:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Hans-Balder Havenith,
University of Liege, Belgium

REVIEWED BY

Bing Bai,

Beijing Jiaotong University, China
Lu Zheng,

Fuzhou University, China

*CORRESPONDENCE
Qingyang Zhu,
zhugingyang@stu.xju.edu.cn

SPECIALTY SECTION
This article was submitted to
Geohazards and Georisks,

a section of the journal
Frontiers in Earth Science

RECEIVED 08 August 2022
ACCEPTED 28 September 2022
PUBLISHED 10 January 2023

CITATION

Xie L, Zhu Q, Ge Y and Qin Y (2023),
Instability simulation of the submerged
anti-dip slope based on the CFD-DEM
coupling method.

Front. Earth Sci. 10:1013909.

doi: 10.3389/feart.2022.1013909

COPYRIGHT
© 2023 Xie, Zhu, Ge and Qin. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Earth Science

TvpE Original Research
PUBLISHED 10 January 2023
Dol 10.3389/feart.2022.1013909

Instability simulation of the
submerged anti-dip slope based

on the CFD-DEM coupling
method

Liangfu Xie>#*, Qingyang Zhu'*, Ying Ge* and Yongjun Qin*

College of Civil Engineering and Architecture, Xinjiang University, Urumgi, China, *Xinjiang Research
Institute of Building Science (Co., Ltd.), Urumgi, China, *Xinjiang Civil Engineering Technology
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More and more underwater-related geotechnical problems have arisen, but
there is little research about the instability process of submerged anti-dip
slopes. This study built the CFD-DEM coupling method based on the CFD
solver OpenFOAM and the DEM solver PFC. The Ergun test was selected as the
benchmark test to verify the accuracy of the coupling method, and the pressure
drop predicted from the coupling method agreed well with the analytic
solution. Then, we built a numerically submerged anti-dip slope model, and
a special effort was made to study its instability characteristic. The flow of water
will weaken the slope stability, and the birth of cracks will be accelerated. The
drag force will restrain the toppling deformation, resulting in a deeper fracture
surface. Then, we changed the joint thickness and joint angle to study its effect
on slope stability. The collapse load increases with the joint thickness, and the
form of toppling deformation changes from flexural failure to block failure. The
collapse load increases with the decreasing joint dip, and the position of the
damaged area becomes higher; the angle between the bottom fracture surface
and the vertical line to joints becomes smaller with the decreasing joint dip.

KEYWORDS

CFD-DEM, water flow, anti-dip slope, stability, centrifuge test

1 Introduction

A considerable number of engineering constructions are observed along the river,
along the coast, or even under the sea. These engineering constructions will make evident
disturbances to the stratum structure and have a significant impact on the stability of
water-related slopes, like 1) the Three Gorges Reservoir, 2) the exploitation of oil and gas
resources in the Yellow River Delta, and 3) the exploitation of combustible ice. The
instability of these slopes not only poses a great threat to people’s lives and artificial
facilities but also leads to some catastrophic disasters (like tsunami and earthquake),
which are also thought to be associated with these slopes (Ten Brink et al., 2009; Goff and
Terry, 2016; Yavari-Ramshe and Ataie-Ashtiani, 2017; Tappin, 2021). The seepage can
carry away different kinds of particles in the soil, causing gradual destabilization of the
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submerged soil structure (Bai et al., 2021a; Bai et al,, 2021b). At
present, research about the instability characteristics of water-
related slopes is at its early stage.

According to the existing research, 33% of slope deformation
is toppling deformation, and most huge and severe slope
deformation failure occurs in anti-dip slopes (Huang, 2007).
The obvious features of toppling deformation are as follows: 1)
the formation of the flexural fracture surface usually takes quite a
long time and 2) catastrophic failure will usually happen when
this kind of slope is unstable. If toppling deformation occurs in
submerged slopes, the swells from the rock mass will pose a major
threat to passing ships. We must analyze the instability process of
the submerged anti-dip slope.

The discrete element method (DEM) is capable of simulating
large deformation of rock and soil mass, and the computational
fluid dynamics (CFD) method is suitable for simulating the
motion of the fluid. Many scholars have introduced CFD to
calculate the mechanical action of water on rock and soil (Thallak
et al,, 1991; Bruno, 1994; Han et al, 2018; Dong et al., 2021;
Zhang et al., 2021). The CFD-DEM coupling simulation will be
an appropriate method to study water-related geotechnical
problems.

Some researchers carried out this kind of research in particle
flow code (PFC) through Cundall’s method (Han and Cundall,
2011, 2013). Wang et al. (2014) and Zhou et al. (2016) have
utilized PFC2D to simulate the evolution process of hydraulic
fracturing and systematically study the initiation, size, and the
number of fractures. Crosta et al. (2015) combined PFC2D and a
three-dimensional CFD program and studied the destruction of
steep submarine slopes caused by the thermal decomposition of
methane hydrate. Although the CFD grid is three-dimensional,
the boundary conditions in the Y-direction of the grid are fixed
to achieve two-dimensional CFD calculations. Mingjing et al.
(2018) then considered the Magnus effect to further optimize the
coupling method and studied submarine landslide in the
methane hydrate enrichment area under the action of the
seismic load. Gu et al. (2019) wrote a CFD solver through
Python and realized the simulation of erosion caused by
seepage in cohesive sand in PFC3D. Xiong et al. (2021)
proposed a new fluid-solid coupling method in combination
with the CFD software application OpenFOAM and the DEM
software application LIGGGHTS-PUBLIC. After verifying the
method, they studied the
and mechanical behavior of seepage in

accuracy of the diffusion
characteristics
discontinuous graded granular soil. Bai et al. (2022) utilized
the smoothed particle hydrodynamics (SPH) method to
simulate the heat transfer process in porous media at the
pore scale, and a concise method was proposed to produce
unsaturated media by simulating the wetting process in dry
media.

Moreover, research about the CFD-DEM simulation of
water-related geotechnical problems is fruitful, but there is
little research about the submerged anti-dip slope. In this
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study, the CFD solver OpenFOAM will be introduced to
cooperate with the DEM solver PFC, and the verification of
the coupling method will be conducted through the Ergun test.
Then, we will utilize the coupling method to study the instability
process of the submerged anti-dip slope. The classical centrifuge
test (Adhikary and Dyskin, 2007) will be built by the DEM
software application PFC to verify the accuracy of the DEM
model. Then, the coupling method will be utilized to set the DEM
model in a fluid mesh to simulate the instability process of the
submerged anti-dip slope.

2 CFD-DEM coupling method
2.1 Governing equation of the DEM

In the PFC3D, the motion of these rigid particles obeys
Newton’s law of motion, and the time-step iteration of its motion
equation adopts an explicit central difference format, without the
need to establish a large stiffness matrix (Inc, 2016). The
equations of translation and rotation are as follows:

% — fmech + fﬂuid
dt m

.

doy M
&t I’

+g
(1)

where ﬁp,- presents the velocity vector of particle 4 t is the time;
fmech is the resultant force of the contact force and gravity; fﬂuid
is the fluid force applied on the particle i; m is the mass of the
particle i; g is the acceleration of gravity; @p; is the angular
velocity vector of the particle i; M is the moment; and I is the

moment of inertia.

2.2 Governing equation of CFD

In this study, the continuous fluid domain is discretized into
cells, and the motion of the incompressible fluid with a constant
density can be expressed by the locally averaged Navier-Stokes
continuity equation:

9
% +V - (pepeve) = 0,
d
% + V- (@epevive) = VP + Fo + 9ipeg + 9;V (uVvr),

@

where ¢, denotes the porosity of the fluid; v¢ is the fluid velocity
vector; p; is the density of the fluid; Vp is the fluid pressure
gradient; and g is the gravitational acceleration.

F}, is the per unit body force of the fluid cell applied by
particles in a fluid cell, which can be expressed as Eq. 3, where
]Cdrag is the drag force and V. is the volume of the fluid cell
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FIGURE 2
Ergun test model (unit: mm): (A) front view; (B) bottom view; and (C) fluid velocity vector.
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FIGURE 3
Pressure drop contrast with the analytical solution (Ergun equation).
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2.3 Particle—fluid interaction

The fﬂuid is the fluid-particle interaction force, which is
made up of the drag force fdrag and another part from the fluid
pressure. The part from the fluid pressure consists of the
buoyancy forci ]_Eb and the pressure gradient force -?VP'
Therefore, the fg .4 can be defined as follows: N 80°

390

.?ﬂuid:J}drag*'J_Eb*'?vP' 4
61°
As a particle may intersect more than one fluid element, the T
drag forces that the fluid exerts on the particles are distributed
based on the fractional overlap between the particle and the fluid o
element. It should be noted that the fluid forces act on the i 400 i
centroid of particles, and the rotational moment will not be
applied to the particles. The drag force ]‘dmg is related to the

porosity of the fluid element ¢;:

fdrag = .?0¢f7x’ (5)

60

FIGURE 4
Geometrical details of Model IGM 01 (unit: mm).

where J}O is the single particle drag force; y is the empirical
correction coefficient to expand the application scope of Eq. 5 in }o = lc 4 pfﬂr2|ﬁ _ 1'}|(ﬁ _ 7,), (6)
both high- and low-porosity fluid elements and a large range of 2

Reynolds numbers (Di Felice, 1994; Xu and Yu, 1997). where Cy presents the drag coefficient and r is the radius of the
Here, f, is defined as follows: particle.
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TABLE 1 Detailed parameters adopted in the numerical Ergun test.

Parameter Value Unit
Model shape
Granular column height 15.6 mm
Granular column width 31.2 mm
Equivalent spherical diameter 1.0 mm
Void fraction 0.45
Acceleration of gravity 9.81 m/s*
Solid phase (PFC3D)
Particle radius 0.45-0.55 mm
Particle density 2500 kg/m®
Friction coefficient 0.30
Normal stiffness 1.5e6 Pa
Shear stiffness 1.5e6 Pa
DEM timestep le-5 s
Fluid phase (OpenFOAM)
Mesh scale 32 x 32 x 100 mm
Cell size 4 x4 x333 mm
Fluid density 1000 kg/m®
Dynamic viscosity 1.5e-3 N-s/m*
CFD timestep le-4 mm
Cq is defined as follows (Di Felice, 1994):
2
4.8
Ca=(063+ , %
\/Re,
where Re,, denotes the Reynolds number.
X is expressed as follows (Xu and Yu, 1997):
R 2
(1.5 —log 1;”)
X=37-0.65- exp|[ — ) (8)

The Reynolds number Rej, is presented as follows (Xu and
Yu, 1997):

2per|t =V
e, = 7| ' 9)
U
The buoyance force fb is defined as follows:
-, 4
Jo =3P (10)
The pressure gradient force }VP is defined as follows:
Fop = 2’V 11
f =3 ar’Vp.

The fluid-particle interaction force ﬂluid can also be
expressed as follows:

R R o e . 4
ffluid = fdrag + fb+ pr = fdrag + 57‘[7‘3 (VP _pfg)' (12)
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TABLE 2 Geometrical and strength parameters of IGM 01.

Item Value
Slope height (mm) 330
Slope angle (°) 61
Joint dip angle () 80
Joint spacing (mm) 10
Young’s modulus (GPa) 2.4
Poisson’s ratio 0.16
Unit weight (kN/m?) 23.8
Tensile strength (MPa) 14
Uniaxial compression strength (MPa) 5.6
Joint friction angle (°) 26
Joint cohesion (kPa) 15

2.4 Coupling procedure

The CFD-DEM coupling method is built based on the DEM
solver Particle Flow Code 3D (version 6.0021) and the open source
CFD package OpenFOAM (version 3.0). The CFD-DEM coupling
flowchart is shown in Figure 1. The PFC3D contains the CFD
module but does not have the CFD solver; the OpenFOAM package
serves as the CFD solver for the fluid mesh built in PFC3D. The
tiarger 18 the CFD-DEM integration frequency. Each time the
PFC3D runs for t;4-ge physical time, the particle information is
transferred to OpenFOAM via Python, and OpenFOAM is allowed
to run for the same length of physical time, after which the fluid
information in OpenFOAM is given to the PFC3D’s mesh.

2.5 Benchmarking

A convincing CFD-DEM coupling method must pass the
verification with the actual test (Pianet et al., 2007; Chen et al.,
2011; Kloss et al., 2012; Zhao and Shan, 2013; Shan and Zhao,
2014; Li and Zhao, 2018). In this study, the Ergun test (Ergun,
1952) is selected as the benchmark test. In the Ergun test, the fluid
flow through the granular column and the pressure drop (Ap)
across the granular bed are related to the superficial velocity vs.
This relation is called the Ergun equation:

_ 150uH (1 -e)’

., L75Hp(1-¢)
d2e? s

de?

Ap vlvl,  (13)
where H represents the height of the granular bed, d is the
equivalent spherical diameter of the granular assembly, p is the
fluid density, y is the dynamic viscosity of the fluid, and e is the
void fraction of the granular assembly.

As shown in Figure 2, the Ergun test model will be utilized to
verify the accuracy of the CFD-DEM coupling method. The
bottom (Figure 2B) is the inlet boundary of the Ergun test model,
and Figure 2C is the velocity vector of the fluid mesh. The
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FIGURE 5
Simulated PFC3D failure in (A) UCS and (B) tension test.
TABLE 3 Comparison of macro parameters from numerical and actual simulation.
Macro parameter Numerical Actual Difference (%)
Uniaxial compression strength o. (MPa) 5.604 5.600 0.07
Tensile strength o; (MPa) 1.432 1.400 2.29
Poisson’s ratio v 0.163 0.160 1.88
Young’s modulus E (GPa) 2.440 2.400 1.67
TABLE 4 Determined micro parameters.
Item Value Item Value
Minimum particle size (mm) 1.50 Maximum particle size (mm) 3.00
Particle contact module (GPa) 1.20 Parallel bond module (GPa) 1.20
Ratio of the contact module 1.40 Ratio of the parallel bond module 1.40
Cohesion (MPa) 1.80 Tensile strength (MPa) 1.40
Particle friction coefficient 0.20 Friction angle (*) 10.0

detailed parameters of the numerical Ergun Test is shown in
Table 1.

2.6 Modeling procedure

i. A 31.2 x 31.2 x 15.6-mm cubic shape granular column was
created whose void fraction was 0.45, and the particle radius
was uniformly distributed in the range of 0.45-0.55 mm;

Frontiers in Earth Science

ii. A 32 x 32 x 100-mm cubic shape fluid mesh was generated,
and the granular column was allowed to stand still in the fluid
phase for 1s;

iii. Superficial velocity was set in the bottom boundary of the
fluid mesh, and the pressure drop was measured from the
orange mesh to the yellow mesh (Figure 2A).

As shown in Figure 3, the pressure drop predicted from the
CFD-DEM coupling method agrees well with the analytic
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FIGURE 6
DEM model of the centrifuge test.
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FIGURE 7
Displacement contrast with Adhikary's testand the UDEC-TM
method.

solution (Ergun, 1952). Also, the accuracy of the coupling
method is proven through this validation case. It should be
noted that there will be no fluidization in this simulation as
the granular bed is fixed.

3 Submarine toppling simulation

3.1 Toppling simulation without water

In this part, a classic centrifuge test will be reproduced in the
PFC3D to show DEM’s capability of accurately simulating

Frontiers in Earth Science
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toppling deformation and for a better comparison with the
further submarine type.

3.1.1 Model description

This model is built based on the actual centrifuge test
(Adhikary and Dyskin, 2007); its geometry and strength
details are presented in Figure 4 and Table 2, respectively.

3.1.2 Micro parameter determination

The numerical model in the PFC is an assembly of bonded
particles, and all inputted parameters are related to the physical
characteristics of these microparticles or the contact model.
However, we usually can get only the macro parameters (like
Young’s modulus, Poisson’s ratio, and compression or tensile
strength) through the laboratory test. These macro parameters
cannot be inputted to PFC models directly. Through the
numerical laboratory test, we can get the numerical macro
physical characteristics and compare it with the actual
characteristics to ensure the micro parameters. Before
simulating toppling deformation in PFC3D, micro parameter
calibration is an indispensable step. In order to reduce the length
of the article, the details of the calibration part will not be shown
in this study.

Numerical macro parameters can be obtained through the
stress—strain curve (Figure 5); the comparison between the
numerical and actual macro parameters is listed in Table 3.
The difference between the numerical and actual macro
parameters is acceptable, and the micro parameters (Table 4)
are determined.

3.1.3 Model setup
Because of the required high accuracy and low computing
resource, many researchers have reproduced this centrifuge test

frontiersin.org
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FIGURE 8
Schematic diagram of the submerged anti-dip slope (units: mm).

(TP Esol T T[T

TABLE 5 Detailed parameters adopted in the submerged anti-dip
slope model.

Parameter Value Unit
Solid phase (PFC3D)
Particle radius 1.5-3.0 mm
Particle density 2380 kg/m’
Particle contact module 0.50 GPa
Ratio of the contact module 0.75
Parallel bond module 0.50 GPa
Ratio of the parallel bond module 0.75
Particle friction coefficient 0.20
Tensile strength 0.56 MPa
Cohesion 1.17 MPa
Friction angle 10 °
DEM timestep Auto s
Fluid phase (OpenFOAM)
Mesh number 30 x 26 x 1
Cell size 40 x 44.25 x 40 mm
Fluid density 1000 kg/m®
Dynamic viscosity 1.0e-6 N-s/m*
CFD timestep 5e-6 mm

in 2D cases (Alzo’ubi et al., 2010; Lian et al., 2018; Zheng et al.,
2018). However, the coupling method in this study only supports
3D cases, and the 3D DEM simulation is quite computationally
expansive. To save the computing resources, we decide to build
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this anti-dip slope in the pseudo 3D method. The slope model
(Figure 6) is still built in 3D space, but the model length in the
Y-direction is limited to the thickness of 2-3 particles, and two
smooth walls are fixed in the model front and back to restrain
displacement in the Y-direction. Although the pseudo-3D
method is hard to show the change of the structure in the
Y-direction, but the result of our referred physical test is also
basically in the X- and Z-directions. The model is composed of
25,555 particles.
The gravity loading procedure is as follows.

(1) The anti-dip slope model is made to reach equilibrium at
gravity 1.g.
(2) The model is allowed to run for a fixed amount of cycle steps
(set to 5,000 in this model).
a) If no crack is generated, the gravity load is increased by
1 g and returns to step (2).
b) If a new crack is generated, the count of cycle steps in this
stage returns to 0.
i. If no crack is generated in the subsequent cycle steps, the
gravity load is increased by 1 g and returns to step (2).
ii. If a new crack is generated, it returns to (b).
(3) If the model is unable to jump out of step (2)-b)-ii, the
gravity load at this point after the 2,000,000 cycle steps is the
collapse load.

3.1.4 Verification

The simulation result is compared with the actual test and
another numerical method in three aspects to prove the accuracy
of DEM simulation:
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Contrast of the instability process: (A) collapse load; (B) crack number; (C) horizontal displacement of point A; and (D) horizontal displacement
of point B.
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FIGURE 12
Crack distribution in every condition.

(1) Angle of the failure surface: the failure surface in the (2) Collapse load: the collapse load predicted from PFC3D is

actual centrifuge test was found to emanate from the slope 92 g, and it is near to that in the original centrifuge test result
toe and orient at an angle between 12° and 20°. The (80-85 g);

simulated failure surface is oriented at an angle of (3) Horizontal displacement: as shown in Figure 7, the
about 12.95% horizontal displacement-gravity load curve is compared
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FIGURE 13

Effect of joint thickness on slope stability: (A) collapse load; (B) crack number; and (C) post-failure configuration.

with Adhikary’s test and the UDEC-TM method (Zheng
etal,, 2018). The horizontal displacement difference of points
A and B between PFC3D simulation and Adhikary’s test is
small, and the significant increase of horizontal displacement
when gravity is about 35 is also captured. The accuracy is
better than that of UDEC-TM. However, the accuracy of the
DEM model is confirmed.

3.2 Instability simulation of the submerged
anti-dip slope

As the accuracy of the coupling method and capability of
simulating toppling deformation in the pseudo 3D method
are confirmed, simulation of the instability process of the
submerged anti-dip slope will be possible. Aiming to get a
better comparison between the submerged type and natural
land type, the slope model mentioned in section 3.1 will be
set in static water (Figure 8) and simulated in the coupling
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(c)jointhick=15mm

(d) join thick=17mm

method. The loading process is the same as that in
section 3.1.

As the slope is set in water, the softening coefficient should be
considered to achieve the deterioration of water on rock and soil
materials. In this model, we select the softening coefficient as
0.49, and all macro parameters shown in Table 3 are multiplied
by the softening coefficient. The new set of DEM and CFD
parameters is listed in Table 5. It should be noted that the fluid
mesh is of 3D type, but the fluid velocity boundary and fluid
pressure boundary in the Y direction are set to 0.

The post-failure result (rock fragments generated during the
simulation) is shown in Figure 9; this model has run about
2,000,000 cycle steps, and the collapse load in the static water case
is 72 g.

The energy evolution characteristics are shown in Figure 10:

In Figure 10A, the kinetic energy is kept at a low value in
the loading stage, and it increases rapidly after the gravity
load reaches the collapse load. The friction energy
(Figure 10B) increases linearly in the loading stage. As
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FIGURE 14
Effect of the joint dip on slope stability: (A) collapse load; (B) crack number; and (C) post-failure configuration.

there is more interlayer friction motion when toppling simulation is necessary. In this section, we will set the hydraulic
deformation occurs, the friction energy increases faster boundary to 1) v=0.5 m/s and 2) v=1 m/s to analyze the changes
when the gravity load reaches the collapse load. Large in toppling stability. It should be noted that the water flow
deformation will result in more strain energy. The strain direction is from left to right.

energy (Figure 10C) increases quite slow when the slope is

stable and increases quite fast when the slope is unstable.

When the strain energy exceeds the tolerance of the rock 4.1 Instability process of the submerged

mass, cracks will appear in the rock mass. Comparing anti-slope considering the water flow

Figure 10C,D , it is easy to find that the crack number is

highly related to the strain energy. To investigate the effects of the water flow on toppling
deformation, four types of anti-dip slope models are selected
for comparison, including 1) no water condition (shown in

4 Toppllng Stablllty analySiS section 3.1), 2) static water condition (shown in section 3.2),
considering the water flow 3) water flow velocity v=0.5 m/s, and 4) v=1.0 m/s.

The gravity loading process is shown in Figure 11A, and it is

The underwater environment is usually not as simple as the easy to see that the flow of water will decrease the stability of the

static water environment, and the flow of water also affects the slope. More details are shown in Figure 11B; the birth of cracks in

stability of the slope. Considering the fluid flow in the instability the slope back is accelerated, and the increasing speed of the
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crack number in the loading process is faster. The flow direction
of water may be from the back of the slope to the front, and the
fluid force makes the slope more unstable. Thus, the horizontal
displacement of points A and B (Figure 11C,D) increases faster.

The crack distribution of four types of models is shown in
Figure 12. Measuring the angle between the vertical line of joints
and the bottom fracture surface, we found that the angle becomes
small after we set the model in water and that the water flow
velocity has no obvious effect on this angle. The drag force from
the fluid will restrain the toppling deformation, and every rock
column should be fractured in a deeper position to get more
gravity to overcome the drag force from the fluid.

4.2 Effect of joint thickness on slope
stability

In this section, we set the hydraulic boundary to v=0.75 m/s
and change the joint thickness to study its effect on slope stability.

As shown in Figure 13A, the collapse load increases with the
joint thickness, but the warning signs of slope failure have
become less obvious. Not only does the growth rate of cracks
decrease with the increasing joint thickness but also the number
of peak cracks also decreases (Figure 13B).

It can be seen from Figure 13C that the form of toppling
deformation has changed from flexural failure to block failure.
Measuring the angle between the vertical line of joints and the
bottom fracture surface, we found that the angle increases with
the joint thickness. The reason may be that the mass of the rock
column increases with the joint thickness, and the rock column
can be fractured at a higher position.

4.3 Effect of the joint dip on slope stability

The hydraulic boundary is still set to v=0.75m/s, and the
joint dip is changed to study its effect on slope stability.

The relationship of the anti-dip slope stability between the
joint dip is nonlinear (Xie et al., 2021). The water flow makes this
relationship more complicated. Thus, in Figure 14A, there is no
clear relationship between the collapse load and the joint dip. The
initial growth rate of cracks decreases significantly after the joint
dip is reduced, and the increasing crack stage is more
concentrated when the gravity load is approaching the
collapse load (Figure 14B).

As shown in Figure 14C, the position of the damaged area
becomes higher with the decreasing joint dip. Measuring the
angle between the vertical line of joints and the bottom fracture
surface, the angle decreases evidently with the decrease of the
joint dip and finally even perpendicular to the joint. From the
point of view of the plane perpendicular to the joint, the position
of the damaged area has become deeper. This may be because the
smaller joint dip angle inherently increases the stability of the
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slope, coupled with the restrained effect from drag force, making
rock columns need to be fractured in a deeper place.

5 Conclusion

This study combined the DEM software application PFC and
the open source CFD package OpenFOAM to study the
instability characteristics of the submerged anti-dip slope. The
conclusions are as follows:

(1) The CFD-DEM coupling method is reliable. The pressure
drop predicted from the coupling method agrees well with
the analytic solution.

The flow of water will reduce the slope stability. The specific
manifestation is that the birth of cracks in the loading process is
accelerated. The existence of water will apply the drag force to

2

rock columns to restrain toppling deformation, and the rock
columns will be fractured in a deeper position to get more
gravity to overcome the resistance force.
(3) The collapse load increases with the joint thickness, and the
failure type changed from flexural failure to block failure.
The angle between the vertical line of joints and the bottom
fracture surface gets larger with the joint thickness.
(4) The growth rate of cracks decreases significantly after the
joint dip is reduced. The position of the damaged area
becomes deeper with the decreasing joint dip. The
relationship between the collapse load and joint dip is still

nonlinear.
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