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Abstract: Micropile groups (MPGs), combined with the advantages of the anti-slip pile and anchor
cable, offer an efficient support system that can be used as countermeasures for stabilizing the
talus slopes. However, the performance of MPGs in stabilizing the talus slopes is rarely numerically
investigated from the continuous-discontinuous viewpoints. To fulfil this knowledge gap, a numerical
method coupled with the discrete element method (DEM) with the finite element method (FEM)
is proposed first, and validated to be with good accuracy by the centrifuge model tests. A series
of cross-scale analysis cases are then adopted to assess the behavior of MPG in the talus slopes,
in which the influencing factors are also taken into account. The numerical results indicate that
the MPGs reinforcement can significantly improve the stability of the talus slopes, avoiding the
potential progressive shallow slip. For the MPGs with different pile spacing, the distribution laws
of deformation and internal force are rather similar, but the one whose pile spacing is four times
the pile diameter shows better performance. Moreover, the effective anchorage length of MPG is
approximately 1/3 of the pile length, and the axial force distribution is influenced by the type of
pile bottom constraint and the tangential contact between the micropile and the bedrock. Finally,
the “bidirectional anchorage” attributed to the platform and the bedrock can greatly improve the
performance of the MPG, which is a non-negligible part of the anti-slip mechanism of the MPG. This
study is of great significance for facilitating the design of MPG in stabilizing the talus slopes.

Keywords: micropile group (MPG); stabilization of talus slopes; cross-scale analysis; pile spacing

1. Introduction

The talus slopes are widely distributed worldwide, especially in high-altitude areas,
and they have obvious discontinuous and non-homogeneous characteristics [1,2]. With the
implementation of China’s “One Belt, One Road” initiative, numerous roads, railroads, and
other infrastructures under construction are affected by this type of slope [3]. The instability
of the talus slope usually causes geological disasters such as landslides, collapse, and debris
flow, which may lead to tremendous economic losses and human casualties. To control or
mitigate the potential disaster risk of the talus slopes, it is necessary and important to carry
out emergency treatments, in which the micropile (MP) is most commonly used owing to
its advantages of light structure, faster construction, and less disturbance [4].

Currently, the anti-slip mechanism and design of the MP have been studied and
analyzed using model tests [5,6] and numerical simulations [7,8]. Numerical methods, such
as the finite difference method (FLAC) and finite element method (ABAQUS, ANSYS) [9,10],
are commonly used in the simulation of MPs, focusing on pile parameters, reinforcement
position, soil arching effect, and other aspects. Elaziz et al. [11] and Alnuaim et al. [12]
numerically investigated the performance of roadbed slopes reinforced by MP using the

Sustainability 2023, 15, 8154. https://doi.org/10.3390/su15108154 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15108154
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-4020-6367
https://orcid.org/0000-0002-4081-3589
https://orcid.org/0000-0002-1458-5500
https://doi.org/10.3390/su15108154
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15108154?type=check_update&version=1


Sustainability 2023, 15, 8154 2 of 24

finite element method (FEM), which is more suitable for the simulation of small-strain
deformations. Wang et al. [13] present a numerical model for the seismic behavior of
the embankment constructed on an MP composite foundation, embankments on the soils
treated by MPs were simulated by an axisymmetric elastoplastic FEM.

At this late hour, many experts and engineers worldwide have conducted in-depth
research on the MPG from the perspective of theoretical analyses [14–16] and engineering
applications [17] and have arrived at considerable achievements. However, there is still
a lack of systematic research on the working performance of the MPG in the talus slopes,
such as the internal force and deformation characteristics of the pile group, the thrust
transfer from the potential sliding mass, and the coordinated deformation of the pile and
soil. Thus, there are still safety risks or waste of resources in the current design methods
for the talus slopes stabilized with MPGs. Particularly, the current simulation of MPs in
slope engineering mostly adopts a single numerical method [12,16,18], which does not
apply to the large deformation behavior of the talus slope with discontinuities [19]. At the
same time, the numerical simulation based on the discrete element method (DEM) is more
suitable for the talus slope, whose discontinuous characteristics can be highlighted better.

With the development of numerical methods and the growth in engineering demands,
refined simulation has gradually become mainstream in geotechnical engineering. There-
fore, a coupled DEM-FEM numerical method was developed, where the DEM was adopted
to simulate loose deposits, and the FEM was used to simulate the bedrock and MPG. The
cross-scale analysis based on the coupled DEM-FEM method was carried out herein to
explore the stabilization mechanism, stress and stain in the MPG-reinforced talus slopes,
facilitating the development and improvement of the design methods for the MPG used in
the talus slopes.

2. Cross-Scale Analysis Based on Coupled DEM-FEM Method
2.1. Discrete Element Model

The loose deposit of the talus slope usually consists of a soil and rock mixture, with the
obvious discrete characteristics of discontinuities and non-homogeneity [20]. Compared
with the finite element method (FEM), the discrete element method (DEM) is highly capable
of modeling the discrete nature of granular materials. Instead of assuming a complex soil
constitutive model, DEM can automatically reflect the macroscopic physico-mechanical be-
haviors of the geomaterials based on simple microscopic contact models between particles.
The talus slope is discretized into rigid DEM particles with the PD3D type elements; the
movement of each particle is determined by Newton’s equations:

mi .
vi

= ∑ Fi (1)

Ii .
ω

i
= ∑ Mi (2)

where mi and Ii are the mass and moment of inertia
.
vi and

.
ω

i are the acceleration and
angular acceleration of the particle i, respectively. ∑ Fi denotes the total force applied on
the particle i while ∑ Mi representing relevant torques [21].

Quaternary glacial deposits simulated in this paper have poor cementation. To con-
sider the irregular shape and the occluding effect between deposits, the Johnson–Kendall-
Roberts (JKR) adhesive normal contact model was adopted as a contact model for spherical
particles in the simulation. In this model, the governing equation was formulated according
to Newton’s second law, and the contact forces can be calculated as follows [22]:

F =
4Ea3

3R
−
√

8πΓa3 (3)

δn =
a2

R
−
√

2πΓa
E

(4)
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R =
R1R2

R1 + R2
(5)

1
E
=

1− ν2
1

E1
+

1− ν2
2

E2
(6)

In the above equations, Γ is the surface energy per unit area of the two contacting
particles; δn is the distance of two spherical particles in contact; E1, ν1 and E2, ν2 are the
effective Young’s modulus and Poisson’s ratio of the two contacting particles, respectively;
R1 and R2 are the radii of the two contacting particles, respectively.

In the particle flow simulated by the DEM, overlapping spheres are usually used
to describe irregular morphological granules and present a certain gradation law, but
this will increase computation amounts [23,24]. Therefore, the discrete element particles
in this paper were simplified as spheres with uniform sizes to reduce the computation
amounts [25]. The DEM model can reproduce the macroscopic mechanical properties of
the loose deposit through the calibration of the microscopic contact parameters such as
friction coefficient and contact stiffness, etc.

2.2. MPG-Soil Interaction Modelling

MPGs and bedrock are simulated using the linear elastic model in ABAQUS, where the
damage and plastic deformation of the materials are not taken into account to simplify the
simulation. General contact is a simple but effective contact model in coupled simulations of
ABAQUS. In general contact, the particles are not part of the general contact domain, similar
to other 1-node elements (such as point masses), while the finite element is considered as
the “wall”. The Hertz contact model was adopted in the simulation of MPG-soil interaction;
the normal and tangential contact forces are calculated by the following equation:

F =
4
3

E
√

R
√

δn
3 (7)

→
F =


−Kτδτ

→
τ − Ct

→
V (

∣∣∣∣→F ∣∣∣∣ < ∣∣∣∣→F f

∣∣∣∣)
−µ

∣∣∣∣→F ∣∣∣∣→τ (

∣∣∣∣→F ∣∣∣∣ ≥ ∣∣∣∣→F f

∣∣∣∣) (8)

where F is the normal extrusion force, is the tangential contact force, Kτ is the tangential stiff-
ness coefficient,

→
τ is the tangential direction vector in the contact surface, δτ is the tangential

displacement, Ct is the tangential damping coefficient,
→
V is the tangential relative velocity

vector, µ is the friction coefficient, and
→
F f is the ultimate tangential force (Equation (9)).

Since the pile is not the discrete element in Hertz contact, E and R in Equation (7) are taken
to be the elasticity modulus and the radius of the particle.∣∣∣∣→F f

∣∣∣∣ = µ

∣∣∣∣→F ∣∣∣∣ (9)

2.3. Cross-Scale Analysis Based on Coupled DEM-FEM Method

The key to the implementation of the cross-scale analysis based on the couple DEM-
FEM numerical method is the contact between the particles and the finite element cell
(Lagrangian bodies). The core is to consider the particles in contact with the finite element
as the 1-node elements (such as point mass), which would convert the particles’ action
into an equivalent nodal force applied to the finite element mesh (Figure 1a). The coupled
simulation employs a surface-based contact method; the first is the surface definitions for
the bodies that could be in contact (DEM particles and Lagrangian surfaces). Then, the
“general contact” of the interacting surfaces is set, where the surface properties need to be
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considered in the contact. Finally, an appropriate contact model is selected to perform the
dynamic explicit analysis (Figure 1b).
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Figure 1. Numerical simulation theory and process of the cross-scale analysis: (a) Numerical solution
strategy for the coupled DEM-FEM method; (b) Simulation process of cross-scale analysis.

In this paper, the discrete element models are constructed by modifying the model
file, replacing the original model with the point mass, then modifying the element type to
the rigid discrete element (PD3D), and generating the particles at the original mesh nodes.
These generated discrete particles require user customization of material properties, surface
properties, damping and constitutive models via the Python code, and contact assignment
in the subsequent dynamic explicit analysis.

Dynamic explicit analysis based on the direct integration method is adopted in the
coupled simulation, and the numerical simulation performed by the coupled DEM-FEM
method belongs to a mode-based transient response analysis. To achieve an accurate so-
lution, it is necessary to keep the time increment smaller enough to satisfy the condition
that the acceleration remains constant during a time increment step. Thus, the amount
of incremental steps in this coupled simulation is large, and a higher-performance com-
puter with optimized simulation settings is usually required to increase the efficiency of
the calculation.
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3. Validation of the Cross-Scale Analysis Based on the Coupled DEM-FEM Method
3.1. Example of the Talus Slope with Micropiles

To validate the coupled DEM-FEM method for the pile–soil interaction, a typical talus
slope with continuous-discontinuous characteristics is employed in this study (Figure 2).
The adopted slope is a kind of widespread talus slope in nature, which has a dual structure
formed by underlying bedrock and overlying loose deposits, where the loose deposit is
mainly a mixture of the soil and the rock, which is poorly graded and slightly cohesive [26].
The initial condition of the slope is not in line with the engineering requirements (with a
factor of safety of approximately 1.1 by limit equilibrium method); therefore, three pile
types, conventional piles (CP), and MPGs, were selected for the reinforcement in the
validation (Table 1).
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Table 1. Layout and parameters of the piles.

Pile Type Conventional Pile (CP) Micropile Group (MPG)

Type A Type B Type C

Sketch
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Note: The spacing of MPG is 10 times the diameter of the MP, while the pile spacing in MPG is 4 times the diameter.
The cross-sectional area of piles type A is equal to the area of the type pile and the soil between the piles.

3.2. Numerical Simulation Settings

The model constructed in this study is based on the presented coupled DEM-FEM
method, i.e., the upper loose deposit is simulated by discrete particles (each particle serves
as an independent rigid unit), while the pile and the bedrock are modeled by the finite-
element cell (Figure 3). Moreover, it is also necessary to set a “box” as the simulation
domain of discrete particles, which were simulated by rigid elements.
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Figure 3. The slope model is reinforced by the MPG in DEM-FEM coupling simulation: (a) Model of
simulation; (b) MPG simulated by FEM; (c) Model of “Slide” based on the FEM; (d) Model of loose
deposit; (e) Domain for DEM; (f) Bedrock (FEM).

To simulate the well-anchored effect of bedrock on the pile, the bedrock is simulated by
a continuous finite element cell. However, the contact between the bedrock and the particles
cannot be performed by the JKR contact model, so a part named “Slide” simulated by
discrete particles is added close to the surface of the bedrock to realize the contact between
the bedrock and loose deposit (Figure 3c). The physical and mechanical parameters of the
model are shown in Table 2 [20,27].

Table 2. Physical and mechanical parameters of the numerical model.

Parameter Loose Deposit/Slide Pile Bedrock

Elasticity modulus E (GPa) 0.2 30 30
Poisson’s ratio µ 0.35 0.2 0.2

Density ρ (kg/m3) 1900 2600 3000
Type of element PD3D C3D8R

Alpha damping α 0.4 -
Diameter/Mesh size (m) 0.3 0.2 0.2

Notes: PD3D is a rigid cell with a single node, which represents a rigid homogeneous sphere with six degrees of
freedom in translation and rotation. C3D8R is a linear hexahedral cell with eight nodes. α is the material property
parameter of particles adopted to improve the computational stability of the particle contact system.

The vital part of the model setup is the identification of contact parameters between
the loose deposit and the bedrock (Slide). The parameters of contacts between the loose
deposit and the bedrock are referred to in the setup of the centrifuge model test previously
performed by Pei et al. [20]. The direct shear test was conducted to measure the contact
property between the bedrock and the loose deposit, and the results are close to that of the
loose deposit, also obtained by the direct shear test. Thus, the self-contact parameters of the
loose deposit are also adopted for the contacts between the bedrock and the loose deposit.

3.3. Validation of the Numerical Simulation
3.3.1. Calibration of Contact Parameters Adopted in Cross-Scale Analysis

Since there is no pile in the simulations for the unreinforced talus slope, the bedrock is
directly simulated using DEM (similar to the part of “Slide”) to facilitate the calculation. In
the simulation, the particle with the largest displacement in the slip process of the talus
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slope was chosen as the feature point. Multiple simulations based on the gravity increase
method (GIM) were performed to obtain a combination of contact parameters (Table 3)
and the time-history curves of displacement, velocity, and acceleration of the feature point
(the point has the maximum displacement at 1 g), illustrated in Figure 4. The time–history
curves of the displacement, velocity, and acceleration show that the overload multiple
of gravity under the critical failure state for the talus slope is 1.1, which is in agreement
with the Fs of the centrifuge model test (with a stability factor of 1.1 calculated by limited
equilibrium method) [28,29].

Table 3. Contact parameters between parts formed by DEM or FEM.

Name Type Friction
Coefficient

Stiffness
(N/M)

Shearing
Force Slope

Surface
Energy (J/m2)

P–P P11 JKR 0.54 1 × 108 1 × 108 6000
P–F P1B LINEAR 0.4 1 × 108

-
P–
B P1F HERTZ 0 1 × 108

Notes: P: particles (loose deposit and slide) formed by DEM; F: MPG and bedrock formed by FEM; B: box of
model domain; the international system of units was used in Table 3.
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Figure 4. Time–history curves of feature points based on GIM: (a) Time–history curves of displace-
ment; (b) Time–history curves of velocity; (c) Time–history curves of acceleration. (U: displacement
magnitude; V: velocity magnitude; A: acceleration magnitude; the subscripts 1, 2, and 3 represent the
components in the x, y, and z directions, respectively).

The stability analysis of the unreinforced slope is conducted based on the GIM; the
profile displacement contours are depicted in Figure 5. The deformation of the talus slope
simulated by DEM can be divided into three stages as follows: (1) the initial stable stage
(Figure 5a,b), the overall deformation of the loose deposit has mainly resulted from the
crowding effect of the particles by gravity, with the largest displacement emerging at the
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slope surface and gradually spreading from the slope top to the slope toe (progressive
failure); (2) the stage of accelerated instability (Figure 5c,d), a shallow slip occurs because the
adhesion between the particles is insufficient to resist relative sliding as the gravity increases
to 1.1 g, [30,31]; (3) The stage of re-stabilization (Figure 5e,f), the slope angle continuously
decreases to a threshold value owing to the cumulative slip, the slope gradually re-stabilizes
when the average positive stress between the particles greater than the shear stress [32–34].
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Figure 5. Development of displacement for unreinforced slope based on the DEM: (a) Step-1, 0.5 s,
Fs = 1.0; (b) Step-1, 5.0 s, Fs = 1.0; (c) Step-2, 5.0 s, Fs = 1; (d) Step-3, 5.0 s, Fs = 1; (e) Step-4, 5.0 s,
Fs = 1.3; (f) Step-5, 5.0 s, Fs = 1.4.

3.3.2. Talus Slope Reinforced by Pile Type A

Although shallow sliding occurs on the talus slope, the anchoring effect of the loose
deposit is much less than that of the bedrock. For ease of expression, the anchoring section
is defined below the bedrock surface, and the anti-slip section above the bedrock surface.
To validate the internal force and deformation distribution of piles in simulation, the same
ratio of the slope width and pile diameter was adopted in the simulation and centrifuge
model test (the diameter of piles had increased due to the principle of similar flexural
stiffness in the centrifuge model test).

Figure 6 presents the comparison of bending moment distribution for the piles type A
(CP) obtained by the centrifuge model test [20] and the numerical simulation. The bending
moment distributions of the anti-slip section are basically the same in the physical and
numerical simulations. The bending moment increases first and then decreases along the
depth, indicating that the piles type A shows a positive deflection (the clockwise deflection
is defined as positive deflection), and the maximum bending moment is close to the interface
of bedrock and loose deposits. In addition, the ratio of the bending moment obtained by
centrifuge model tests to that calculated by numerical simulations is in accordance with the
scaling ratio of 1:N3 (N is the scaling law) [35,36].
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Figure 6. Bending moment distribution of type A (CP) obtained by the centrifuge model test and
numerical simulation (scaling law is 1:100).

Within the anchored section, the bending moment distribution of pile type A in the nu-
merical simulation is at variance with that determined by the centrifuge test; to be specific,
the bending moment curve acquired by the model test shows another deflection. The main
reason for the discrepancy lies in the difference between numerically and experimentally
simulated contacts between the pile and the bedrock. In the numerical simulation, the ideal
elastic model was used for the pile and the bedrock; the contact between the bedrock and
the pile could be considered as a surface-to-surface contact so that the anchoring action of
the bedrock to the pile equates to a continuously distributed load (Figure 7a). In contrast,
the point–surface contact rather than surface–surface contact between the pile (Acrylic)
and the bedrock (Cemented soil) in the centrifuge model test is inadequate, which would
cause warping and deformation during pile anchoring (Figure 7b). The discontinuous rigid
anchoring action along the depth would be magnified due to the scaling law, which would
lead to an unreasonable deflection in the anchored section.
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(a) (b) 

Figure 7. Anchorage schematic of numerical and physical simulations: (a) Continuous anchor-
ing action; (b) Discontinuous rigid anchoring action; (c) Continuous elastic anchoring action;
(d) Discontinuous rigid anchoring action.

Moreover, the relative stiffness of the bedrock and the pile also affects the deformation
characteristics of the pile. In the numerical simulation, there would be a greater flexural
deformation as the bedrock deforms in compression with increasing depth (Figure 7c).
While the flexural stiffness of model piles in the centrifuge test is obviously lower than the
compressive stiffness of bedrock, the starting position for pile deflection deformation of
model piles in the centrifuge test is higher (Figure 7d). Thus, the inflection location of the
bending moment curve for the model test is near the bedrock surface.

3.3.3. Talus Slope Reinforced by Pile Type B

Similar to the piles type A, the performances of back row piles revealed by numerical
and physical simulations are basically similar; bending moment curves were also shifted
upwards in the test due to the difference in relative stiffness and anchorage (Figure 8a).
However, there is a non-negligible difference in the relative magnitude of positive and
negative bending moments of the front row piles between the simulations and the centrifuge
tests (Figure 8b). The main reason is that the discontinuous bedrock support does not
provide a sufficient anchoring effect, so the stress concentration in the anchored section
in the centrifuge test results in a larger negative bending moment for the front row piles.
Whereas the ideal and continuous anchoring effect in the simulation allows the deflection
deformation of the piles to be mainly in the anti-slip section, so the positive bending
moment in the anti-slip section is greater (Figure 8b). Moreover, due to the limitations of
scaling down in the centrifuge model test, it was not possible to achieve stress and strain
distribution with a strict scaling law between the centrifuge model test and simulation.
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Figure 8. Comparison of bending moments, soil pressure of piles type B obtained by physical and 

numerical simulations: (a) Back row piles of type B; (b) Front row piles of type B; (c) Back row piles 

of type B; (d) Front row piles of type B. 

In cases where the slope is simulated by discrete particles, the contact pressure be-

hind the piles is usually used to characterize the post-pile earth pressure or landslide 

thrust [37]. The contact between the MP and particles is discontinuous due to the discrete 

characteristics of the loose deposit; thus, the fitted envelopes of the discrete contact pres-

sures are adopted as the soil pressure distribution curves in this paper [38]. 

The soil pressure distribution in the simulation still shows a trend of increasing at 

first and then decreasing with the depth of the pile [39], which is highly compatible with 

the centrifugal test, indicating that the coupled numerical method could simulate the pile–

soil interactions in the prototype-scale (Figure 8c,d). However, there are some discrepan-

cies between the extreme values of soil pressure determined by the numerical simulations 

and the model tests. The reasons for this phenomenon include two aspects. On the one 

hand, the slope in the centrifuge test has not exhibited an obvious deformation, the slope 

is still in a relatively stable state, and thus, the monitored soil pressures are smaller. On 

the other hand, the contact parameters adopted in the numerical simulation fail to repro-

duce the real properties of the coarse-grained soils fully. Therefore, establishing the quan-

titative correspondence between the contact parameters and the real soil properties will 

be the key issue in the future. 

The deformation contour of the talus slope in coupled simulation is shown in Figure 

9. There is a non-negligible settlement near the crest, and a bulge also occurs at the toe of 

the slope, which is consistent with the experimental phenomenon recorded in the centri-

fuge model test [20]. Moreover, the location of the potential slip surface is close to the 

bedrock surface, which agrees with the profile displacement vector map determined by 

the centrifuge test, indicating that the coupled numerical method is capable of solving the 

problems regarding the talus slope reinforced by pile type B. In addition, the displacement 

of the soil between the MPGs is noticeably greater than that of the soil behind the MPGs 

due to the pile group spacing being greater than the pile spacing (4D). The main reason 

for this phenomenon is a lack of effective support near the slope toe. The numerically 

simulated slope can shear out and form a bulge, and these phenomena are visible in the 

centrifuge model tests. In summary, the DEM-FEM coupling method could effectively re-

produce the pile–soil interaction within the talus slope reinforced by the MPG, consider-

ing large deformation. 

Figure 8. Comparison of bending moments, soil pressure of piles type B obtained by physical and
numerical simulations: (a) Back row piles of type B; (b) Front row piles of type B; (c) Back row piles
of type B; (d) Front row piles of type B.

In cases where the slope is simulated by discrete particles, the contact pressure behind
the piles is usually used to characterize the post-pile earth pressure or landslide thrust [37].
The contact between the MP and particles is discontinuous due to the discrete characteristics
of the loose deposit; thus, the fitted envelopes of the discrete contact pressures are adopted
as the soil pressure distribution curves in this paper [38].

The soil pressure distribution in the simulation still shows a trend of increasing at first
and then decreasing with the depth of the pile [39], which is highly compatible with the
centrifugal test, indicating that the coupled numerical method could simulate the pile–soil
interactions in the prototype-scale (Figure 8c,d). However, there are some discrepancies
between the extreme values of soil pressure determined by the numerical simulations and
the model tests. The reasons for this phenomenon include two aspects. On the one hand,
the slope in the centrifuge test has not exhibited an obvious deformation, the slope is still
in a relatively stable state, and thus, the monitored soil pressures are smaller. On the other
hand, the contact parameters adopted in the numerical simulation fail to reproduce the
real properties of the coarse-grained soils fully. Therefore, establishing the quantitative
correspondence between the contact parameters and the real soil properties will be the key
issue in the future.

The deformation contour of the talus slope in coupled simulation is shown in Figure 9.
There is a non-negligible settlement near the crest, and a bulge also occurs at the toe of
the slope, which is consistent with the experimental phenomenon recorded in the cen-
trifuge model test [20]. Moreover, the location of the potential slip surface is close to the
bedrock surface, which agrees with the profile displacement vector map determined by
the centrifuge test, indicating that the coupled numerical method is capable of solving the
problems regarding the talus slope reinforced by pile type B. In addition, the displacement
of the soil between the MPGs is noticeably greater than that of the soil behind the MPGs
due to the pile group spacing being greater than the pile spacing (4D). The main reason
for this phenomenon is a lack of effective support near the slope toe. The numerically
simulated slope can shear out and form a bulge, and these phenomena are visible in the
centrifuge model tests. In summary, the DEM-FEM coupling method could effectively re-
produce the pile–soil interaction within the talus slope reinforced by the MPG, considering
large deformation.
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Figure 9. Deformation contour of the talus slope reinforced by type B.

3.3.4. Talus Slope Reinforced by Pile Type C

The bending moment distribution acquired by the numerical simulation is well-fitted
with the centrifuge test result; both are characterized by a tensile “S” type (Figure 10a,b).
Similar to pile type B, the bending moment curves of pile type C obtained by the numerical
and experimental method also suffer from an offset due to the differences in the anchoring
section between the centrifuge tests and numerical simulations. As to the coupled numer-
ical method, the ideal elastic constitutive model makes it more competent in simulating
the behavior of piles and bedrock at the macroscopic level. In contrast, due to the size
limitation of scaled model tests, some inaccuracy would be magnified and further affects
the performance of the structure. Therefore, scaled model tests on a reinforced slope are
usually used to explore its overall deformation pattern, while numerical simulations have
advantages in vividly visualizing the behaviors of the structure.
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Figure 10. Comparison of bending moment, soil pressure of pile type C obtained by physical and
numerical simulations: (a) Back row piles of type C; (b) Front row piles of type C; (c) Back row piles
of type C; (d) Front row piles of type C.

In the coupled numerical simulation, there is a visible difference in the bending
moment distribution between pile type C and type B. The main reason is that the platform
can coordinate the deformation of the front and back row piles and limits the rotational
freedom of the pile-top; the bidirectional anchoring action enables the deflection of the
MP in the anti-slip section to be center-symmetric. According to the shape of the bending
moment curve, it is clear that the restraint of the platform on the pile-top is similar to the
anchoring effect of the bedrock, so the shape of the bending moment curve of the pile type
B is only a half of the center-symmetric “S”.

The distribution of the bending moment is directly associated with the soil pressure
behind the pile. The position of the maximum soil pressure is usually assumed to be the
location of the potential slip zone [20]; thus, it is clear from Figure 10 that the location of
the potential slip zone (slip zone) in the model test and numerical simulation are basically
consistent. Due to the anchoring effect of the platform, the deflection of pile type C
is slighter than that of type B, so the soil pressure behind pile type C is smaller, and
accordingly, the bending moment is also smaller.

4. Performance of MPGs under Various Conditions
4.1. Performance of MPGs with Different Pile Spacing

Pile spacing is a significant factor in the layout of the MPG, which would directly
affect the formation of the pile–soil composite and the performance of the MPG. Therefore,
the performance of MPGs installed in the dual-structure talus slope at different pile spacing
was investigated. Figure 11 illustrates the variations of displacement, bending moment,
soil pressure, shearing force, and axial force for the MPG, with the pile spacing being three
times (3D), four times (4D), and five times the pile diameter (5D), respectively.
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Figure 11. Performance of the MPG under different pile spacing: (a) Displacement; (b) Soil pres-

sure; (c) Bending moment; (d) Shearing force; (e) Axial force. 
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4.1.1. Displacement Distribution for MPGs

The distribution patterns of lateral displacements in MPGs with different pile spacing
are almost identical (Figure 11a). Moreover, the lateral displacements of the front and back
row piles with a pile spacing of 3D are basically the same, and the difference gradually
emerges and enhances with the increasing pile spacing. The main reason is that as the
pile spacing increases, the enlarged volume of soil between piles enables the soil pressure
(thrust) behind the pile group to transfer to the front row piles more easily, and the soil
pressure (landslide thrust) acting on the front row piles was greater. When a shallow sliding
occurs (Figure 5) on the talus slope, the lower part of the loose deposit (below the sliding
surface and above the bedrock) has an insufficient anchoring effect on the front row piles,
resulting in the lateral displacement of the front row piles being greater than the back
row piles.

4.1.2. Soil Pressure Distribution for MPGs

In the simulation by the coupled DEM-FEM method, the loose deposit was simulated
by discrete particles, and its contact with the piles was discontinuous. Thus, the fitted
envelopes of the discrete contact values could be regarded as the soil pressure distribution
curves (Figure 11b). For the MPGs with a given pile spacing, the soil pressure of the front
and back row piles increase first and then decreases, but the back row piles have greater soil
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pressure extreme values, and the depths of the extremes are lower. The soil pressure behind
the piles is related to the relative position of the slip zone and bedrock, usually increasing
and then decreasing with an increase in the depth within homogeneous soil slopes and
reaching extreme values in the (potential) slip zone [20,40]. Thus, the distribution of soil
pressure could indicate a shallow sliding risk of the talus slope (Figure 5).

As to the MPGs with different pile spacing, the soil pressure distribution along the
depth of the back row piles is the smallest at 4D pile spacing, and the depth of the extreme
point of the soil pressure of the back row piles is the lowest, indicating that the soil pressure
behind the piles is the smallest at 4D pile spacing, and the potential slip zone is deeper.
The soil pressure distribution of the back row piles is mainly related to the stability of the
slope (the stabilizing effect of the pile–soil composite), the slip or deformation of the slope
is a process of releasing energy, and the slope deformation is accompanied by a process of
“stress release” [20], i.e., the soil pressure of the back row of piles is the smallest at 4D pile
spacing, indicating that the MPG with 4D pile spacing has the best reinforcement effect.

Moreover, the depths of the soil pressure extremes along the front row piles at different
pile spacing are approximately the same. The main reason is that the front row piles are
deformed by the joint action of the soil between the piles and the platform, and the contact
pressure only comes from the soil pressure of the geomaterials between the piles and the
squeezing action of the back row piles, so the contact pressure distribution of the front pile
at different pile spacing is basically the same [41].

4.1.3. Bending Moment Distribution for MPGs

The bending moment distribution of MPGs with different pile spacing is basically the
same, showing a center-symmetric “S” shape (Figure 11c). The magnitude of the bending
moment increases with depth and then decreases, and there is a reverse flection (the
negative bending moment becomes positive) near the bedrock surface. For the MPGs with
a given piles spacing, minor differences in the distribution of bending moments between
the front and back row piles, with the back row piles having a greater value of negative
bending moment at the top of the MP, while the front row piles produce a greater positive
bending moment near the bedrock surface. The main reason is that the soil pressure near
the platform acting on the back row piles is greater (Figure 11b), while the contact position
between the front row piles and bedrock is lower, resulting in a low position of deflection
along the depth.

As to the bending moment distributed along the back row pile of MPGs with different
pile spacing, there is a marginal difference; the greater the pile spacing, the more dramatic
the change in bending moment near the pile top. Similarly, there is a minor difference in
the bending moment distribution along the front row piles; the greater the pile spacing, the
greater the difference in the bending moment distribution between the front row piles and
the back row piles.

The main reason is that the small the pile spacing, the strong the wholeness of the
pile–soil composite, and the closer the internal force and deformation between the front
and back row piles. As for the large pile spacing (5D), the soil between the piles cannot
fully transfer the soil pressure to the front row piles, resulting in a large discrepancy in
the internal force and deformation between the front and back row piles. Moreover, the
extreme value of bending moment is the largest (0.341 MN·m) when the pile spacing is 4D,
indicating that the slip resistance of MPGs under such circumstances is more sufficiently
developed. Moreover, the bending moment of the pile below 10 m is basically zero, and it
can be deduced that the effective anchorage length of the pile is about 10 m.

4.1.4. Shearing Force Distribution for MPGs

The shearing force distributions of the front and back row piles at a given pile spacing
vary widely (Figure 11c). First, the initial negative shearing force appears at the pile top
under the anchoring effect of the platform and then gradually changes to the positive
shearing force with increasing depth due to the soil pressure (the orange area). Then,
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the shearing force of the MP increases with the depth under soil pressure and reaches
a maximum near the bedrock surface (the yellow, green, and purple area), and there is
a positive correlation between the increased rate of shearing force and the values of soil
pressure. Finally, a reverse directional change until a negative shearing force appears due to
the opposite directional (i.e., in the opposite direction to the lateral displacement of the MP)
support of the bedrock interface and gradually returns to zero under continuous anchoring
action (the white area).

Similar to the distribution of the bending moment, the shearing force distribution
along the piles at different pile spacing does not vary significantly, mainly showing a
variation in the magnitude of the extremes (Figure 11c), which is negatively correlated with
the soil pressure behind the piles. The discrepancy in shearing force distribution is mainly
accounted for by the state difference in pile–soil composite. For the MPGs with a pile
spacing of 5D, the soil behind and within the MPGs moves around the MP, and the tight
pile–soil composite is difficult to form, resulting in a smaller difference in the shearing force
between the front and back row piles. In contrast, the MPGs with 4D pile spacing have
the best stabilizing effect, so the maximum shearing force is also the largest. Although the
pile–soil composite under 4D pile spacing is not as tight as that of 3D, the larger width of
the pile–soil composite makes the pile subjected to a greater soil pressure behind the MPGs.

4.1.5. Axial Force Distribution for MPGs

Axial force distribution for MPGs with different pile spacing was depicted in Figure 11e.
Firstly, for different pile spacing, the value of the axial force in back-row piles is always
positive, whereas that in front-row piles remains negative (the direction of gravity is defined
as the negative direction). The reason for this phenomenon is that the platform applies
opposite reaction forces to the front and back row piles [20], i.e., the back row piles are
subjected to a positive axial force, while the front row piles are subjected to a reverse axial
force. Secondly, because of the moment balance of the platform, the axial force is inversely
proportional to the pile spacing when the difference in the bending moment of the pile top
is relatively small (Figure 11e). Thus, the axial forces of the front and back row piles for
the MPGs with a pile spacing of 5D are the smallest. Finally, the axial force of back row
piles changes more drastically with depth. The main reason is that the deflected MP would
decompose the thrust into the shearing force and axial force. The larger the deflection of
the pile, the more significant the change in axial force.

4.2. Performance of MPGs with Different Anchorage Lengths

Anchorage depth is also an important factor in the spatial arrangement of MPGs [42].
According to the design codes for CP (rigid pile), the anchorage length (AL) needs to be
1/4–1/3 of the pile length (L). Therefore, the study regarding the effect of the anchorage
depth on the performance of the MPGs (with a given pile spacing of 4D) was carried out by
the coupled numerical simulations, where the displacement and rotation of the bottom of
the MPG are also not allowed. The deformation and internal force for AL of 1/2, 1/3, and
1/4 L, respectively, are presented in Figure 12.

Overall, the displacement of MPs with different AL are broadly similar (Figure 12a);
the longer the anchorage length, the greater the displacement along the depth. The main
reason is that there is bending deformation under the soil pressure accompanied by a
tendency for the MP to pull out (tensile deformation); the longer the deformable length of
the MP, the greater the displacement of the MP. The soil pressure behind MP is related to
the deformation of the pile, mainly because the pile and soil will have a coordinated defor-
mation accompanied by a stress release of the slope [20], so the greater the displacement of
the pile, the smaller the extreme value of the soil pressure behind the pile.

The internal force distributions for the anchorage depth of 1/2 L and 1/3 L are basically
similar, and the bending moment and shearing force approach to zero at a depth of −10 m
(Figure 12c,d), indicating that the rigidly fixed end constraint at the bottom of the piles has
almost no effect on the internal force distribution of the piles. Thus, the effective length of
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the MP under this condition is about 10 m, and the effective anchorage length is about 1/3
of the total length.

The shearing force and the bending moment relate, respectively, to the lateral dis-
placement constraint and the rotation constraint, when the anchorage length is sufficient
(AL ≥ 1/3 L), the anchorage action of the bedrock effectively limits the lateral displacement
and rotation of the piles. With an insufficient anchorage length (AL = 1/4 L), the anchoring
effect of the bedrock is not sufficient to balance the internal forces and bending moments of
the piles. The fixed-end constraint at the base of the pile provides an additional restraining
effect on the MPG so that the base of the pile still has a high-stress level.

The distribution of axial force for the front and back row piles in the MPGs with
different anchorage lengths is similar but in the opposite direction. From the perspective of
the moment balance of the platform, it can be deduced that the front and back rows of piles
are subjected to axial forces in opposite directions, respectively. Thus, the distribution of
the axial force is closely related to the bending moment, and for the area above the bedrock
surface, there is little difference in axial force distribution due to the similar distribution of
the bending moment. In contrast, the anchorage depth of 1/4 L is not sufficient to balance
the pile bending moment, resulting in a significant difference in the axial force distribution
at the anchorage depth of 1/4 L below the bedrock surface.
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4.3. Performance of MPGs with Different Pile Bottom Constraints and Contact Mode

For the MPGs with a sufficient anchorage length (AL ≥ 1/3 L), the bottom constraints of
the piles would not affect the distribution of bending moment and shearing force. However,
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the axial force distribution is influenced by the tangential frictional contact between the
piles and the bedrock and is also associated with the bottom constraints of the piles. A
comparative simulation of penalty value tangential friction versus rough tangential contact,
and the pile’s bottom constraints as free versus fixed, are illustrated in Figure 13.
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and bottom constraint of piles: (a) Penalty, fixed; (b) Rough, fixed; (c) Rough, free.

The type of tangential contact between the MPs and bedrock only has a noticeable
effect on the axial force distribution along the piles below the bedrock surface, as does the
type of constraint at the pile bottom. The main reason for the difference is that both the
tangential friction of pile bedrock and the pile bottom constraint will restrain the vertical
displacement of the pile. There is a significant stretching of the piles near the bedrock
surface due to the flexural deformation under the soil pressure, followed by an increased
first and then decreased distribution of axial force under the action of the rough friction,
finally the axial force tends to a constant value under the vertical constraint of displacement
at the pile bottom (Figure 13b).

The vertical constraint at the pile bottom also plays a non-negligible role in the axial
force balance so that there will be a constant axial force along the piles near the pile bottom.
Whereas for the free constraint at the pile bottom, there is no limitation on the vertical
displacement for MP, the axial force of the MPs is only balanced by the rough friction
between the pile and bedrock so that the axial force below the bedrock surface tends to
zero (Figure 13c).

5. Discussions
5.1. Anti-Slip Mechanism of the MPG

As an anti-slip structure, apart from the bending and shear capacity of the MP, MPGs
would usually form a pile–soil composite with a stronger bending and shear resistance. It is
reasonable that the MP produces an obvious bending deformation during the reinforcement;
the analysis of the stress and deformation of the MP is an essential part of the anti-slip
mechanism of the MPGs. For the MPG without a platform, the difference in the pile top
displacement between the front and back row piles results in the inability to form an
effective pile–soil composite (Figure 14a), so its anti-slip mechanism is basically the same
as that of CP. As for the MPGs with a platform, it is more likely to form a stable pile–soil
composite, and the bending moments, thrusts (shearing forces), and axial forces applied
to the front and back row piles can be transmitted and redistributed through the platform
(Figure 14b–d), which is an important part of the anti-slip mechanism.
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Figure 14. Comparison of axial force and shearing force for the pile type B and type C: (a) Dis-
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ment; (b) Bending moment; (c) Axial force; (d) Shearing force.

The platform plays a significant role in the formation of the pile–soil composite.
The platform remains horizontal under the support of the front and rear rows of piles
(Figure 15c). From the equilibrium of forces and bending moment of the platform, it can
be seen that the platform would effectively restrain the rotation freedom at the pile top
and apply axial pressure to the front row piles while the axial tension to the back row piles
(Figure 15d,e). Considering the limitation on the pile’s top displacement, the platform can
almost be considered as a simplified anchorage measure, i.e., the bi-directional anchorage
between the pile top and the anchored section result in smaller deformation and internal
force extremes.
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5.2. Limitations and Further Works

Since the coupled numerical method is adopted to investigate the effect of the pile
spacing on the performance of MPGs, where the size effect of discrete particles for mod-
eling the loose deposit is inevitable to affect the numerical results. Thus, the geomaterial
dimensions in the application process of MPGs cannot be ignored due to the small pile
diameter, i.e., the optimal pile spacing of MPGs differs when the slope material contains
different particle sizes.

The main objective of this paper is to investigate the performance of MPGs in the talus
slope using a continuous–discontinuous numerical simulation; more attention has been
paid to the performance of the MPGs rather than the behavior of the talus slope under
large deformation. Thus, the macroscopic behavior of the slope (factor of safety and the
slip characteristics) together with the pile–soil interaction were employed to validate the
coupled numerical method. However, for the widespread application and dissemination of
the MPGs, more sophisticated multi-scale numerical methods considering new theories
need to be further developed. Further studies regarding DEM simulations, such as the
effect of particle size on the deformation and stability of the talus slope under static or
dynamic loading [43,44], and the quantitative relationship between contact parameters of
discrete particles and properties of the geomaterials are the priorities for the next phase
of research.

6. Conclusions

In this paper, a cross-scale analysis based on the coupled DEM-FEM numerical method
is adopted to investigate the performance of the MPGs in stabilizing the talus slope and
then validated with centrifuge model tests. The effects of critical parameters, such as the
pile spacing, the anchorage length, and the constraint of pile bottom, on the anti-sliding
performance of the MPGs are numerically revealed. The main conclusions are as follows:

(1) The coupled numerical method can reproduce the results of the centrifuge model
tests, indicating the applicability of the presented DEM-FEM coupling method in
large deformation problems.

(2) The forces and deformations of MPG with different pile spacing are essentially the
same in the numerical simulations, i.e., the tensile S-shaped deformation and the
opposite directional axial force in the front and back row piles within the anti-slip
section. The MPG with a spacing of 4D, in particular, exhibits the best performance.

(3) The effective anchorage length of the MPG needs to exceed 1/3 of the pile length. The
end constraints of the pile bottom and the tangential pile–bedrock contact significantly
affect the distribution of the internal forces in the piles, which cannot be ignored in
the design of the MPG.

(4) The anti-slip mechanism of the MPG with a platform is mainly attributed to the
bidirectional anchoring effect of the bedrock and the platform, which allows the MPG
to have a smaller displacement at the comparable stress level, contributing to a more
integral pile–soil composite with a better anti-slip performance.
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