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Abstract: A discrete-continuous coupling analysis method based on FLAC2D/PFC2D is established
with the help of the program’s own FISH language and Socket O/I data transfer interface. Accord-
ing to the statistical characteristics of the mesostructure of the slope site, the computer stochastic
simulation method is used to construct the mesostructure model of the soil-rock mixture in the
discrete domain. The deformation and failure mechanism of the SRM slope is studied by using
the established discrete-continuous coupled analysis method. The results show that the statistical
distribution of the mesoscopic contact characteristics (such as contact direction and contact force)
between soil and rock particles inside the slope changes and adjusts significantly. Among them, the
main direction of the statistical distribution is adjusted most significantly, and the main direction is
finally adjusted to being basically the same as the sliding direction of the slope. The change in the
mesoscopic contact characteristics between soil and rock particles is the internal driving factor for the
macroscopic deformation of the slope and the adjustment of the stress state.
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1. Introduction

It is evident that soil materials are significantly different from rock materials in physical
and mechanical properties. The soil-rock mixture (SRM) is mainly composed of soft soil
material and rock material with higher stiffness and is widely distributed in Southwest
China [1,2]. In particular, a lot of SRM slopes exist in the hydropower station reservoir area,
dam site, and other key parts of the significant projects [3]. It is a great potential threat to
the construction and operation of hydropower stations in this area. Hence, investigation
of the failure mechanism of the SRM slope and proposing reinforcing measures for the
landslide areas are of great importance.

In evaluating the stability of slopes, limit equilibrium methods have been widely used.
The limit equilibrium methods (LEMs) mainly include Sarma [4], Spencer [5], Bishop [6],
Swedish slip circle [7], and other methods to decompose the complete slope. The LEM
has many limitations in terms of the calculation model, determination of sliding surface,
slope type, etc. In particular, the study on the determination of critical sliding surfaces for
three-dimensional slopes is rare. At the same time, it cannot reflect the internal stress—strain
constitutive relationship of the geomaterials and cannot judge the failure mode of the slope
from the calculation results. To overcome the defects of the LEM, numerical simulation
methods have been proposed. The most representative is the finite element method (FEM),
which was used to determine the Fos (factor of safety) of a slope with the strength reduction
technique [8,9]. Apart from the FEM, other numerical methods including the DEM (discrete

Sustainability 2022, 14, 17015. https:/ /doi.org/10.3390/su142417015

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142417015
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://doi.org/10.3390/su142417015
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142417015?type=check_update&version=2

Sustainability 2022, 14, 17015

20f18

element method) [10], FDM (finite difference method) [11], XFEM (extended finite element
method) [12], and DDA (discontinuous deformation analysis) [13] have also been employed
to identify the stability and failure mechanism of slopes. Although the above-mentioned
numerical methods have made great achievements in dealing with continuum media such
as intact rock or pure soil, they cannot reflect the complex soil-rock interaction in the
deformation and failure process of SRM slopes as the correction length of an SRM may be
small and an immense number of elements may be required.

Laboratory and in situ tests have shown that the SRM has complex mechanical proper-
ties such as strength anisotropy, strain localization, state-dependence, non-coaxiality, and
liquefaction [14,15]. Present studies about landslides that consist of SRMs can be described
as follows. The first is to determine the strength and deformation parameters of the SRM
through large-scale laboratory tests or in situ tests. Then, LEM or FEM is employed to
investigate the Fos with appropriate constitutive models [16-18]. These methods are direct
and effective. However, the constitutive models, such as the widely used Mohr—Coulomb
model and Cam-clay model, cannot reflect the failure mechanism of the soil-rock inter-
action of SRMs. Moreover, the stone content and distribution influence the mechanical
behavior of the SRM significantly. To determine such an effect on the mechanical properties
of the SRM, a great number of in situ and laboratory tests should be performed, which will
require a considerable amount of manpower and financial resources. On the other hand,
the DEM has been widely used to investigate the mechanical properties of the SRM [19,20].
However, when simulating actual engineering problems, tens of thousands of particles are
often needed, resulting in unacceptable computational efficiency.

To take advantage of each simulation scheme as well as reduce the computational
resources, Nakashima and Oida [21] developed a combined FE-DE analysis code to analyze
an agricultural tire-soil interaction problem. After that, this method was introduced to
solve geotechnical engineering problems. For example, Cai et al. [22] used the FLAC/PFC
coupled numerical method to study excavation-induced AE activities in the underground
cavern. Saiang [23] investigated the blast-induced damage zone (BIDZ) around a tunnel
boundary with coupled continuum-discontinuum method FLAC and PFCZP. Jia et al. [24]
studied the macro-and micro-mechanisms of dynamic compaction of granular soils with
the PFC/FLAC coupled method.

To consider the microscopic structure of SRM slope in the discrete domain, the com-
puter stochastic simulation method is used to construct the microscopic structure model
of SRM in this study The PFC/FLAC coupled method is used to investigate the failure
mechanism of the SRM slope. The particle size and number are greatly reduced with the
coupled method, which enables quantitatively describing the evolution of meso-contact
characteristics between soil and rock particles in the process of slope failure.

2. FDM-DEM Coupled Simulation Method
2.1. FDM-DEM Coupled Theory

The FLAC/PFC coupling is achieved by embedding the PFC particle model into the
FLAC finite difference grid and achieving mutual contact positions in different domains
through segments and controlled particles (Figure 1). The continuous-domain coupling
boundary is composed of a series of edges of the internal boundary grid. Each edge corre-
sponds to a segment in the discrete domain, and the endpoints of the segment correspond
to the nodes of the grid edges. The coupling boundary of the discrete domain is composed
of boundary particles in the discrete domain. These particles are called boundary control
particles (red particles in Figure 1), and other particles are located inside the boundary con-
trol particles. In the coupling process, FLAC can map the boundary element node velocity
to the PFC boundary control particle through the segment, and PFC can map the reaction
force of the control particle to the FLAC boundary element node through the boundary
control particle. In the calculation process, the mapping relationship is repeated alternately.
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Figure 1. Coupling boundaries between FLAC and PFC models.

Therefore, the core of FLAC/PFC coupling is to process the interaction between
the coupling boundaries of different domains and realize the mutual mapping between
different domain data. It mainly includes mapping the control particle reaction force to the
node of the segment and mapping the end velocity of the segment to the control particle.

2.1.1. Theory of Mapping Control Particle Force to Segment Node

Figure 2 illustrates the theory of mapping the control particle force to a segment node.
%o and x; are the positions of the two nodes of a boundary segment, and [ is the length
of the segment. x,, is the center position of the control particle and P is the reaction force
applied to the controlled particle. Therefore, the forces (Fp and F;) mapping to the nodes of
the boundary segment can be divided into a shear part and normal part:

Fy = moi' + mqfi
F1 = mot + maft

)

where 71 and # are the normal and shear direction vectors, respectively. mg, my, mp, and ms
are four parameters that satisfy the rule as follows.

Particle z, n

o

Figure 2. Mapping reaction forces of controlled particles to endpoints of segments.

(1) If the shear part of the particle reaction force mapped to each node of the boundary
segment is determined according to the distance from the center of the particle to the two
nodes, mg can be expressed as:

_ ([ _In] P
o= (7 ) 0 @
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where r and r; are the distance between the control particle to the two nodes of the segment.
(2) The particle reaction force and the nodal force mapped to the node should produce
the same moment. Taking xy as the center of moment, the following formula is satisfied:

VXPZZ%XF1:Z%X(m2%+m3ﬁ) 3)
rX P=1Imy(t x )+ Imz(t x ) 4)
(r2Py — rny)lAc = Imsk (5)

where k =  x 7y, Ty, Py, and Py are the distance from the particle to the segment and the
component of the particle reaction force in the x-direction and y-direction, respectively.
According to Equations (1)—(5), we can obtain:

Py —ryP.
= LRI ©

(3) According to the principle of force decomposition, the sum of the nodal forces
mapped to the segment nodes should be equal to the particle reaction force, namely:

P=Fy+F @)
Expanding Equation (7) in the xoy coordinate system, one obtains the following:

Py = (mg +my)ty — (my + m3)ty

8
Py = (mo+ma)ty — (my +ma)ty ®)
where the united shear-direction vector is 1 = (—ty, tx).
According to Equation (8), m; and m, can be written as
my= (Py_m?stx—moty)tx"‘(_Px —m3ty—m0tx)ty )
Px+(m1+;£3)ty—motx, ty‘ <01
my = Py+(my+mg)ty— (10)

mot .
I 0%V otherwise

When the above mapping principle is applied to each control particle, it can ensure
that the force acting on the boundary of the finite-difference grid is equal to the reaction
force acting on the boundary particles, to realize the mutual equivalence of the forces
between the discrete domain and the continuous domain.

2.1.2. Theory of Mapping Segment Velocity to Control Particles

The method of mapping the segment velocity to the control particles is that the velocity
of the control particles is obtained through interpolation. In the mapping, it is assumed that
the velocity field changes linearly on the segment, and at the same time, the center of the
control particle is projected onto the segment, and then the velocity of the control particles
is interpolated according to the projection point. The spatial position of the segment can
be determined by the end positions xy and x1. If vp and v are the velocities of the two
endpoints of the segment, the speed of the control particles can be determined according to
the following equation:

v(¢) = vo + ¢(v1 —vo) (11)

where ( is the local coordinate of the projection point of the control particle center on the
segment, which can be calculated from:

ri . X1 —X
52—,r:xp—x0,t: 1l 0

; (12)
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2.2. Realization of PFC/FLAC Coupled Method

In the FLAC/PFC coupled method, FLAC is used to simulate the mechanical behavior
of the medium in the continuous domain from the macro-scale, and PFC is used to simulate
the mechanical behavior of the medium in the discrete domain from the microscopic
view. The coupling between the two methods occurs at the contact boundary between the
continuous domain and the discrete domain, and the data between different domains are
transmitted and exchanged with each other by the Socket O/I interface. The continuous
domain transmits boundary node speed information to the discrete element, and the
discrete domain transmits force information to the continuous domain. Figure 3 shows the
transfer and exchange of data between FLAC and PFC. Socket O/I is similar to the TCP/IP
network transmission protocol, which can ensure that the two programs are carried out
on the same computer or different computers under the same network. In addition, the
data transmission and exchange between the two are carried out in binary mode, so the
accuracy of the data will not be lost during the transmission and exchange process.

Node forces Contact forces
acting on the grid acting on the facet

Socket I/O
connections

T T

Node velocities Wall velocities

Figure 3. Data transmission and exchange between FLAC and PFC.

In each step, FLAC first calculates the cycle for one step. After the calculation is
completed, the boundary element node velocity is sent to the endpoint of the corresponding
segment in the PFC, and the boundary-controlled particle velocity is obtained through the
theory of velocity mapping. Then, the PFC cycle calculates one step, updates the position
of the particles in the discrete domain, sends the force on the boundary control particle
to FLAC, and obtains the force applied on the boundary element node through the force
mapping principle. Then FLAC calculates one step again, updates the grid node position
and velocity, sends the boundary element node velocity to the end of the corresponding
segment in the PFC again, and obtains the boundary control particle velocity through a
similar principle. Then, the PFC recirculates and calculates one step, updates the position of
the particles in the discrete domain, and sends the force on the boundary control particles
to FLAC again. By analogy, the coupling is calculated step by step until the calculation
meets the requirements.

The coupling analysis based on FLAC/PFC usually includes the following steps:

(1) According to the scope of the study area, establish a continuous-domain finite-
difference mesh model, assign the model material parameters and boundary conditions,
and calculate the initial stress state of the continuous-domain model.

(2) Determine the discrete domain range in the continuous domain, establish a discrete
element model according to the selected area range, assign the model material meso-
parameters, and adjust the model stress state to the stress state in the continuous domain.

(3) Set the continuous-domain mesh model corresponding to the discrete domain as
the Null model and set the node number of the continuous-domain boundary mesh model.
Determine the node number of the coupling boundary segment according to the segment
node arrangement rules and establish the continuous-domain coupling boundary segment.
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(4) Set the same calculation time step (set dt = dscale) and perform the initial coupling
calculation to ensure that the stress is continuous at the coupling boundary between the
continuous domain and the discrete domain, and that the initial coupling state is obtained.

(5) Based on the initial coupling state, follow-up coupling analysis, such as excavation
and loading, is carried out according to the actual situation of the project.

3. Generation of Irregular Stone Blocks

Stones are the basic building blocks of the mesostructure of an SRM. Therefore, the
structure of the stone is the core of the random mesoscopic model of the SRM. According
to some statistical characteristics of the stones on site [25], this study uses random methods
to generate irregular stone blocks.

3.1. Development of Irregular Stone Blocks

(1) Stone shape

The rocks in the SRM onsite are of various shapes, are uneven, and show great
randomness. Therefore, randomly constructed irregular convex—concave polygons are
used to replace the real rocks on site. As shown in Figure 4, for a polygon composed of N
sides, the position of each vertex can be represented by the two parameters 6; and r; in polar
coordinates. To construct a polygonal stone of any shape, §; and r; can be defined as two
mutually opposed random variables, both of which obey a uniform random distribution.
The random variable r; can be expressed as [26]:

ri:r0+(2~§1—1)'Ar (13)

where ¢ is a pseudo-random number that is between [0, 1]. 7 is the average value of r;. Ar
is the variation in 7;.

O (20,Y0)

Figure 4. Generation of random stones.

The random variable Af; is defined as the difference between the pole angle of the two
adjacent vertices (A6; = 0,1 — 6;). It can be determined as:
2n 5.2

M=+ (208, 1) 5

- (14)

where ¢; is a pseudo-random number that is between [0, 1]. The variable ¢ is equal to 0.3.
The summary A6; is generally not equal to 27t. To ensure that the developed stones are
closed polygons, a correction of Af; should be made as follows:

N
AG; = AB; - 27/ ) A6 (15)
i=1



Sustainability 2022, 14, 17015

7 of 18

Finally, the pole angle 6; of the vertex of a polygon block can be determined by the
following equation:

0; =) AD; (16)

The positions of the vertices of the above randomly generated stones are indicated in
polar coordinates. It can be written in Cartesian coordinates as follows:
{ X; = X9+ COS(QZ‘) (17)

Yi = Yo + risin(6;)

where (xg, o) is the central coordinate position of the stone.

The profile of the stones is similar to the oval and, therefore, needs to be extended on
the initial generated stone foundation to obtain the stones with some flattening.

The outline of the onsite stone is similar to an ellipse, so it is necessary to expand and
contract based on the initially generated stone to obtain a stone with a certain degree of
flatness. In the two-dimensional case, the flatness of a stone can be defined as the ratio
of the long axis to the short axis. As shown in Figure 5, the initially generated rock can
be stretched along its long axis or compressed along its short axis to obtain rocks with
different flatness.

Figure 5. Stretch of the outline of initially generated stones.

(2) Stone size and distribution

Although the stones inside the SRM at different parts of the site are of different shapes
and sizes, a large number of statistical analyses of the stones on the site found that the size
of the stones conforms to a lognormal distribution, and its probability density function can
be expressed as follows [27]:

1 InA —
f()\}%ff):mexl?[_(n%,zy)}'o</\<oo (18)

where A is the size of the stone; y and ¢ are the mean and variance values of the natural log
of stone size, respectively.

The size of the initial stones generated by the above method is arbitrary. To ensure that
the size distribution of the generated stones can meet the specific lognormal distribution
requirements, while keeping the shape of the stone unchanged, the initial stone size is
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changed to a predetermined value. After that, the new coordinates (x;, ;) of the vertices
of the stone can be determined by the following equation:

X' =nx
19
{ Y= nyi (19)

where 7 = A” /A!, A is the initial size of the stone, and A” is the determined size.

(3) Spatial distribution of the stones

The spatial distribution of the stones can be described by the center position of the
stones and the spatial orientation of the stones. As the distribution of stones in the SRM
is very random, when establishing the mesostructure model, it can be assumed that the
center position of the stones obeys a uniform random distribution in the discrete domain.
The center position (xg, yg) of each stone can be determined by the following equation:

(3
Yo
where X,in, Xmax, Ymin, aNd Ypuay are minimum and maximum coordinate values of the
discrete domain in the x- and y-axis directions, respectively. 77, and 77, are independent
random variables that range between 0 and 1.

The spatial orientation of rock indicates the placement of the rock in its center, which
can be described by a spatial azimuth «. As shown in Figure 5, the spatial orientation of a
stone can be defined as the angle between the long axis of the rock and the positive hori-
zontal axis. Due to the randomness of the spatial distribution of stones, when establishing
the random mesostructure of the SRM, this paper assumes that the spatial azimuth a of the
stones obeys a uniform random distribution, and its value is uniformly random in [0, 27].

(4) Content of the stones in SRM

In the two-dimensional case, the stone content C can be defined as the ratio of the total
area occupied by all stones generated in the discrete domain to the total area occupied by
the discrete domain, namely:

Xmin + Ux(xmax - xmin)
20
Ymin + 1y (}/max - ymin) 20)

C= f Ai/A (21)
i=1

where A; is the area of the ith block in the discrete domain and A is the total area.

(5) Judgment of stone intrusion

The initial position of the center of the generated stone is at the origin of the coordinate
system. After generating each random stone, it is necessary to put the stones one by one
into the discrete domain to generate a random mesostructure. At this time, it is necessary
to judge the intrusion of the stones to ensure that the stones placed in the discrete domain
are completely located in the discrete domain, and that the stones do not overlap with each
other. The specific judging method is to judge whether all the vertices of the stone are
located inside the boundary of the discrete domain. If there is a vertex located outside the
boundary of the discrete domain, the stone will invade the boundary; otherwise, the stone
is completely located inside the discrete domain.

As shown in Figure 6, there are two situations of stone invasion: vertex invasion and
edge invasion. For the vertex invasion situation, the number of intersections between
the vertex of one stone and the edge of another stone can be judged. If the number of
intersections is an odd number, the two stones will have a vertex intrusion; if the number
of intersections is an even number, the stone does not have a vertex intrusion, and the next
step of edge intrusion judgment is required.

For the vertex invasion situation shown in Figure 6, the number of intersections
between the vertex of one stone and the edge of another stone can be judged. If the number
of intersections is an odd number, the two stones will have a vertex intrusion; otherwise,
the stones do not have a vertex intrusion, proceeding to the next step of edge intrusion
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judgment. If there are two stones with individual edges intersecting each other, then the

two stones have an edge invasion; otherwise, there is no edge invasion.

(a) vertex invasion

"‘

(b) edge invasion

Figure 6. Types of invasions between stones.

3.2. Construction Process of Random Mesostructure

A two-dimensional mesostructure random construction system (RMS?P) is devel-

oped with the help of the Fortran programming language. With this system, the random
mesostructure of the SRM can be constructed in the selected discrete domain. Using the self-
developed RMS?P, the random mesostructure of the SRM with different characteristics can
be constructed in the selected discrete domain. Figure 7 establishes random mesostructure

models of SRMs with different rock content and spatial distribution.

o o) SEN 22 0 e o T O o e 1D
oo i) ERRGEIED Fortae Ry
< o o U s o DO 0.0 Q@%ﬁo S b
92 9950 0% 129 OOOGOODQ S 0955
5 Q0 L2070 0 S0 QQQ@ODO OQSOOOOO (I
O, C @ Oaye 20 s s L0 me D)
QOGO .0 Q5 QOOO & %QQQ OE> QQO 00
Ayl W St s T S
eo, US98 2 BOCHEAel  pgiteri
2 00 2500 37 o URD OO AL
eS| B el
R R I o R R R A =
O&00 o 0 é)g%g%o AU E SARTTEO BRI
SIS AN o D5 U0 Re e Y0
o0 S50 | |0k Lo B N o OIS AL
b o OB B EPISR00 OZ30FS 00
20y CCDDOOQOO@ ol BY QD%QS%O OBONE P QQQ%O% §55 ey
(@) (b) (c)
Figure 7. Random meso-structures of SRM with different stone contents and spatial distribution.
(a) C =30%. (b) C = 60%. (c) Spatial distribution 1 (C = 45%). (d) Spatial distribution 2 (C = 45%).
4. Numerical Simulation
4.1. Calibration of Micro- and Macro-Parameters
To calibrate the parameters for numerical simulation, direct shear tests are conducted
on SRM samples in our laboratory and the results have been published in the literature [3].
In the continuum domain, the Mohr—Coulomb is chosen to describe the macroscopic
constitutive relationship of the SRM. The macroscopic parameters are determined directly
from the laboratory and the results are shown in Table 1.
Table 1. Parameters of the constitutive model for continuous domain.
Density Bulk Modulus Shear Modulus Frictional Angle Tensile Strength
(kg/m3) (GPa) (GPa) ©) (kPa)
2700 0.5 0.15 30.0 0.1

Unlike the macroscopic parameters such as Young’s modulus, Poisson’s ratio, internal

friction angle, and cohesion, mesoscopic parameters of the DEM model cannot be deter-
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mined directly from laboratory tests [28]. In this paper, the mesoscopic parameters of “soil”
particles and “stone” particles are obtained by calibrating the curves of the direct shear
tests and the method proposed by [29] respectively. The meso-mechanical parameters of
the soil-rock meso-model are shown in Table 2.

Table 2. Parameters of the constitutive model for discrete domain.

Material

Density (kg/m3) Stiffness (N/m) Cohesion (N) Friction Coefficient

P

K ks 24 P 1

Soil
Stone

2000
2700

5.0 x 107 2.0 x 107 1.5 x 103 35 x 103 0.55
5.0 x 108 5.0 x 108 1.0 x 10° 1.0 x 10° 1.0

4.0m

45.0°

4.0m

10.0m

4.2. Establishment of FDM-DEM SRM Slop Model

To validate the FDM-DEM coupling method, a homogeneous slope shown in Figure 8a
is considered. The model has a length of 20.0 m, a height of 12.0 m, and a slope angle
of 45.0°. To analyze the evolution law of the meso-contact characteristics of the internal
soil-rock particles during the deformation and failure process of the SRM slope, a numerical
simulation is conducted with the FDM method to determine the shear band location and
area first. Then, a square area with a length of 2.0 m and a height of 5.8 m is selected as a
discrete area in the coupled analysis. We ensure that the shear band is across the discrete
area. Other areas are analyzed as continuous domains. Figure 8b shows the established
continuous-domain numerical model. The continuous domain in the model is divided
into 24 triangular mesh elements and 1596 quadrilateral mesh elements. The discrete
domain coupling boundary is composed of a circle of closed boundary control particles
(red particles in the figure), the continuous-domain coupling boundary is composed of the
edges and nodes of the boundary element, and each edge corresponds to a segment in the
discrete domain.

| 8.0m

5.8m
12.0m

2.0m|

20.0m

(a)
Figure 8. (a) Slope geometry model and (b) numerical models for discrete and continuous domains.

It should be noted that the process of establishing a discrete domain numerical model
is shown in Figure 9. The process mainly includes three steps: (1) Use the proposed
boundary inward filling method to generate a circular particle model in the discrete domain.
(2) Use the developed RSM?P system to construct a random mesostructure of the SRM in
the discrete domain. (3) Superimpose the previous two models to determine the round
particles contained in each rock in the mesostructure. The round particles included in each
stone block are formed into a round particle cluster to simulate a stone block.
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Figure 9. The process of establishment of a numerical model for discrete domain.

5. Results and Discussion
5.1. Validation of the Model

Figure 10 shows the stress distribution of the slope after the initial static calculation
and initial coupling calculation. After the initial coupling calculation, the stress between the
discrete domain and the continuous domain maintains continuity. The stress distribution
on the continuum has not been adjusted greatly, which is the same as the initial static
calculation. After the initial coupling state is obtained, self-weight overload is performed
on the discrete domain and the continuous domain, and the coupling analysis is performed.
To ensure that the slope is unstable under self-weight overload, the self-weight overload
factor should be greater than the safety factor of the slope.

Step:4810 Step:8910
Yi-stress cortours TW-stress covtours
-150X10° _125%10°
-1.00X10°
~750%10¢
~5.00%10¢
250104
0.00%10°

Cottour terval=

“125%10°
~1.00X10°
~750%X10¢
-5.00X10¢
-250%10¢
0.00%10°

f 2.50E+04
Corgour iterval= 2. 50E+04 p

Figure 10. Stress distribution contours of slope: (a) initial static calculation and (b) initial coupling calculation.

It can be seen from the displacement contours that the displacement maintains good
continuity and consistency on the boundary of the discrete domain and the continuous
domain, and there is no sudden change in displacement, indicating that the coupling
analysis effect is good (Figure 11). In addition, the upper particles in the discrete domain
have been displaced, and the lower particles remain unchanged at zero displacements,
which indicates that the shear band formed inside the slope has passed through the middle
part of the discrete domain after failure.

The plastic zone of the continuous domains after failure is shown in Figure 12. It is
obvious that the slope failure is mainly a shear mode, and there is a certain tensile crack
failure in the top area. The entire shear failure zone passes through the discrete domain,
and the failure type is approximately a circular arc failure mode.



Sustainability 2022, 14, 17015

12 0f 18

X T LRI Ty
SR Y SN0 e
Plasticity Indicator . e ol e
* at yield in shear orvol. jaee BN SSRIRS e, o AR SRR

X elastic, at yield in past K
o at yield in tension z RS
T -

c:gi A LD WA

040

0.035 T
~_ -
0.030 T~

0.025 -

Step:29810

-4.00X 1072
-3.50%X 1072
-3.00%X 1072
-2.50%X 1072
-2.00X 1072
-1.50X 1072
-1.00X 1072
-5.00%X1073
-0.00X10°
Coxdour fterval= 5.00E-03
Bomdary plot

0.020

0.015

0.010

0.005

(L0000

Figure 11. Displacement contours of discrete and continuous domains of slope after failure.

5
SR

P

O OO

o e B 5 o [
O N

Figure 12. The plastic zone of slope after failure.

5.2. Failure Process of Slope

To understand the evolution law of the meso-contact characteristics between the soil
and stone particles in the SRM during the formation and evolution of the shear band, four
key intermediate calculation states are selected for analysis, and the results are shown
in Figure 13. The shear band begins to develop from the position of the slope angle and
gradually develops until it completely penetrates to the top of the slope.

Figure 14 shows the distribution of the contact force chain between particles in the
discrete domain at the four evolution stages. During the formation of the shear band of the
slope, the magnitude and direction of the contact force between the soil and stone particles
in the discrete domain have been significantly adjusted, which is manifested as a gradual
change in the internal stress state of the slope in the macroscopic view. From the perspective
of the change in the direction of the contact force, the slope is undergoing a process from
deformation to failure, and the direction of the contact force between soil and stone particles
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is gradually adjusted to the direction of slope instability and sliding. From the perspective
of the change in the value of the contact force, the force chain of the contact force between
the rocks is gradually becoming thicker, indicating that the contact force borne by the
stones is gradually increasing. Figure 15 shows the particle displacement vector, and it
indicates that the change in the contact force between the soil and stone particles results in
the movement of stones. This is macroscopically expressed as the sliding of the slope, and
the moving direction of the stone particles in the direction of the slope sliding.

D, shear straimerate D, shear straimerate
0.00x10° 0.00x10°
1.00x10° 1.00x10%
2.00x10¢ 2,00x10°
3.00x10¢ 3.00x10°
4.00x10°¢ 4.00x10°
5.00x10°¢ 5.00%10
6.00x10°¢ 6.00x10
Cordonr fterval= 1.00E-06 Cordonr fterval= 1.00E-06

B, chesr strainerate
0.00x10°
1.00x10°¢
2.00%10°¢
3.00%10
4.00%10°
5.00x10°¢
6.00x10°¢
Cortonr mterval= 1.00E-06

B, chesr straierate
0.00%10°
1.00x10°¢
2.00x10°¢
3.00x10°¢
40010
50010
6.00x10°
Contour mterval=  1.00E-06

Figure 13. Shear strain rate contours of continuous domain at different evolution stages of shear band:
(a) shear band does not pass through discrete domain, (b) shear band begins to pass through discrete
domain, (c) shear band passes through discrete domain, and (d) shear band is in complete connection.

Figure 14. Force chain distributions of contacts between particles in the discrete domain at different
evolution stages of shear band.
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Figure 15. Displacement of particles in the discrete domain at different evolution stages of shear band.

5.3. Evolution of Meso-Contact between Stone Particles

To quantitatively analyze the contact force distribution and evolution, the contact
normal direction between particles can be approximated by the following second-order
Fourier series [30]:

E(0) 1+acos2(0 —6,)] (22)

=3
where E() is the normal contact direction distribution function. 6 is the normal contact
angle. a is the coefficient of average contact force anisotropies and 6, is the corresponding
principal direction.

Similarly, the normal contact force anisotropy can be described by:

fn(0) = fo[l +aycos2(6 —6,)] (23)

where f,,(0) is the normal contact force distribution function. fj is the average normal
contact force and 0, is the principal direction of normal contact force anisotropy. a; is the
Fourier series coefficient, also known as the anisotropy parameter, and its value reflects the
development degree of the anisotropy of the normal contact force between particles in the
discrete domain.

The direction and magnitude of the contact force between soil and stone particles have
changed significantly during the process of the slope shear zone from initial formation
to penetration. Figure 16 plots the statistical distribution of the contact normal between
particles in the four different evolution stages of the shear zone. With the development
of the shear zone, the normal distribution shape of the contact between the soil and stone
particles changes significantly. When the shear zone does not pass through the discrete
domain (Figure 16a), the contact between soil and stone particles is basically in an isotropic
contact state. When the shear zone gradually begins to pass through the discrete domain
(Figure 16b), its distribution changes from the initial circle shape to the oval shape. It
indicates that the contact between soil and stone particles changes from an isotropic contact
state to an anisotropic contact state, the anisotropy parameter increases from 0.02 to 0.06,
and the main anisotropy direction is adjusted from the initial 0.0° to 35.0°. Since then,
as the shear zone gradually develops until it is completely penetrated (Figure 16¢,d), the
anisotropy of the contact state between the particles is more significant due to the movement
and interaction of the soil and stone particles. The anisotropy parameter « finally increases
from 0.06 to 0.26. The main anisotropy direction is finally adjusted from 35.0° to 62.0°,
which is adjusted to be more consistent with the sliding direction of slope instability.

Figure 17 is the statistical distribution of the normal contact force between particles at
different evolution stages of the slope. The magnitude and direction of the normal contact
force between soil and stone particles have also been significantly adjusted. The most
obvious one is the main direction adjustment of the normal contact force distribution, which
is manifested macroscopically as the adjustment of the internal stress state of the slope.
Specifically, when the shear zone does not pass through the discrete domain (Figure 17a),
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the normal contact force between particles is in an isotropic state. When the shear zone
gradually begins to pass through the discrete domain (Figure 17b), the normal contact force
distribution changes significantly, and the anisotropy parameter increases from 0.27 to
0.35. The main anisotropy direction is adjusted from 18.0° to 38.0°. Since then, the normal
contact force distribution adjusts to the sliding direction of the slope instability.

6,=60.0

270 270

Figure 16. Statistical distribution charts of normal contacts between particles in the discrete domain
at different evolution stages of shear band: (a) a = 0.02, 8, = 0°; (b) a = 0.06, 6, = 35° (c) a = 0.1,
0, =60°; (d) a=0.26, 0, = 62°.

Figure 17. Statistical distribution charts of normal contact forces between particles in the discrete
domain at different evolution stages of shear band: (a) a, = 0.27, 8, = 18°; (b) a,, = 0.35, 6,, = 38°
(c) ay =042, 0, =56.5°; (d) a, = 0.56, 6, = 60°.

5.4. Macro and Meso Deformation and Failure Mechanism of SRM Slope

Based on the above analysis, it can be concluded that during the deformation and
failure process of the SRM slope, the meso-contact characteristics such as the contact
force and the contact direction between the soil and stone particles undergo significant
changes and adjustments. This macroscopically corresponds to the adjustment of the slope
stress state, which, in turn, leads to deformation, sliding, and even instability of the slope.
Therefore, the changes in the microscopic contact characteristics between the soil and
stone particles inside the SRM slope are the internal driving factors for the macroscopic
deformation of the slope and the adjustment of the stress state.

Figure 18 shows the macro- and meso-scale deformation and failure mechanism of
SRM slopes. When the slope undergoes deformation and failure, it is manifested in the
mesoscale view as the change in the contact normal and contact force between the internal
particles, which causes the movement of soil and stone particles. This corresponds to the
adjustment of the internal stress state of the slope in the macroscopic view, which leads to
the deformation or even sliding of the SRM slope.
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Figure 18. Deformation and failure mechanism of SRM slope.

6. Conclusions

Based on FLAC2D and PFC2D programs, this paper establishes a discrete-continuous
coupling analysis method with the help of FISH language and the Socket O/I data transfer
and exchange interface. A two-dimensional mesostructure stochastic construction system
(RMS2D) is developed and SRM random mesostructures are constructed in the selected
discrete domain. This method is used to study the deformation and failure mechanism of
the SRM slope. The conclusions are as follows:

(1) The comparison between the particle displacement cloud map in the discrete
domain and the node displacement cloud map in the continuous domain shows that the
displacement maintains a good continuity and consistency on the boundary, and there is no
sudden change in displacement, indicating that the discrete-continuous coupling analysis
can describe the deformation of the slope well.

(2) In the process of deformation and failure of the SRM slope, with the formation and
development of the shear zone until it is completely penetrated, the statistical distribution
of the meso-contact characteristics (such as contact direction, contact force) between soil
and rock particles inside the slope undergoes obvious changes and adjustments. Among
them, the main direction of the statistical distribution is adjusted most significantly, and
the main direction is finally adjusted to being basically the same as the sliding direction of
the slope.

(3) There is obvious interaction between soil and rock particles inside the slope, which
is manifested as the change in the mesoscopic contact characteristics between the particles.
This is the internal driving factor for the macroscopic deformation of the slope and the
adjustment of the stress state. When the slope is deformed and damaged, it is manifested
as the change in the contact direction and contact force between the internal particles in
the microscopic view, resulting in the displacement of the particles. Macroscopically, the
change in the stress state of the slope leads to the deformation of the slope, which may lead
to instability failure.

(4) In the follow-up, the discrete-continuous coupling analysis method established in
this paper will be used to conduct in-depth research on the stability of soil-rock mixture
slopes. The influence of meso-particle changes such as the distribution and content of
stones in the SRM on the slope stability will be analyzed.
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