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Abstract

Numerical simulation of rock fracture mechanics has been a major research interest and
challenging area in the field of rock mechanics. Based on this background, a smooth par-
ticle dynamics numerical simulation method (RGIMP) is proposed to consider the failed
material point. The RGIMP algorithm is simple in form, does not need to use multiple
velocity fields, takes advantage of the stability of the GIMP itself, and simulates the brit-
tle fracture process of the rock by the failure process of the material point, and the result-
ing cracks are displayed. The accuracy of the RGIMP algorithm was verified via uniaxial
compressive numerical simulations of a single-cleft standard cube specimen, a double-
cleft standard cube specimen, and a double-cleft Brazilian disk specimen. Our research
results provide a reference for the application of smooth particle dynamics methods in rock
mechanics engineering and an understanding of rock fracture mechanisms.

Keywords RGIMP - Crack extension - Fracture mechanics - Numerical simulation

1 Introduction

Rocks are a typical anisotropic material (Zhao et al. 2022; Kou et al. 2021); there have
various fine structural defects such as joints, cracks, pores, and faults occur within the
rock. Under the action of the environment or external load, cracks sprout and expand at
the defects, causing the rock structure to show a typical nonhomogeneous and nonlinear
characteristic and irreversible damage to the rock. In recent years, research to reasonably
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describe the variation pattern of nonlinear mechanical properties of rocks is popular and
complicated.

Due to the diversity of rock cracks and the complexity of the extension process, as well
as the difficult progress of theoretical analysis, experimental methods also encounter many
challenges. With the rapid development of computer technology, numerical simulation
methods have made great progress in recent years (Zhang et al. 2020; Yu et al. 2021), pro-
viding a better alternative for the study of the nonlinear characteristics of rocks. Compared
with experimental studies, the cost of numerical simulation is low, and the whole process
of dynamic fracturing of rocks can be predicted by providing reasonable constitutive rela-
tionships and computational parameters. Therefore, the nonlinear numerical simulation of
rock has become increasingly popular among scholars.

The finite element method is one of the earliest numerical studies in rock fracture mechan-
ics. Due to the large uncertainty in the crack extension direction (Yang et al. 2018), the finite
element method needs to change the mesh generation of the crack tip at all times. Based on
the finite element method, many crack treatment methods have been developed, such as the
cohesive element method (Huang et al. 2022) and embedded discontinuous method (Lu et al.
2016), which can embed cracks into the mesh for treatment; however, there are some difficul-
ties in dealing with the crack extension. Since the conventional finite element method can-
not describe the discontinuous surfaces within the cell, the crack can only expand along the
cell boundary or a given path, thus limiting the arbitrariness of the crack expansion direction.
The extended finite element method (XFEM) can effectively solve the above problem (Rezan-
ezhad et al. 2019) and uses enrichment functions to describe the geometry of cracks; however,
XFEM is developed from the finite element method and still has many difficulties in dealing
with large deformations. The discrete element method (DEM) is another numerical simulation
method after the finite element method (Gutiérrez-Ch et al. 2022) and simulates the whole
process of crack expansion by establishing different contact models, and the most representa-
tive commercial software such as PFC3D has a wide range of applications in rock engineering
(Khazaei et al. 2015; Bock and Prusek 2015). However, DEM requires parameter calibration
to establish the relationship between macroscopic and fine-scale parameters (Zhou et al. 2015;
Vahab et al. 2017), and DEM is not very advantageous in simulating continuous media.

Meshless methods are used to construct approximate functions without using meshes and
have a wide range of applications in impact (Das and Eldho 2022), penetration, and explo-
sion problems. Since cracks can expand in any direction without restriction in the mesh-
less method, several meshless methods have been applied in the analysis and study of the
dynamic fracture of rocks. The material point method (MPM) is a proposed meshless numer-
ical method (Sulsky et al. 1994; Kan et al. 2021). In the MPM framework, the body is discre-
tized into a set of material points (material points), and the body information (mass, velocity,
etc.) is carried by the material points. In each computational step, the material points map the
information into the background grid, which is used to compute the momentum equations. In
solving the momentum equations, the material points are completely fixed to the background
grid and move together with the background grid; after, the results of the background grid
solution are mapped back to the material points to update their physical quantities. At the
end of each computational step, the old background grid is discarded, and a new set of back-
ground grids is redrawn in the next computational step, thus avoiding problems such as large
mesh deformations in the finite element method (Vaucorbeil et al. 2022). In the past 20 years,
the MPM has been developed and successfully applied in the research fields of hyperveloc-
ity impact (Signetti and Heine 2021), explosion (Cui et al. 2014), fragmentation (Yang et al.
2012), and multiphase flow (Zhang et al. 2008). There is a disadvantage when using the
MPM algorithm; when the material points cross the background grid, it produces a certain
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perturbation, resulting in a reduction in calculation accuracy and even distortion of the cal-
culation results. Based on this, Bardenhagen and Kober (2004) first proposed the general-
ized interpolation material point method (GIMP), which effectively suppresses the numerical
noise due to material points crossing the background grid, and the GIMP algorithm obtains
more accurate computational results than the MPM algorithm.

MPM was initially applied to the simulation of fracture mechanics. For example, multi-
ple velocity fields are used to describe cracks (Nairn 2003); Nairn (2003) proposed the use
of three velocity fields to model cracks. Although the three velocity fields are defined, each
material point has at most two velocity fields, which is more problematic to implement
because of the use of multiple velocity fields. (Wang et al. 2005) used irregular meshes to
model two-dimensional cracks, using damaged material points to determine the approxi-
mate location of the cracks, but this method did not introduce explicit cracks.

In this paper, based on previous research, we propose an extremely simple numerical
treatment of rock fracture, the generalized interpolation material point method in rock
(abbreviated as RGIMP), relying on the more accurate calculation of the GIMP algorithm.
The method is simple in form, does not need to use multiple velocity fields, and simulates
the crack extension process by the failure process of the material point, and the resulting
cracks are displayed. The damage criterion is used as a common Mohr—Coulomb criterion
in rock mechanics, which simulates the progressive damage process of rocks by failing the
material points when they reach a certain damage condition. This method has shown good
performance in numerical tests, such as the maximum principal stress field distribution and
crack expansion process. The results of the study provide a reference for the application of
the GIMP method in the numerical simulation of rock fracture mechanics and an under-
standing of the mechanism of fracture extension and fracture interaction.

2 Fundamentals of the material point method

The material point method uses a dual description of Lagrangian particles and the Euler grid
to discretize the continuum into a set of material points (Zhang et al. 2017), each of which rep-
resents a material region and carries all the information of this material region, such as stress,
velocity, and mass. All material points carry all of the information of the continuum. In each
calculation step, a new set of background grids is used, and the material points are solidly con-
nected to the background grid and solved on the background grid using the standard finite ele-
ment method; after, the grid node information is mapped back to the material points, and the
deformed background grid is discarded at the end of each calculation step, thus avoiding diffi-
culties in the numerical solution due to mesh distortion in the Lagrangian method. The material
point method has higher computational efficiency and stability than smoothed particle hydrody-
namics (SPH) (Zhang et al. 2017). Therefore, compared with SPH, the material point method
can use more material points for calculation, and the results obtained are more accurate.

2.1 Control equation

In material region €, the Lagrangian mass conservation equation is shown in the following
equation:

p(X, DJ(X, 1) = po(X) (1
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6;;+ pb; — pit; =0 )
The boundary condition is given by the following equation:

oyn;=1; > T, 3)

u;

=u;—~ T, 4

where p is the density at the current moment, X denotes Lagrangian coordinates, ¢ denotes
the current time, J is the determinant of the deformation gradient, o denotes the Cauchy
stress, and b, is the force per unit material point acting on the object. ii; is the acceleration,
and the subscripts i and j denote the components of the spatial variables, following the
Einstein summation convention. #; is the outer normal unit vector of the boundary, and y;
denotes the displacement. I, and I',, are the given surface force boundary and the given dis-
placement boundary of the material region €, respectively.

The equivalent weak integral form of the momentum equation and the given surface
force boundary conditions are given as follows:

/puiéuidQ +/Gij6uinQ —/pbiéuidQ —/;iéuidF:O S)
Q Q Q r

2.2 MPM foundation

In the MPM, the material region Q is discretized into a set of material points (Fig. 1a, b).
Background grids are used to compute spatial derivatives and solve the momentum equa-
tion (Fig. 1c). The background grid is only solidly connected to material points at each
time step, the deformed grid is discarded at the end of the time step, and a new background
grid is generated for the next time step.

The displacement of the material point u,;, can be obtained by interpolating the back-

ground grid node displacement u;,, as shown in Eq. (6):

u;, = Ny, uy (6)

where N, denotes the form function of the background grid node [ at the material point p,
in which the subscript p is associated with the material point p and the subscript / denotes
the variable associated with the grid node I; Eq. (6) follows the Einstein summation
convention.

Using the material point as an integral point in equivalent weak integral form and apply-
ing the arbitrariness of the imaginary displacement, Eq. (7) can be obtained as follows:

P = myiiy = f* + [ @)
The momentum of the background grid node p;; is calculated as follows:
Dip = myvy )

The mass of the background grid node m; is calculated as follows:
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Fig.1 Schematic diagram of the MPM a material region; b the material region is discretized into material
points; ¢ background grid overlay material points

n,
m, = Z Nym, 9)
p=1

The internal force of the background grid node fint il is calculated as follows:

"p m

. ,

i = Z —Npi%ip (10)
p=1 pP

The internal force of the background grid node f ext i/ is calculated as follows:

n,
f24= mN,b, (11)
p=1

2.3 GIMP foundation

In the MPM algorithm, numerical noise is generated when the material points cross the
background grid, which affects the calculation accuracy. To reduce the numerical noise
generated by material points crossing the background grid boundary, the GIMP algorithm
was first proposed by Bardenhagen and Kober (2004). In the GIMP algorithm, the material
domain is discretized into material points represented by characteristic functions with a
certain size.

The GIMP algorithm considers the effect of the support domain of the material point,
and the support domain of a material point represents the area occupied by the material
point in the simulation object. When the number of material points is greater, the support
domain of each material point will be smaller, and the calculation result is more accurate.
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The characteristic function of the material point is y,(x), and the approximation of the
physical quantity fis shown in Eq. (12):

fx) = pr)(p(x) (12)
14

where f, is the value of the physical quantity at material point p.

The trial function of GIMP is the eigenfunction y,,(x), and the test function is the back-
ground grid shape function N(x). Then, the shape function N, in MPM is replaced by S,,,
as shown in Eq. (13):

Sip = VL / Xp(ON;(x)dQ (13)
p JQpnQ

where V, is the volume of the material point, calculated as in Eq. (14):

V,= / 2,()dV (14)
QpnQ

The form function S; of GIMP is smoother and has a larger support domain compared to
the form function N; of MPM.

When GIMP satisfies Eq. (15), its characteristic functions degenerate to those of MPM,
as follows:

)(p(x) = 6(x—xp)dV (15)

The background grid shape function Ny(x) of GIMP is generally linear, and the one-
dimensional case is shown in Eq. (16):

0 |x—x|>L
N;(x) = 1+(x—xl-)/L —-L<x—x;Z0 (16)
1—(x-—x)/LO<x—x;<L

In Eq. (16), L is the length of the background grid, and the feature function y,,(x) takes
the simplest form, as shown in Eq. (17):

l1xeQ
2@ = { 0rg o (17)

Therefore, the expression of the form function of the GIMP can be obtained as shown in
Eq. (18):
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1+ 2% —L+lp<xp—xi$—lp
Sp=9 . )+ oy (18)
ip
1- 2Ll§ =, <x,-x; <1,
1- lp<xp—xl-§L—lp
L+1,—(x,—x;))"
% L—1,<x,—x <L+l

where 21, is the characteristic length of the material point p.
Sip has the continuity of C', and its shape is compared with the shape function of MPM,
as shown in Fig. 2.

In the three-dimensional space, S, is shown in Eq. (19):

Sip(x) = 8;,(8)S;,(M)S;,(£) 19

where &=I(x,—x)/LI, n=I(y,— /LI, {=I(z,— z))/LI.

3 Fracture treatment of RGIMP
3.1 Fracture criterion

RGIMP is a proposed numerical simulation method of rock fracture based on the GIMP
algorithm. The damage and destruction of materials are an unavoidable and a very difficult
problem. Due to different material properties and different modes of loading action, the
damage modes and failure states of materials are different, and appropriate damage failure
models need to be used according to specific problems. After the damage failure of the
material, its load-bearing capacity is reduced or even unable to carry. In the GIMP algo-
rithm, the physical quantity of the material is carried by the material point; therefore, the
damage failure of the material also needs to be reflected by the failure of the material point.

In the material point method, the common damage failure methods are divided into the
following categories: maximum equivalent plastic strain failure model, maximum hydro-
static tension failure model, maximum principal stress/shear stress failure model, and max-
imum principal strain/shear strain failure model. For example, the maximum equivalent
plastic strain failure model requires specifying the equivalent plastic strain eg,; when the
material point fails. When the equivalent plastic strain ¢’ of the material point is greater

Fig.2 Comparison of shape 1
functions of MPM and GIMP

-1.5 -1 -0.5
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than &g, the material point is determined to have failed. In this case, it is necessary to
develop a failure process for the failed material point.

In rock mechanics, the Mohr—Coulomb criterion is one of the more commonly used
damage criteria, is widely recognized by numerous scholars, and has been widely used in
previous numerical simulations of fracture mechanics and achieved better results. In this
paper, the Mohr—Coulomb criterion is selected as the fracture criterion, and the expres-
sions of the Mohr—Coulomb criterion are shown in Egs. (20) and (21):

o = 0 (20)

T, =c+ostang (21)

where oy and 7, are the maximum tensile and shear stresses at the hypothetical damage
surface, respectively, o, is the tensile strength of the material, ¢ is the cohesive force of the
material, and ¢ is the angle of internal friction of the material. When the material point sat-
isfies the tensile damage condition (i.e., Eq. 20), the tensile damage is determined as a pri-
ority, and when Eq. (20) is not satisfied, then, the shear damage is determined (i.e., Eq. 21).

3.2 Failure treatment of material point

In the material point method, the failure of the material point is treated in a relatively sim-
ple way, which is very helpful for the treatment of mechanical problems in engineering.
When the material point is determined to fail, the bias stress of the failed material point is
set to zero, while no further correction is made for the sound velocity and pressure of its
artificial volume viscosity. Currently, the following treatments for the pressure of the failed
material point are available (Zhang et al. 2017):

1. The material point cannot withstand the tensile force after failure but can withstand the
pressure.

2. The material point can withstand neither pressure nor tension after failure.

3. The material point can withstand a certain tensile force after failure but can also with-
stand a certain pressure, and the pressure threshold range needs to be set.

4. In this paper, we mainly simulate the mechanical behavior of the rock under pressure;
thus, the first pressure treatment is selected; the material point cannot withstand the
tensile force after failure but can withstand the pressure.

When the material point fails, the color of the failed material point is displayed; thus,
the resulting cracks are displayed. As shown in Fig. 3, the blue material points are unfailed
material points, and the red material points are failed material points.

When there is no failure of material points, the blue dots represent rocks, and the yel-
low area represents the initial crack, as shown in Fig. 3a. As the experiment progresses,
stress concentration automatically occurs at the tip of the initial crack. The material points
are determined using Egs. (20) and (21), and when a material point reaches the failure cri-
terion, the bias stress of the failed material point is set to a constant value of 0. The failed
material points are shown as red dots in Fig. 3b. By setting the bias stress to 0, the effect of
the material point can be basically disregarded, and the material point with a bias stress of
0 is similar to the crack generated in the physical experiments. In the subsequent calcula-
tion, the failed material points are similar to the cracks or gaps generated in the physical
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(a) (b) (c)
(a) No crack; (b) Crack appearance; (¢) Crack propagation.

Fig. 3 Display processing of the failed material point a no crack; b crack appearance; ¢ crack propagation

experiments. The material point that has just failed is the crack tip, and the crack propa-
gates automatically along the crack tip, as shown in Fig. 3c. Throughout the calculation
process, there is no need to identify the crack tip. Therefore, the simulation of cracks in the
material point method is relatively simple.

3.3 Time step

To ensure the stability of the numerical calculation, the time step length needs to be
smaller than the critical time step length. Specifically, within one time step, the propaga-
tion distance of any information cannot exceed the size of a background grid. Since a con-
stant background grid is used in the calculation, the time step is also a constant value. The
formula for the critical time step At is shown as Eq. (22) (Zhang et al. 2017):

At = min

P c+|v| (22)

In Eq. (22), I,, p, vl and ¢ denote the size of the background grid, the material point,
the maximum absolute velocity of the material point, the current material speed of sound,
respectively. c is calculated as shown in Eq. (23):

¢ = VEI = w/I(1+ w1 =2u)p] (23)

In Eq. (23), E, u and p denote the modulus of elasticity, Poisson’s ratio, and density of
the material point, respectively. In practical problems, c is generally an unknown variable;
thus, it is difficult to obtain a constant time step At. Equation (24) is generally used to cal-
culate the constant time step:

l
At = amin < (24)
r c

In Eq. (24), a is the time step factor and uses values from O to 1.
The time step factor a is taken as 0.1 because the maximum absolute velocity vl of the
material point is low in our study. The time steps A¢ are all smaller than the critical time

step At ensuring the stability of the calculation.
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4 Numerical algorithm verification

To verify the accuracy of the RGIMP numerical simulation method, numerical simulations
were conducted for three numerical cases, and the calculated results were compared with
the existing experimental results, numerical simulation results, and theoretical calculation
results for verification. The first example is the simulation of the fracture expansion pro-
cess of a standard cube specimen with a single inclined fracture under uniaxial compres-
sion, the second example is the simulation of the fracture expansion process of a standard
cube specimen with a double inclined fracture under uniaxial compression, and the third
example is the simulation of the fracture expansion process of a Brazilian disk specimen
with double fracture under uniaxial compression. The above calculation example is used
to illustrate the applicability of the RGIMP algorithm in the numerical simulation of rock
fractures. The main purpose of the algorithm is to show the progressive damage process
of cracks and the change trend of the crack morphology; therefore, the parameters of the
model are not calibrated, and the elastic parameters of the model are set to be consistent,
with a density p of 2600 kg/m?, elastic modulus E of 17 GPa, and Poisson’s ratio u of 0.14.

4.1 Numerical simulation of compression and shear failure of a single crack
specimen

The example sizes of the single fracture compression and shear numerical simulation
specimens were obtained from the literature (Liu et al. 2020) and are shown in Fig. 4.
Figure 4a shows the model size, and Fig. 4b shows the material point distribution of
Example 1. The specimen is a standard cubic specimen with a length of 50 mm and a

100mm

S50mm
(a) Model size (b) Material point distribution of Example 1

Fig.4 Model size and material point distribution of Example 1 a model size; b material point distribution
of Example 1
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height of 100 mm, with a prefabricated gap of 15 mm in the center of the specimen,
and the angle between the gap and the horizontal direction is 45°. The specimen was
discretized as 80,326 material points with a background grid length of 0.5 mm, and the
model was loaded in displacement loading mode with a loading rate of Se—4 mm/s in
agreement with the literature (Liu et al. 2020). The cohesive force of the specimen is
5.95 MPa, the internal friction angle is 40°, and the tensile strength is 2 MPa.

The maximum principal stress cloud on the edge of the crack expansion is shown
in Fig. 5. Figure 5a shows the calculation result of the RGIMP algorithm, and Fig. 5b
shows the calculation result of Abaqus finite element software. The calculation result
of Abaqus only compares the shape of the cloud map with the calculation result of
the RGIMP algorithm, and the same is true for Example 2 and Example 3. As seen
in Fig. 5a, the maximum value of the principal stress is concentrated at the crack tip,
predicting that the crack will start to expand at the crack tip, and the same calculation
result is obtained by Abaqus. The maximum principal stress cloud calculated by the
RGIMP algorithm is in general agreement with the result of Abaqus, which verifies the
accuracy of the calculation result of the RGIMP algorithm in terms of the principal
stress in rocks.

The asymptotic damage process of Example 1 is shown in Fig. 6, and the step indi-
cates a time step. The “wing crack” arises from the tip of the precast crack and extends
up and down in the loading direction. This crack extension morphology is in general
agreement with that of the experimental result (DIC) (Fig. 7a) of the literature (Liu
et al. 2020). Figures 7b and ¢ shows the experimental result and theoretical calculation
result of from the literature (Yang and Jing 2011), respectively. The calculation result
of the RGIMP algorithm is consistent with the experimental and theoretical calculation
results of the literature (Yang and Jing 2011), verifying the accuracy of the calculation
result of the RGIMP algorithm in rock fracture. Figure 7d shows the numerical calcula-
tion result of the numerical flow form method in the literature (Yang et al. 2014), and

Maximum principal
stress (MPa)
2.0e+00

-0.5

-8.0e-01
(a) RGIMP calculation result (b) Abaqus calculation result

Fig.5 Maximum principal stress cloud for Example 1 a RGIMP calculation result; b Abaqus calculation
result
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(a) Step=0 (b)Step=66240 (c)Step=135360 (d)Step=222440Fig. 6

Fig.6 Crack extension process of Example 1 a Step=0, b Step=66,240, ¢ Step=135,360, d
Step=222,440
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Fig.7 Crack extension of Example 1 and comparison with previous studies a DIC results from Liu et al.
(2020), b Test results from Yang et al. (2011), ¢ Theoretical model from Yang et al. (2011), d NMM results
from Yang et al. (2014)

the RGIMP algorithm can better reflect the real crack extension pattern compared to the
straight-up and straight-down cracks calculated in the literature (Yang et al. 2014).

4.2 Numerical simulation of compression and shear failure of a double crack
specimen

The dimensions of the numerical simulation example of compression shear for the dou-
ble fracture were obtained from the literature (Lin et al. 2021) and are shown in Fig. 8.
Figure 8a represents the model size, and Fig. 8b represents the material point distribution
of Example 2. The specimen is a standard cubic specimen with a length of 70 mm and
a height of 140 mm, with two cracks 15 mm in length prefabricated in the center of the
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140mm

70mm

(a) Model size (b) Material point distribution of Example 2

Fig.8 Model size and material point distribution of Example 2 a Model size, b Material point distribution
of Example 2

specimen. The angle between the cracks and the horizontal direction is 30°, and the dis-
tance between the two cracks is 22 mm. The specimen was discretized into 79,976 material
points with a background grid length of 0.7 mm, and the specimen was loaded in displace-
ment loading mode with a loading rate of 1e—2 mm/s in agreement with the literature (Lin
et al. 2021). The cohesive force of the specimen is 5.95 MPa, the internal friction angle is
40°, and the tensile strength is 2 MPa.

The maximum principal stress cloud on the edge of crack expansion is shown in Fig. 9.
Figure 9a shows the calculation result of the RGIMP algorithm, and Fig. 9b shows the cal-
culation result of Abaqus finite element software. As seen in Fig. 9, the maximum value of
the principal stress calculated by the RGIMP algorithm is concentrated at the crack tip of
the double cracks, indicating that the cracks will start to expand at the crack tip. The maxi-
mum principal stress cloud obtained by the RGIMP algorithm is consistent with the result
of Abaqus, which verifies the accuracy of the calculation result of the RGIMP algorithm in
terms of the maximum principal stress in rocks.

The asymptotic damage process of Example 2 is shown in Fig. 10, and the step indicates
a time step. The “wing-shaped crack” emerges from the tip of the precast crack, the upper
crack of the bottom crack and the lower crack of the top crack; these gradually approach
each other and eventually merge, and the upper crack of the top crack and the lower crack
of the bottom crack expand up and down along the loading direction until reaching the top
and bottom of the specimen, respectively. The crack extension morphology is in general
agreement with the crack extension morphology (Fig. 11a) of the test result (S-120-30)
of the literature (Lin et al. 2021). Figure 11b shows the theoretical calculation result from
the literature (Omer and Kareem 2004), and the result shows that the upper and lower fis-
sures expand up and down along the loading direction, respectively, and the two fissures
in the middle gradually come together and merge, which is consistent with the numerical
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Maximum principal

stress (MPa)

2.0e+00
15

-1

—05
0
05
-8.7¢-01

(a) RGIMP calculation result (b) Abaqus calculation result

Fig.9 Maximum principal stress cloud for Example 2 a RGIMP calculation result, b Abaqus calculation
result

(a) Step=0 (b)Step=88128 (¢)Step=179136 (d)Step=199872

Fig. 10 Crack extension process of Example 2 a Step=0, b Step=88,128, ¢ Step=179,136, d
Step=199,872

simulation result of the RGIMP algorithm. Example 2 verifies the accuracy of the RGIMP
algorithm calculation results in terms of the process of rock crack expansion.

4.3 Numerical simulation of compression and shear failure of double crack
brazilian disk specimen

The dimensions of the arithmetic example for the Brazilian disk compression and shear
numerical simulation specimen were obtained from the literature (Aliabadian et al.
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I l b

(a) Test results from (Lin et al. 2021) (b) Theoretical model from (Omer et al.
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2004)

Fig. 11 Crack extension of Example 2 and comparison with previous studies a test results from (Lin et al.
2021), b theoretical model from (Omer et al. 2004)

2021) and are shown in Fig. 12. Figure 12a shows the model size, and Fig. 12b shows
the material point distribution of Example 3. The specimen is a Brazilian disk with a
diameter of 40 mm, and the center of the specimen is prefabricated with 2 cracks of
8 mm in length. The angle between the cracks and the horizontal direction is 90°, and
the spacing between the two cracks is 6 mm. The specimen was discretized as 31,672
material points with a background grid length of 0.5 mm, and the model was loaded in

(a) Model size (b) Material point distribution of Example 3

Fig. 12 Model size and material point distribution of Example 3 a model size, b material point distribution
of Example 3
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Maximum principal stress (MPa)
2.0e+00
-7.0e-01

(a) RGIMP calculation result (b) Abaqus calculation result

Fig. 13 Maximum principal stress cloud for Example 3 a RGIMP calculation result, b Abaqus calculation
result

(a) Step=0 (b)Step=72000 (c)Step=74304 (d)Step=76032

Fig. 14 Crack extension process of Example 3 a Step=0, b Step=72,000, ¢ Step="74,304, d Step="76,032

displacement loading mode with a loading rate consistent with the literature (Aliabadian
et al. 2021) at 4e—3 mm/s. The cohesive force of the specimen is 5.95 MPa, the internal
friction angle is 40°, and the tensile strength is 2 MPa.

The maximum principal stress cloud on the eve of crack expansion in the Brazilian
disk is shown in Fig. 13. Figure 13a shows the calculation result of the RGIMP algo-
rithm, and Fig. 13b shows the calculation result of Abaqus finite element software.

As seen in Fig. 13, the maximum principal stress cloud obtained by the RGIMP algo-
rithm is consistent with the result of Abaqus. Once again, the accuracy of the calcula-
tion result of the RGIMP algorithm proposed in this paper in terms of the maximum
principal stress in rocks is verified.

The crack expansion process of the Brazilian disk specimen is shown in Fig. 14, and
the step indicates a time step. The cracks initially began at the top and bottom tips of the
bottom crack and then, expanded up and down along the loading direction, respectively.
Later, cracks were also generated at the top and bottom tips of the top crack, which first
penetrated between the two cracks and then, extended to the bottom and top of the Bra-
zilian disc.

@ Springer



Natural Hazards (2024) 120:369-388 385

(a) DIC results from (Aliabadian et al. 2021) (b) BEM results from (Aliabadian et al. 2021)

Fig. 15 DIC result and BEM result from (Aliabadian et al. 2021) a DIC results from (Aliabadian et al.
2021), b BEM results from (Aliabadian et al. 2021)

Figure 15 shows the DIC calculation result (Fig. 15a) and BEM calculation result
(Fig. 15b) in the literature (Aliabadian et al. 2021), and the numerical simulation result
of the RGIMP algorithm is in basic agreement with the calculation result of the DIC
and the simulation result of BEM, which further verifies the accuracy of the calculation
result of the RGIMP algorithm in terms of rock crack extension.

(a) ) ©

Fig. 16 Result verification of Example 1 a example 1; b material point reduction by 1/8; ¢ material point
reduction by 1/4
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5 Discussion

In Sect. 4, the applicability of RGIMP in rock crack propagation was verified through
three examples. In the finite element method, the calculation can be interrupted due to
the mesh distortion, but this situation does not exist in the material point method. If the
material point method uses an infinite number of calculation steps, then, it continues
its calculations. During the calculation process, result files are continuously outputted.
When reasonable results are obtained, the calculation can be manually stopped, so there
is no non-convergence in the calculation of the material point method.

In the same calculation conditions, RGIMP has only one calculation result; therefore,
its calculation result is relatively stable, which is similar to the finite element method. In
the finite element method, a finer mesh division correlates to more accurate calculation
results, and the same applies to the material point method. When there are more mate-
rial points, the calculation results are more accurate. Figure 16 shows the calculation
results of Example 1 (Fig. 16a) and the reduction in the total number of material points
by 1/8 (Fig. 16b) and 1/4 (Fig. 16¢). Their calculation results are basically the same, but
more material points correlated with a more accurate simulation of the crack extension.

6 Conclusion

1. In this paper, a crack propagation simulation applied in rock mechanics (RGIMP) is pro-
posed. RGIMP takes advantage of the stability of the GIMP algorithm itself to simulate
the brittle fracture process of rocks by the failure process of material points. Compared
with the previous numerical simulation of rock fracture by the MPM algorithm, the
RGIMP algorithm is simpler and easier to implement and does not require the use of
multiple velocity fields, and the resulting cracks are displayed.

2. Uniaxial compression tests on a single-cleft standard cube specimen, double-cleft stand-
ard cube specimen, and double-cleft Brazilian disk specimen were conducted to verify
the accuracy of the RGIMP algorithm. Crack extension processes and the maximum
principal stress clouds calculated by the RGIMP algorithm are highly similar to previous
experimental results, numerical simulation results, and finite element calculation results.

3. Atpresent, the RGIMP algorithm is only in its preliminary exploration stage, and this
paper only verifies its applicability in rock fracture. Applicability of the RGIMP algo-
rithm to other common geotechnical engineering problems, such as landslides, hydraulic
splitting, tunnel collapse, and rock bursts, still needs to be explored and thoroughly
refined.
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