocell
behavior in the absence of pronounced failure. This model has been verified and extensively
used in modeling geocells (Leshchinsky and Ling, 2013a; Leshchinsky and Ling, 2013b;

Hegde and Sitharam, 2015b; Arias et al., 2020), as well as other geosynthetics (Chen et al.,
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2021), particularly when there is a lack of notable deformation characteristics, such as
plasticity or rupture behavior.
The incremental stress-strain relationship in isotropic linear elastic model is derived

based on Hook’s law (Itasca Consulting Group, 2022b):
2 11
Ao =2GAg; +| K _EG A&y 0 (11)

In this context, Ac; and Asg; represent the incremental stress and strain tensors,

respectively. G is the shear modulus and K is the bulk modulus of material, which can be
related to Young’s modulus E and Poisson’s ratio v by Eq. (12) (Surarak et al., 2012;
Likitlersuang et al., 2013). Consequently, calculating G and K based solely on E and v is
sufficient to accurately define the deformation behavior of geocell. This ensures the effective

execution of the coupled simulation.

E
3(1-2v)

E
2(1+v)

(12)
G=

3 Coupling model of geocell reinforced soils

3.1 Model Configurations

In accordance with the experimental geocell configuration, a hexagonal-shaped geocell was
employed. This geocell consisted of one larger-sized cell and three smaller-sized
interconnected cells. The objective was to investigate the influence of size factors on the
response of geocell-reinforced soils. Additionally, geocell-free soil configurations were

established to demonstrate the reinforcement effect. The cross-sectional arrangement of these
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systems is illustrated in Fig. 5. For reference purposes, the designations UN, L1, and S3 were
utilized to represent the unreinforced soil, the geocell-reinforced soil system with one larger-
sized cell, and the system with three smaller-sized interconnected cells, respectively, in the
subsequent descriptions.

The geocells were modeled using the Wedge zone, comprising six grid points. The
geocell sheet had a thickness of 0.38 mm, consistent with the experiments conducted by Chen
et al. (2013). To replicate the L1 and S3 geocells, a total of 44,880 and 63,180 zones were
generated, respectively.

Based on the physical dimensions of the soil samples, cylindrical specimens with a
diameter of 71.1 mm and a height of 152.4 mm were reproduced, as illustrated in Fig. 6. The
geocell height was set at 120.0 mm, centered within the samples, with 16.2 mm margins at
the top and bottom, following Chen et al. (2013).

To strike a balance between computational efficiency and adherence to the experimental
model, spherical grains with a uniform gradation were generated. Particle sizes were scaled
up by a factor of 9, resulting in an acceptable number of particles. Consequently, the particle
diameter in the model was increased to 2.25 mm. The dimensional ratio between the smallest
extent of the material vessel (71.1 mm) and the largest particle diameter was 31.6. Importantly,
as noted by Bathurst and Karpurapu (1993), the scale effect becomes negligible when the

dimensional ratio exceeds 6.
3.2 Simulation procedure

In accordance with the laboratory experimental testing procedure, the modeling process was

divided into three phases, as illustrated in Fig. 7. The first phase involved the generation of
13



the soils, geocell, and the material vessel, represented by the balls, zones, and walls,
respectively, as shown in Fig. 6. The second phase was responsible for isotropic consolidation,
wherein the confinements with three levels of confining pressure (50 kPa, 100 kPa, and 200
kPa) were applied using the servo-mechanism of the wall (Itasca Consulting Group, 2022a).

The ultimate phase was controlled by the shearing, the top and bottom synchronously moved

. : 10°° : . .
downward and upward with a loading rate H'x s’ where H "is the real-time height of

the sample. This rate insures the inertial number | (Lopera Perez et al., 2016; Shire et al.,
2021) of the system was smaller than 1072 (e.g., the I of UN sample under confining pressure
of 100 kPa was approximately 4.5x107°), which was slow enough to guarantee a quasi-static
response. The simulation was terminated when the axial strain was larger than 16%.
Noteworthy is that the side cylinder walls still retained the constant confining pressure via the

servo-mechanism through the entire loading process.
3.3 Validation of the numerical model

There exists no explicit relationship between the macroscopic properties of materials and the
microscopic parameters of contact models. As a result, it becomes essential to determine the
microparameters within the Discrete Element Method (DEM) through a calibration procedure
that relies on trial and error processes (Villard, 2022). This entails a comparison between the
macroscopic behavior resulting from the evolution of microstructural features and the
experimental data obtained. The microparameters of the numerical model were continuously
adjusted until the macroscopic behaviors closely corresponded with the observed

deformability and strength in experiments (Salot et al., 2009; Gao and Meguid, 2022).
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In line with the experiments conducted by Chen et al. (2013), a series of triaxial
compression tests on both unreinforced and reinforced soils, incorporating geocells in various
configurations, were replicated numerically as introduced in section of simulation procedure.
The calibrated micromechanical and material parameters for geocell-reinforced soils, as
shown in Table 1, successfully captured the macroscopic responses. This success is evident
from the strong correlation between the calculated results and the experimental data,
illustrated in Fig. 8. Additionally, the coefficient of determination (R?), a well recognized
statistical measure for assessing the goodness-of-fit between numerically simulated and
experimentally measured values, was used for evaluation This coefficient, calculated using
Eq. (13), compares the experiment data (y) and the computed data (y*), following Wasserman
(2004). An R? value closer to 1 indicates a higher degree data correlation. In this study, the
average R? value was 0.950 across various cases, underscoring the reliability of the model
calibration. This high degree of accuracy in the model calibration paves the way for

trustworthy analyses in subsequent parts of this study.

Z?:l(yi B yi*)z
Zin:l(yi - 7)2

R*(y,y")=1- R? [0, 1] (13)

4 Results and discussion

4.1 Characteristics of the deviator stress curves

The evolution of deviator stress with respect to axial strains plays a crucial role in reflecting
the macroscopic mechanical behavior of a soil system from the perspective of shear strength
development (Muni, 2010). As illustrated in Fig. 9, the deviator stress for all soil systems

exhibited a rapid increase during the initial stage. Subsequently, the increasing trend of
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deviator stress at confining pressures of 50 kPa and 100 kPa was sustained until the cessation
of compressive loadings for the reinforced soils. In contrast, the deviator stress under the
highest confinement, i.e., 200 kPa, gradually reached a steady state at an axial strain of 10%.
Beyond the peak, a slight softening trend in deviator stress is observed at all confining
pressures for the unreinforced soils, with a more pronounced softening behavior observed at
higher levels of confining pressure. In essence, when soils are reinforced, they do not show
the same strain softening behavior seen in unreinforced soils. Studies by Rajagopal et al.
(1999), Chen et al. (2013), and Haussner et al. (2016) suggest that geocells alter the soil's
characteristics, transforming it from brittle to ductile. This change results in the reinforced

soils exhibiting improved strength.
4.1.1 Reinforcement efficiency

Under the same reinforcement conditions, the shear strength increases as the confining
pressure rises, as depicted in Fig. 10a. The reinforcement effect of S3 was found to be superior

to that of L1 at the same level of confining pressure. Chen et al., (2013) introduced the

. . A . . .
deviator stress ratio (SR :((Aaﬂ) to evaluate the efficiency of geocell reinforcement
Oun max

under increasing levels of confining pressure. This approach has also been widely employed
to assess the reinforcement efficiency of other geosynthetics (Oliaei and Kouzegaran, 2017,
Potyondy, 2019). Distinctly inspired by Pires and Palmeira's work in 2021, the coefficient of
reinforcement, also known as the efficiency factor, is introduced. This coefficient is defined
as the ratio of the difference between reinforced and unreinforced strengths to the

unreinforced strength, as expressed in Eq. (14). This approach provides a more
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comprehensive assessment of the impact of geocell reinforcement.

= (AGR )max _(AO-UN )max «100% (14)
(Aoyy )max

Where (Aoy) and (Aoyy)  are the maximum deviator stress of the reinforced

max max

and unreinforced soils, respectively. The calculated EAG -value (refer to Fig. 10b) illustrates
a decline in the reinforcement efficiency of both L1 and S3 with increasing confining pressure.
This correlation aligns closely with the experimental results, thereby further validating the
accuracy of the numerical model. Notably, the reinforcement efficiency of S3 consistently
surpassed that of L1 under equivalent confining pressures. This suggests that the presence of
multiple smaller-sized cells imparts stronger constraints compared to a single larger-sized cell.
This observation concurs with the outcomes of prior experimental studies conducted by

Pokharel et al. (2010), Hegde and Sitharam (2015), and Dash (2020).
4.1.2 Friction angle and cohesion

Geocell strengthening demonstrates significant cohesive strength enhancement even in
cohesionless soils, as indicated by Rajagopal et al. (1999). The strength parameters derived
from computational results and Mohr-Coulomb failure envelopes are presented in Table 2,
with the numerical data closely aligning with the experimental findings of Chen et al. (2013).
It is evident that geocell reinforcement enhances cohesion while minimally impacting the
friction angle of the reinforced soils. This observation aligns with earlier research by Bathurst
and Karpurapu (1993) as well as Rajagopal et al. (1999).

Furthermore, the apparent cohesion is notably influenced by the size factors of the

geocell. An increased number of cells coupled with reduced size effectively mobilizes higher
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cohesion, without compromising the internal friction resistance of the soil material. This is
attributed to the provision of all-round confinement, enabling the impartation of cohesive
strength to the soil.

Considering the disparity in cohesion and friction angle between the reinforced and
unreinforced soils, the geocell can be treated as an equivalent material possessing a greater
cohesion and the same friction angle as the infilling soil (Vibhoosha et al., 2021). The
presence of the geocell provides an extra confining stress onto the confined soil, a value that

can be determined using Eq. (15) (Rajagopal et al., 1999).

Ao, = L (15)
1+sing
\j 1-sing
Observations reveal that S3 induces a higher level of additional confining stress on the
confined soil. The pronounced increase in confinement effect noted in S3 can be attributed to
the presence of multiple cells. This further substantiates the superior reinforcing performance

of S3 compared to L1.
4.2 Geocell deformation characteristics

For the geocell replicated with continuous zones, the deformation of the zone is delineated by
the displacement of its constituents, i.e., gridpoints. Due to the confined nature of the geocell-
reinforced soils (L1 and S3), which take on the form of a regular prismoid, the displacement
field was represented using a cylindrical coordinate system. In each scenario, the origin of the
coordinate system (denoted as O) was located at the geometric center of the geocell. The Z
axis was aligned parallel to the direction of axial loading, with positive vertical displacement

indicated upwards. Regarding the radial direction, any displacement moving away from the
18



original point O was deemed positive, as depicted in the cylindrical axes in Fig. 11. Radial
and vertical displacement contours are depicted in Fig. 11. It is clear that the lateral zones
experienced radial displacements in a positive direction. This indicates that the geocell acts
like a tensioned hoop, effectively limiting the sideways movement of the soils inside. This
alignment concurs with the numerical models' portrayal of shrinkage, coinciding well with
experimental observations (refer to Fig. 12c-d).

Vertical displacements in the upper section exhibited negative magnitudes, whereas the
lower section displayed positive values. This indicates that the geocells, functioning as a shell
column under confined compressive loads, experienced longitudinal shortening while
deforming consistently with the granular assembly.

Fig. 12 illustrates the disparity in deformation of the geocell cross-section (Z=0)
before and after the application of compression loads. Noteworthy is that the experimentally
obtained deformation pattern has also been added in Fig. 12, bearing a similar resemblance to
that of numerical observations. In general, both the confined regions of S3 and L1 expanded.
However, distinct deformation characteristics are observed, as displayed in Fig. 11a and b.
The hexagonal geometry of L1 expanded uniformly, while S3's deformation was primarily
concentrated at the outermost perimeters of the cells rather than the shared inner sides. This
is evident from the near-zero displacement of the inner sides, which are shared by three
interconnected cells. Boundaries located farther from the center exhibited greater
displacement than the inner shared sides, highlighting the additional resistance provided by

interconnected cells.
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Furthermore, stress concentrations led to the wear and tear of all corners of L1 and the

corners on the outermost sides of cells in S3 (Hibbeler, 2005).
4.3 Contact network characteristics

Coordination number, denoted as Z, is a fundamental parameter used to characterize the
packing structure of granular assemblies. It serves as an indicator of both the connectivity and
the intensity of contacts within the assembly (Gao et al., 2020; Liu et al., 2020a). The
coordination number is defined as the ratio of the total number of contacts (CN ) to the

number of particles ( N p ) present (Guo and Zhao, 2013; Cantor et al., 2020).

(16)

Some particles within an assembly are often referred to as "rattlers™" or "floaters” due to
their having zero or only one contact with neighboring particles. These particles, in fact, do
not significantly contribute to the support of external loads and make minimal contributions
to the stability of the microstructure. As a result, an alternative definition of coordination
number has been introduced, known as the mechanical coordination number, Z". This
concept, taking into account the presence of floaters, was proposed by (Thornton and Antony,
2000). In this context, Nt represents the number of particles with only one contact, and Ng

represents the number of particles with zero contact.

. C, —N;
ey 0
p p p

Fig. 13 illustrates the evolution of conventional coordination (Z) and mechanical
coordination number (Z*) as compressive loadings progress. Initially, Z shows a noticeable

increasing trend, followed by a relatively stabilized state before the axial strain reaches 3%.
20



Similarly, Z* displays a rising tendency during the initial phase, although not as pronounced
as Z. Given the constant N, the growth of Z can be attributed to the increasing total number
of contacts. Conversely, the change in Z* does not exhibit significant growth due to its
dependence on the floater particles for the initial compression-induced increase in the total
number of contacts. The slight fluctuation in Z* throughout the compression process indicates
a relatively stable assembly state with no abrupt changes in the connected grain structure,
aligning well with the evolution of deviator stress (refer to Fig. 8).

Evidently, a higher coordination number within an assembly corresponded to increased
support or constraints, resulting in a more stable microstructure. Both Z and Z* in reinforced
soils exhibited larger values compared to those in unreinforced soils. Additionally,
coordination numbers in geocell-reinforced soils with multiple smaller interconnected cells
demonstrated larger values when compared to reinforced soils with a single larger-sized
geocell. To summarize, geocells with multiple cells exhibited superior reinforcement,

supported by the densification of the contact network.

4.4 Stability of the contact
4.4.1 Sliding and rolling contacts

As mentioned earlier, the contact pieces begin to slide or roll continuously only when the
shear force or bending moment reaches the limiting values of FSU or M f (Bhushan, 2013).
This signifies the transition of the stable contact structure into an unsteady state. When a
significant portion of contacts becomes unstable, the assembly approaches failure.

The evolution of these four types, characterized by the rolling and sliding states
throughout the entire shearing process, is depicted in Fig. 14. The proportions of unstable
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contacts in pure sliding (C, ), pure rolling (C, ), and sliding with rolling (C,, ) states reached
a plateau at a small axial strain of about 3%. Conversely, stable contacts without any
occurrence of rolling or sliding (Cnsr ) decreased due to their complementary relationship with
the unstable contacts. This characteristic indicates that the initial compression promptly
triggered adjustments to the overall stability of the samples, leading to a quasi-stable state.
This quasi-stable state persisted throughout the entire shearing process, preventing abrupt
collapse.

Furthermore, the P,'m can be found in an escalating sequence: UN < L1 < S3. In
contrast, the unstable contact percentages with regards to rolling (Pr), sliding (Ps), and
rolling with sliding (Psr) were in an opposite order. It can be concluded that the existence of
geocell reduced the possibility of sliding and rolling occurrences among contacts within the
assembly, in particular, S3 gained more competence in abatement of the contact instability.
To further analyze the reinforcement efficiency of varied geocell configurations with

considerations of size factors, the ratio of Hsr similar to deviator ratio was calculated as

( PFISI' )

P, ratio=—-"""F |t can be seen from Fig. 15 that the efficiency of geocell reinforcement
nsr /JUN

declined with the increasing confining pressure from the aspect of sliding-rolling contact
states. Therefore, increase in confining pressure weakens the reinforcing effect of geocell on
the soils, inferring the reinforcement is less effective subjected to high confinements. This is
in a good agreement with experimental results of Chen et al. (2013), which adds more validity

to this coupled numerical models.
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4.4.2 Redundancy factor

From a structural-mechanical perspective (Kruyt, 2010), a particle possesses six degrees of
freedom (DOF): three are linked to translational movement, while the remaining three pertain
to rotational mobility. In the case of a contact governed by a linear rolling resistance model,
the act of sliding or rolling results in the release of two translational or rotational constraints
within the contact plane, respectively (Gong et al., 2012). However, it's worth noting that this
contact model does not encompass resistance to twisting (rotation around the normal axis);
therefore, a twisting rotation movement remains unconstrained. As a result, our study
recognizes that only five degrees of freedom are constrained in total. Further specific details
can be found in Table 3.

The ratio of total constraints to the freedom of the particle assembly, defined as the
redundancy factor (RF), is utilized in this study to further evaluate the system's stability from
the perspective of the sliding-rolling state. This can be calculated using Eq. (18). Here, C.
indicates the number of contacts in the corresponding contact state. Rattler particles, which
have zero contacts, are excluded from the total freedom calculation as they do not participate

in load support (Kruyt, 2010).

_ G, +3C, +3C, +C (18)

" G(NP_NS)

Throughout the entire process of compression, all variations of the RF remain above 1,
indicating an equilibrium solid-like state (Gong etal., 2012; Zhou et al., 2017), as depicted in
Fig. 16. A larger RF value signifies a higher degree of constraints imposed on the system,

consequently leading to greater stabilization of the assembly. Notably, the RF of the
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reinforced material surpasses that of the unreinforced material under identical confining
pressures. Similarly, the RF trends in S3 consistently outperform those in L1. This observation
further supports the notion that adjacent cells in S3 indeed impart additional constraints,
effectively confining the soil.

As noted by Gong et al. (2012), the redundancy factor is positively correlated with both
coordination number and stable contacts. Interestingly, the evolution of the redundancy factor
exhibits a decreasing trend, in contrast to the behavior of coordination numbers (refer to Fig.
13), but is similar to the percentage of Cnsr (refer to Fig. 14). This suggests that the impact
of losing stable contacts is more significant compared to the effect of gaining additional
overall contacts, as indicated by the increase in coordination numbers.

Furthermore, a distinct upward trend is observed following a rapid decline in reinforced
soils under a confinement of 50 kPa. Notably, the rising tendency in reinforced soils under a
confining pressure of 100 kPa was less pronounced than that under 50 kPa, and the curves for
reinforced soils under a confining pressure of 200 kPa remained relatively flat. This trend
aligns well with the evolution of deviator stress (see Fig. 9). Consequently, the phenomenon
of strain hardening observed in the deviator stress curves against axial strain can be attributed

to the micromechanical origins involving the accumulation of the redundancy factor.
4.5 Elastic stiffness tensor

In the realm of DEM, it is firmly established that the elastic behavior of the linear contact

model is dictated by two linear springs possessing stiffness values denoted as kn and ks

in the normal and tangential directions respectively. Consequently, the elastic stiffness matrix
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E; for agiven contact can be defined as shown in Eq. (19), wherein 1 and {represent the
unit vectors along the normal and shear contact force respectively. Furthermore, the elastic
stiffness tensor Lijk, for an assembly is derived under the assumption of uniform strain. This

assumption facilitates the assessment of elastic stiffness in a specific loading direction.

E; =knin; +ktt; (19)
E;b)D
L= @)

Lij,d is a fourth order isotropic tensor with 81 components, which can be simplified to
Eqg. (21) because of the symmetrical character, i.e., Lijki = ij = Lk"j (Kruyt, 2010). For
conciseness, the evolutions of the elastic stiffness tensor component (see Eq. (21)) only in

sample of S3 under the confining pressure of 50 kPa are presented in Fig. 17a.

L L Liss Lo Liss L |
Lo Loss Lo Loass Lo
Ly = Lisss  Lose Loss  Lsass 1)
Lo L Lo
Lsss  Losis
| Sym. Liass |

The components of Lij,d can be categorized into five groups based on their magnitudes,
as depicted in Fig. 17. Group V contains values significantly smaller than those of other
groups, approaching zero, thus necessitating no further elaboration. As the soil specimen takes
on a cylindrical shape and the radial loadings are uniform, deformations and stresses in
directions 1 and 2 remain indistinguishable (here, subscripts 1, 2, and 3 of Lijk| correspond

to the X, y, and z axes of the global coordinate system in the models). This explains the near-

identical magnitudes of |-1111 and ngzz,as well as |-1133 and |-2233.
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The foremost component in Group | is |.3333, representing the primary elastic stiffness
in the loading direction. At the onset of shearing, the values in the three principal directions
( |-11111 |-2222 , |-3333) demonstrate close magnitudes, reflecting the isotropic loading state of the
soil. With the progression of shearing strength, |-3333 simultaneously increased, whereas
Ly, and Ly, were on the wane.

The incorporation of geocells plays a predominant role in the evolution of |-3333 but
exerts minimal influence on the other components of the stiffness tensor. This confirms that
geocells effectively enhance the infill rigidity in response to compressive loads, aligning well
with experimental results obtained by Indraratna et al. (2015). Furthermore, the magnitudes
of the elastic stiffness tensor increased as the confining pressure rose.

To elucidate the relationship between the principal components of elastic stiffness ( |-3333 :
Lyass / L), and stress (S, Sy/S,;), the parameters and were individually graphed against
the parameter in Fig. 18. Here, the subscript rr signifies the average elastic stiffness and stress
along the 1111 (11) and 2222 (22) directions. Overall, a notable positive linear correlation
was observed, with soils under identical confining pressures exhibiting akin slopes (refer to
Fig. 18a). Moreover, lower confining pressures were found to yield a steeper slope albeit
within a more limited range, as opposed to higher confining pressures.

The stress and stiffness components in the radial direction are illustrated in Fig. 18b. It
is noteworthy that all the linear proportions of the curves run in parallel. There are apparent
gaps among samples under various reinforcement conditions. Furthermore, the curves for UN,

L1, and S3 are clustered from left to right, coinciding well with the strength sequence. The
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maximum stiffness ratio for all samples is close to 2.0; however, they exhibit different
behaviors after reaching this maximum stiffness ratio. Unreinforced soils experienced a
reversal in stiffness ratio, whereas the reinforced soils continued to develop stiffness. This
discrepancy can be attributed to the macroscopic deformation associated with strain
hardening/softening behavior (Peyneau and Roux, 2008), as depicted in the deviator stress
curves (refer to Fig. 9).

For reinforced soils, the final principal stress ratio at low confining pressure exceeded
that at high confinement. This observation implies that the presence of geocells significantly
extended the upper limit of the principal stress ratio under low confining pressure. This
phenomenon explains why the stiffness ratio in soils subjected to high confining pressure was

smaller than that in soils subjected to low confinement.
4.6 Contact force and force chain network

A contact force can be decomposed into a normal force and a shear force, as illustrated in Fig.
3. The thresholds of the shear force and rolling torque depend on the magnitude of the normal
force. Previous research has confirmed that the primary contributor to the development of
deviator stress is the normal contact force (Rothenburg and Bathurst, 1989; Thornton, 2000;
Zhao and Zhou, 2017). Therefore, a comprehensive investigation of both the contact force
and the force chain network was conducted to better understand the influence of size-related
factors on the reinforcing mechanism of geocells. This investigation allows establishing a link

between macro-responses and their micro-origins.
4.6.1Force chain network

Fig. 19 depicts the strong force chain network of samples subjected to a confining pressure of
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50 kPa upon the completion of compressive loading. The threshold for differentiating between
strong and weak contact network has typically been set at the level of the mean contact normal
force ( f_n ) as suggested by Nie et al. (2021) and Lin etal. (2022). However, in order to better
highlight the role of strong contacts in load support, this study adopts a higher threshold, set
at twice the mean value, following the approach of Liu et al. (2020a). The front view reveals
a concentration of force chains aligned parallel to the axial loading direction. This
concentration appears closely linked to the emergence of new column-like load paths,
reinforcing the applied stress increment in that specific direction.

Additionally, it is evident that the density and thickness of the contact force chains within
the geocell are notably greater compared to those situated along the outer margins of the
geocell. To better delineate the effects of geocells in various forms, the mean contact normal
force (f_n) distributed both inside and outside the geocell zone, as well as across the entire
soil dimension, was separately calculated and displayed in Fig. 20. Firstly, the magnitude of
f_n within the entire sample space shared the same sequence as the maximum deviator stress
shown in Fig. 10a. This implies that the mean normal force is highly related to the strength of
the soils. Secondly, f_nfrom the inside geocell zone was larger than that from the outside.
This infers that the inside contacts are the primary source of the strength development owing
to the geocell inclusion. For f_n inside the geocell zone, S3 exhibited a significantly larger
value than L1, while outside showed trivial differences between S3 and L1 (refer to Fig. 20b).

This reveals that multiple cells are allowed to bestow more capabilities in mobilizing the

confined soils to develop a stronger force chain in response to external loadings.
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Chen et al. (2013) concluded that the behavior of geocell-reinforced soil under low
confining pressure can be explained by the hoop tension theory, whereas the compression
shell theory is better suited to describing the behavior under high confining pressures, as
proposed by Henkel and Gilbert (1952). At low confining pressures, the soil is more prone to
lateral expansion, and the geocell functions as a hoop, providing additional confining stress
to the inner soil. Conversely, under high confining pressures, the lateral displacement of soil
particles is reduced, and the geocell behaves like a shell, assisting in supporting compressive
loads. As a result, the ratio between the inside and outside of f_n decreases as the confining
pressure increases (refer to Fig. 20c). This observation further validates the hoop-shell theory
at the microscopic level.

Moreover, the evolution of the inside/outside f_n ratio in Fig. 20c closely resembles the
increasing rate of deviator stress (as shown in Fig. 10b). This similarity suggests that the
efficiency of reinforcement diminishes at high confining pressures due to reduced lateral
deformation of the soil mass. Consequently, the hoop confining effect cannot be fully realized.
Additionally, at significant levels of confinement, the vertical performance of the geocell is
insufficient when compared to its lateral behavior. This weakness is exemplified by the ratio
approaching 1 under a confining pressure of 200 kPa.

Conversely, force chains within the unreinforced soils exhibit a uniform distribution
across all vessel dimensions. This observation supports the notion that the geocell effectively

mobilized the soil to establish a quasi-rigid composite, thereby enhancing the load-carrying

capacity while mitigating lateral spreading of the infilled soils. To summarize, the
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confinement effect exerted by the geocell positively influences soil stability, and the
confinement effect abates as the confining pressure increasing, as manifested by the

microscopic characteristics of the concentrated force chains within the geocell structure.
4.6.2 3D histogram

To understand the impact of geocell size-related factors on the spatial distribution of normal
contact forces within the soil assembly, spherical histograms were employed herein. Normal
contact force f, isa vector quantity that, in a Cartesian coordinate system, can be described
using component form as (fnx, foys fm) .The force f_ can also be mapped into the spherical
coordinate system as outlined in Eq. (22). In this equation, F_, isthe magnitude of the f,
¢ and @ represents the polar angle and azimuthal angle depict the orientation of f, inthe
space (refer to Fig. 21) . In this approach, the orientation sphere was divided into 600
subregions using 40 latitude lines and 15 meridians, ensuring equal areas for each subregion
(Heetal., 2022). All contacts were mapped into the spherical coordinate system then grouped
according to the orientation (¢, @) into the subregions. In spherical histogram, each

subdivision was represented by a bar. The length and color intensity of the bar reflects the

normalized local average of the normal contact force ( Fmagi/Fmago ). Here, Fmagi

represents the mean magnitude of normal contact forces within a specific subregion.  Fmago

signifies the average of these magnitudes across all subregions (Ouadfel and Rothenburg,

2001).

Frog =+ fo+ f2+f2

mag nx ny

¢ = Arctan(4 [f2+12, fnz) (22)
(

0 = Arctan(f,, f,)
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In the ideal scenario of perfectly isotropic distribution of normal contact forces, the 3D
histogram's shape would resemble a unit sphere with a radius of 1. Deviations in the histogram
outline from this spherical shape indicate the anisotropic nature of the particle assembly (Zhao
and Zhou, 2017).

Initially, during compression, the 3D histograms of all samples, whether reinforced or
not, approximated a sphere with a unit radius (see Fig. 22a, b, ¢). This suggests that all samples
were uniformly compacted initially, exhibiting a well-isotropic stress state. The standard
deviation (SD) is applied to quantitatively evaluate the uniformity of the contact normal force.
The low standard deviation at the initial state reflects the uniform contact distribution.
However, as the compression proceeds, the distribution of the 3D histogram elongated, taking
on the shape of an upright peanut (Fig. 22d, f). The high SD unveils a relatively an anisotropic
contact distribution. This elongation implies an increased number of contacts and force
magnitude along the loading axis compared to other directions, highlighting a high degree of
shear induced anisotropy. Moreover, the orientation distribution of strong contact normal
forces is primarily concentrated at the top and bottom regions. These regions align with the Z
axis in the Cartesian coordinate system, suggesting a directionality of these forces. This
alignment is consistent with the principal orientation of the force chain network shown in Fig.
19, indicating a predominant force transfer towards the compressive loading axis (Zhou et al.,
2015).

In conclusion, not only did the number of contacts increase along the loading axis, but

the magnitude of normal contact forces also grew. Additionally, the histogram of unreinforced
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soil (Fig. 22d) displayed a narrower spread along the horizontal direction than geocell-
reinforced soils S3 (Fig. 22e) and L1 (Fig. 22f) suggesting a relatively more anisotropic
behavior. Clearly, the standard deviation for UN exceeds that of S3 and L1. This finding is
consistent with the significantly greater shear deformation observed in unreinforced soils, as
compared to geocell-reinforced soils S3 (Fig. 22e) and L1 (Fig. 22f). This further confirms
that the inclusion of a geocell promoted a more uniform and homogenous distribution of
contact forces. The use of geocell increases the number of contacts that are oriented
horizontally. This leads to a higher number of contact forces with a greater magnitude, which
are more horizontally inclined compared to those in unreinforced soil. Importantly, the
histogram of geocell-reinforced soil with a single larger-sized cell exhibited a relatively more
uniform distribution. This could be attributed to the increased confinement effect facilitated
by multiple cells in the geocell, leading to the mobilization of a larger volume of soil in

response to enhanced confinement.
5 Limitation of the study

This study employs a coupled FDM-DEM numerical simulation, effectively harnessing the
intrinsic properties of soil and geocell to mirror real-world conditions. Despite its advanced
three-dimensional approach, the research is based solely on a laboratory model. It focuses on
how different sizes of geocells affect the stress-strain responses in geocell-reinforced granular
soil. The study sheds light on the microscopic mechanisms that influence the macro-
mechanical behavior of these soils, with a special focus on the impact of geocell size.

However, the study’s findings are derived from small-scale model tests. To validate these
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results, future research should include large-scale experimental or field tests. Such tests in
actual field conditions will deepen our understanding of how geocell size factors into the
reinforcement process. This knowledge will be crucial for developing guidelines for the

design and construction of geocell-reinforced soil systems.
6 Conclusions

In this study, a coupled three-dimensional continuum-discontinuum framework was
established to analyze the influence of cell size and quantity on the confining mechanisms of
geocell-reinforced soils. The geocell was simulated using continuum elements within the
Finite Difference Method (FDM), while the backfill material was replicated using
discontinuum entities within the Discrete Element Method (DEM), tailored to their inherent
characteristics. Through comprehensive investigations into the impact of size-related factors
on the macroscopic behavior of geocell-reinforced soils, along with the micromechanical
origins in response to confined compressions, we derived the following novel findings:

1. The reinforcement mechanism of the geocell primarily arises from its confinement
effect, leading to increased infill rigidity and enhanced load-carrying capacity. This
observation is supported by micromechanical evidence such as the densification of
interparticle contacts, reduction in the number of less-contributing floating particles,
homogenization of contact network magnitudes and orientations, prevention of strong
force chain buckling and rupture, and enhancement of the principal component of the
elastic stiffness tensor ( |-3333) as rigidity increases due to the mobilization of infill soils,
resulting in a quasi-rigid composite.
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2. Enhanced confinement provided by geocells helps prevent lateral spreading of
granular soil. Moreover, geocell reinforcement with multiple cells demonstrates
superior performance compared to single large-sized cell configurations. This
enhancement is attributed to the additional constraints imposed by adjacent cells,
effectively curbing lateral expansion and constraining the mobilization of infill soils
and geocells in multi-cell setups.

3. As confining pressure on reinforced soil increases, the reinforcing effect becomes less
pronounced. This phenomenon can be attributed to microscopic origins where
heightened confinement reduces the percentage of unstable contacts and limits geocell
deformation, thereby hindering its ability to mobilize soil into a geocell-soil composite
as confinement levels rise. As the confining pressure increase, the decline in
reinforcement efficiency is associated with the constrained lateral deformation of the
soil assembly. Additionally, the function of the geocell in the soil shifts from being
tensioned hoops to compressed shells. While geocells excel at sustaining lateral
tension, they exhibit a limited capability to support vertical compression.
Consequently, the reinforcing effect of geocells under high confining pressure is less
pronounced compared to that under low confining pressure. This observation is
substantiated by the ratio between the mean normal force within the geocell zone and
that outside it.

The results from this study can be useful in the design and construction of geocell reinforced

soils. This study provide encouragement for the application of geocell reinforcement with
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multiple cells. In addition, utilization of geocells in low confinement is also recommended.
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1 (a) Contact interface between ball-facet; (b) Barycentric interpolation scheme of a facet
2 Coupling mechanism of the FDM-DEM objects

3 The local contact coordinate system and relative movements between two particles

4 Behavior and rheological components of the RR model: (a) normal translation; (b)

tangent translation; (c) bending rotation

5 Cross-section of the samples: a) UN; b) L1; ¢) S3

6 Dimensions of the triaxial compression sample

7 Three stages of a triaxial compression test simulation: (a) phase I; (b) phase II; (c)
phase 111

8 Comparisons of deviator stress versus axial strain obtained from the simulations and

experiments: (a) UN; (b) S3; (c) L1

9 Evolution of deviator stress for different reinforcement conditions

10 Evolution of the (a) maximum deviator stress; (b) deviator stress increasing rate

11 Deformation of the geocells under confining pressure of 50 kPa: (a) Radial
displacement of S3; (b) Radial displacement of L1; (c)Vertical displacement of S3; (d)
Vertical displacement of L1

12 Cross section contrast before and after deformation under confining pressure of 50
kPa: (a) S3; (b) L1

13 Evolution of the average conventional and mechanical coordination number under

confining pressure of 50 kPa
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14 Evolution of the sliding-rolling contact proportion under confining pressure of 50 kPa
15 Stable contact proportion ratio

16 Evolution of the RF for different reinforcement conditions

17 Elastic stiffness tensor components: (a) evolution of the sample S3 under confining
pressure of 50kPa; (b) group classification

18 (a) Lasss versus Sas; (b) principal elastic stiffness ratio (Lzsss/Lirr) Versus principal

stress ratio (Sza/Si1)

19 Strong force chain network under confining pressure of 50 kPa: (a) UN; (b) S3; (c)
L1
20 Mean normal force contrast: (a) all; (b) inside and outside the geocell; (c) the ratio

between the inside and outside mean normal force

21 Orientation grouping for the 3D histogram in the spherical coordinate system

22 3D histograms of the contact normal force magnitude in front view under confining
pressure of 50 kPa at the initial state (a) UN; (b) S3; (c) L1; Final state: (d) UN; (e) S3;

(f L1
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Fig. 5 Cross-section of the samples: a) UN; b) L1; ¢) S3
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Table 1 Micromechanical and material parameters used in the coupled FDM-DEM model

Item Micromechanical Properties

Discrete particles (balls)

kn (Particle-particle) 3.53x10° N/m
ks (Particle-particle) 2.36x10° N/m
K, (Particle-wall) 7.07x10° N/m
K, (Particle-wall) 0
A (Particle-particle) 0.6494
H, (Particle-particle) 0.5543
A (Particle —wall) 0
Ball density 1550 kg/m?

Continuous zones

E 70.0 MPa

v 0.3
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Table 2 Friction angle and apparent cohesion

Additional confini
Apparent cohesion (kPa) Friction angle (°) aditional confining

Conditions Cr ¢ stress (kPa) Aoy,
Experiment Simulation Experiment Simulation Experiment Simulation

UN 0 ~0 37 37.9 - -

S3 44.2 47.2 39 39.1 58.8 62.8

L1 35.0 38.0 38 37.2 46.9 511
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Table 3 Contact classification based on sliding and rolling state

Constraint
Type symeol Quantity Components
Sliding and rolling C, 1 Fﬁc
Only sliding Cs 3 Fﬁc | Mfc, |V|§C
Only rolling Cr 3 Fnc, ch’ Fsc
No sliding and rolling C 5 F. F FE M. M

nsr
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