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Abstract

Understanding the mechanisms of crack propagation and failure behavior in rocks is fundamental for geotechnical engineer-
ing and mining applications. This study employs a coupled damage model based on the Smoothed Particle Hydrodynamics
(SPH) method that integrates the Drucker—Prager and Grady—Kipp models. This mixed failure model is then implemented
to simulate the crack propagation morphology and failure modes in uniaxial compression tests of flawed rock samples, and
validated against multiple experimental observations. The numerical results exhibit good agreement with experimental
observations from the literature in terms of the initiation and propagation of tensile and shear fractures, as well as the final
failure morphology. Additionally, this work incorporates contact algorithms to simulate the loading plates, thereby better
representing the actual experimental conditions encountered in uniaxial compression tests. Furthermore, a comprehensive
parametric study is conducted to investigate the influence of key factors, such as pre-flaw geometry, cohesion, friction at the
loading plate interface, and discretization parameters, on the simulated fracture processes and mechanical response. The
outcomes indicate the proposed coupled damage model within the SPH framework can accurately capture complex fracture
patterns and failure mechanisms in uniaxial compression of flawed rocks. This work demonstrates the capability of the SPH-
based mixed-mode failure model to provide insights into rock fracture and failure mechanisms.

Highlights

e A coupled damage model integrating the Drucker—Prager and Grady—Kipp criteria within a smoothed particle hydro-
dynamics (SPH) framework is applied to simulate both shear and tensile failure modes in rocks firstly. The model is
validated against more experimental observations, demonstrating the model's ability to reproduce the crack propagation
and characteristic stress—strain behavior.

e This work presents a comprehensive parametric study investigating the influence of key factors, such as pre-flaw geom-
etry, cohesion, friction at the loading plate interface, and discretization parameters, on the simulated fracture processes
and mechanical response. These systematic investigations provide valuable insights into the governing mechanisms and
highlight the importance of proper model calibration for accurate predictions.

e This work incorporates contact algorithms to simulate the loading plates, thereby better representing the actual experi-
mental conditions encountered in uniaxial compression tests. The tensile wing cracks subjected to uniaxial compression,
oriented vertically towards the top boundary of the specimen, are successfully captured.
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1 Introduction

Rock fragmentation, crack propagation, and post-failure
behavior are pivotal topics in rock mechanics and engi-
neering. Domains spanning mining, tunneling, geological
disposal of radioactive waste, hydrocarbon extraction, geo-
thermal energy exploitation, and reservoir geomechanics all
critically rely on accurate predictions of crack growth and
failure evolution in rock materials. Over the years, research-
ers have made significant progress in understanding the
process of crack initiation, propagation, and coalescence in
rock through both empirical studies and theoretical analyses
(Zhai et al. 2016; Deng et al. 2020; Zheng et al. 2021; Liu
et al. 2023). Simulating these phenomena accurately can
provide researchers and professionals with a more compre-
hensive understanding of the mechanical properties of rock
materials.

Historically, numerical approaches grounded in classi-
cal fracture mechanics principles, notably the finite element
method (FEM), have been extensively employed as the pre-
dominant techniques for simulating crack propagation in
rocks. As a widely-used approach, FEM can explore fracture
propagation and merging in both two- and three-dimensional
settings (Yang et al. 2015; Cheng et al. 2023). Nevertheless,
FEM often encounter formidable challenges when attempt-
ing to handle discontinuities, large deformations, and the
emergence of intricate, tortuous fracture patterns that are
characteristic of rock failure processes under complex stress
states.

In recent years, emerging techniques like phase-field
methods, extended finite element methods (XFEM), discrete
element methods (DEM), and molecular dynamics simu-
lations under periodic boundary conditions have provided
new avenues and tools for more precisely modeling rock
material failure processes. The phase-field method relates
crack extension to the evolution of a phase-field variable
and simulates crack initiation and propagation by solving
the governing phase-field equations, offering unique advan-
tages in handling cracks with arbitrary geometries. The
phase field damage model has been effectively employed
to simulate tensile and compressive crack initiation and
propagation in brittle fracture with high accuracy (Ambati
et al. 2015; Bleyer and Alessi 2018), but it requires a large
computational cost as it necessitates discretization of the
entire computational domain and solution of the phase
field and other auxiliary field variables. Additionally, the
model involves several sensitive parameters, whose selec-
tion affects the accuracy and convergence of the simulation
results. The XFEM emerged as an enhancement over tra-
ditional FEM, introducing additional degrees of freedom
localized around discontinuities to better capture the kin-
ematics of crack propagation (Eftekhari et al. 2016; Zhou
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and Chen 2019). Nevertheless, XFEM still requires a priori
knowledge of potential crack paths and enrichment func-
tions, thereby limiting its generality and applicability to sce-
narios where such information is unavailable or difficult to
ascertain. DEM has gained popularity in the study of rock
fractures due to its ability to model the complex mechani-
cal behavior of rocks at the particle scale, allowing for the
evaluation of fracture initiation, propagation, and evolution
(Jiang et al. 2015). While powerful, DEM has limitations in
computational expenses, uncertainties in material proper-
ties and boundary conditions, and may not fully capture all
fracture mechanisms. Thus, it is often coupled with other
methods (Sun et al. 2013). Molecular dynamics simula-
tions under periodic boundary conditions have also gained
attention as an advanced approach for fracture modeling in
recent years, however it is limited by high computational
cost, which restricts the accessible time and length scales,
and the potential inaccuracies arising from empirical intera-
tomic potentials and periodic boundary conditions that may
not capture realistic crack behavior. As an alternative, NMM
represents materials using interacting surfaces or manifolds
instead of traditional element grids or meshes, gaining popu-
larity for modeling complex fracture geometries and propa-
gation (Fan et al. 2021b). However, NMM has challenges in
computational cost for large-scale problems as it requires a
large number of manifolds to be constructed and updated.
Additionally, the accuracy of NMM can be affected by the
choice of partitioning schemes, regularizations, and other
factors (Fan et al. 2021a). Recently, the non-local, mesh-
free PD method has shown promise by modeling materials
as interacting particles (Niu et al. 2023). Yet there are also
some limitations in computational cost from its non-local
formulation and accuracy dependent on parameter selection
(Giannakeas et al. 2020).

Substantial efforts have been dedicated to improving the
accuracy of crack propagation and failure modeling in rocks.
Classical approaches based on fracture mechanics principles,
such as energy-based approach (Bekele et al. 2020), stress
intensity factors (Demchina et al. 2022), and J-integral anal-
yses (Carrier and Granet 2012), have been widely employed.
According to the classical theory of brittle fracture, if the
strain energy surrounding the crack tip surpasses the energy
requisite for generating new surfaces, then the crack will
begin to spread (Lajtai 1971; Li et al. 2007). The energy-
based approach is a promising and widely used method for
predicting crack propagation. For instance, it may not fully
capture material behaviors during the pre- fracture and post-
fracture stages, as it does not account for the complex strain/
stress state surrounding the crack tip. The recognition that
a crack can attenuate the material around it has led to the
incorporation of an additional variable in the strain—stress
relationship. Recently researchers have also explored inte-
grating damage mechanisms and constitutive models to
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simulate crack propagation. Kachanov's damage theory has
been successfully applied in FEM analyses and extended
to model crack evolution in anisotropic materials. Addi-
tionally, comprehensive failure models, such as the Desh-
pande—Evans model, Rajendran—Grove(RG) model, Contin-
uous damage constitutive model, Johnson—Holmquist (JH)
model, JH II, Holmquist—Johnson—Cook(HJC) model and
Riedel-Hiermaier—Thoma(RHT) have emerged in related
fields, offering new perspectives on simulating crack propa-
gation and ultimate failure by incorporating various failure
mechanisms. For example, Keller and Hutter (2014) estab-
lished a viscoelastic damage model based on the Weibull
function, but it did not consider the healing effect under
high compressive stresses. Liu et al. (2016) proposed a novel
damage model founded on energy dissipation to describe the
behavior of rocks under cyclic loading, but focused only on
model development and validation under cyclic loading. Fu
et al. (2017) proposed an elastic-brittle model to simulate the
failure mechanism of brittle rocks. Despite these advance-
ments, accurately simulating crack behavior in rocks remains
a formidable challenge due to the heterogeneity, anisotropy,
and complexity of fracture propagation processes in these
materials, necessitating further development of advanced
numerical methods and constitutive models.

Apart these methods, SPH has attracted increasing atten-
tion in recent years due to its advantages in simulating large
deformation and discontinuous material behaviors. As a
truly meshfree, fully Lagrangian approach, SPH discretizes
the computational domain into particles that interact with
each other via kernel approximations, circumventing the
need for a fixed mesh or remeshing procedures (Bui et al.
2008). This inherent meshfree nature endows SPH with a
unique advantage in naturally handling discontinuities and
large deformations. The approach has been utilized with
great success on a wide range of problems, covering elastic
flow, fluid flow, impact issues, thermal conduction, mul-
tiphase flow, geophysical flow, fluid—structure interaction,
the post-failure of both cohesive and non-cohesive soils, and
fracture of rock (Bui, et al. 2007; Bui and Fukagawa 2013;
Huang et al. 2015; Douillet-Grellier et al. 2016; Mu et al.
2022).

Despite these merits, the accuracy and reliability of frac-
ture modeling in SPH critically hinge on the constitutive for-
mulations employed to represent the underlying mechanisms
governing material failure. For shear failure, one of the most
important constitutive models for SPH simulations of captur-
ing plasticity and shear failure is the Drucker—Prager (DP)
model, which defines the plasticity and failure criteria of mate-
rials based on the yield surface and the flow rule (Drucker and
Prager 1952; Drucker et al. 1952). The Drucker—Prager model
has been widely used in SPH simulations to capture plasticity
and shear failure in various materials, including large deforma-
tion in granular materials, the shear box tests, and failures in

jointed media (Kaus 2010; Singh et al. 2019; Zhang and Zhou
2023). However, a limitation of the DP model is that it does
not account for the effects of tensile stress, which is common
in rock cracking and fragmentation. On the other hand, the
Grady—Kipp damage model, based on the energy conservation
criteria and statistical fracture analysis, has proven effective
for simulating tensile failure in brittle materials under high-
speed impacts, failure in magma chambers, and the penny-
shaped crack problem. To develop a more holistic approach,
Douillet-Grellier et al. (2016) proposes a coupled model that
synergistically combines the Drucker—Prager plasticity for-
mulation and the Grady—Kipp tensile damage criteria within
an SPH framework in order to simulate mode I, mode II and
mixed mode failure under the same formulation. The model
is applied to study failure in uniaxial compression of gypsum
samples containing a single angled flaw, demonstrating good
ability to simulate crack propagation, and has also been well
described in studying the propagation process under different
prefabricated crack angles.

The present work builds upon the pioneering coupled
model developed by Douillet-Grellier et al. (2016), which
synergistically combined the Drucker—Prager plasticity for-
mulation and the Grady—Kipp tensile damage criteria within a
smoothed particle hydrodynamics (SPH) framework. Inspired
by their approach, extensive research efforts are undertaken to
further advance the modeling capabilities and address certain
limitations. Firstly, the scope of the investigation is expanded
by conducting a comprehensive parametric study investigat-
ing the influence of key factors, such as pre-flaw geometry,
cohesion, friction at the loading plate interface, and discretiza-
tion parameters on the simulated fracture patterns. Secondly,
while previous studies simplified the loading plates as non-
slip boundary conditions, our implementation incorporates
contact algorithms to simulate the pressurized loading plates,
thereby better representing the actual experimental conditions
encountered in uniaxial compression tests, providing valuable
insights into boundary effects on crack initiation and propaga-
tion. Thirdly, a comprehensive study is performed by compar-
ing the simulation results against the experimental data from
literature.

2 The SPH Method

The basic idea of the SPH method is to discretize into a
group of points with material properties, and interact with
all neighboring particles through a smooth kernel function.
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2.1 The Basic of SPH Method

The core of the Smoothed Particle Hydrodynamics (SPH)
is to construct kernel function:

() = [f (X)W (x = h)dx (1)

where W is the kernel function, % is the smoothing length,
which defines the influence domain of W. This article adopts
the most widely used cubic spline function proposed by
Monaghan and Lattanzio, which has the following form:

2_2.1.3
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Equation (1) can be discretized into the following form:

s
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where m; and p; are, respectively, the mass and the density
of particle j.

2.2 Governing Equations

The governing equations under the SPH framework consist
of a mass control equation and a momentum control equa-
tion (Tran et al. 2019):

Dp

=—pV -
Dt Py @
Dy 1
— =-V.o+
Dt p cTé ®)

where p is the density; v is the velocity; o is the stress tensor;
g is the external force.

2.3 Constitutive Equation of Rock

In this study, the elastic—plastic constitutive (Bui et al.
2008) model will be used to describe the rock behavior.
In the elastic—plastic constitutive model, £€*/ is normally
composed of elastic strain rate tensor ég"’ and plastic strain
rate tensor £3/:

el =l 1 et (©6)
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It can be expressed in the following form for é‘;’ﬂ and é;’ﬁ :
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The plasticity operator can be calculated as follows
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According to Eq. (5), the SPH form of the Navier Stocks
equation can be obtained

D N (e PN\ aw,
E=ij<—2+"—2 S (12)

3 Key Numerical Techniques

Simulations using SPH without any tensile instability treat-
ment may result in numerical instability. This article dis-
cusses three numerical methods to mitigate tensile instability
in SPH simulations.

3.1 Artificial Viscosity

To avoid nonphysical oscillations caused by SPH solution
results, this paper uses the widely used Monaghan type
artificial viscosity (Monaghan 1992), so Eq. (12) can be
expressed as

N af ap
4 o’ o oW,
Dr T ij<’—2 tor - Hiﬁ“”> a3
X.

where II; is the artificial viscosity, which is applied to
resolve the unphysical oscillation, and is given by:
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3.2 Artificial Stress

This article introduces the artificial stress technique
(Monaghan 2000; Gray et al. 2001), which alleviates ten-
sile instability by introducing a short-range repulsive force
between adjacent particle pairs. This repulsive force pre-
vents excessive particle clustering and thereby mitigates
tensile instability.

a N ap af
ﬂz m: 61_+6/__H6‘1ﬁ+f”(R+R) .%.}.f‘l
i\ 2 2 i ij \ el T e
1 i fi dxl.ﬁ
s)
where 7 is the exponent dependent on the smoothing ker-
nel; fl] is the repulsive force term, it can be represented as
according to Monaghan:

Wi
= 16
Ji W(Ad, h) (16)
where A d is the particle spacing, & is assumed to be
constant.

3.3 XSPH Correction

The XSPH correction (Douillet-Grellier et al. 2016) can
be can be used to reduce tensile instability by assigning
each particle an averaged velocity from its neighboring
particles. The XSPH velocity correction for particle i is
expressed as:

i - m;
By = Vi+62 _—VUVVU a7)

The parameter £ lies between 0.0 and 1.0. In this work,
£=0.5.

4 Establishment of Mixed-Mode Failure
Model

4.1 Shear Failure Model

The pioneering work of Bui et al. incorporated the
Drucker—Prager plasticity model in a SPH framework,
enabling researchers to analyze a variety of failure con-
ditions such as soil collapse, slope stability, compression
failure, jointed media failure, large deformation, and shear

box laboratory experiments within a multiscale modeling
approach (Bui et al. 2007, 2008; Bui and Fukagawa 2013).
Through a modification of the Mohr—Coulomb criterion, the
Drucker—Prager yield criterion is expressed as:

F(1,Jy) =\l +ayl, — k, (18)

where c is the cohesion of the rock, J, is the second prin-
cipal invariant of the deviatoric stress tensor, and [, is the
first invariant of the stress tensor. The parameters a and k.
are given by

t
ang X 3¢

=T /T T 19
g 19 + 12tan?¢ V9 + 12tan’¢ (19

where ¢ is the internal friction angle of the rock.

It is noteworthy that the Drucker—Prager model, incorpo-
rating a non-associative flow rule, is regularly employed to
evaluate the failure process of rock.

To account for rock strength degradation under load-
ing conditions, a cohesive softening constitutive relation-
ship was incorporated to the Drucker—Prager model. In this
study, the cohesive force c is linearly related to the cumula-
tive plastic strain Ep, and the cohesive force softens accord-
ingly based on the value of the €, The functional relationship
between cohesion and cumulative plastic strain is illustrated
in Fig. 1. When the cumulative plastic strain value reaches
the threshold €,, the cohesion decreases to the critical mini-
mum value c.

a

c=c(£p) =cO+K(Ep) (20)

The cumulative plastic strain is calculated using the fol-
lowing equation:

£, =& 1)
Co
Z
=]
S
8
o
Q
(O

Threshold &,
Accumulated plastic strain

Fig. 1 Functional relationship between cohesion and cumulative plas-
tic strain
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This dynamic approach progressively decreases cohesion
as plastic strain accumulates, thereby reflecting post-yielding
damage and facilitating localized plastic flow. The variation
of the cohesive softening function enables users to simu-
late material behaviors such as brittle fracture. However,
it is challenging to obtain the pure mathematical relation-
ship between cohesion and cumulative plastic strain, and it
needs to be calibrated through the stress—strain relationship
measured via uniaxial compression experiments.

4.2 Tensile Failure Model

This article applies the Grady Kipp model to describe the
mechanical behavior of tensile failure (Melosh et al 1992;
Gray and Monaghan 2004; Das and Cleary 2010). The two-
parameter Weibull distribution model can describe the crack
propagation process of internal defects in rocks under ten-
sion, as follows:

n = ke™ (23)

In the formula, #n is the number of defects activated at
the tensile strain level €; k and m are material constants that
characterize fracture activation and have no direct physical
significance.

The following equation can be used to describe damage
growth, as proposed by Grady and Kipp (1980),

1
dDs3 1 Iom
7 = gcgazez 24)
8k(m + 3)*

C (m+ D(m+2) (25)

Among them, D is the damage parameter, which var-
ies between 0 and 1. D = 1 indicates that the particle has
been completely damaged, while D = 0 indicates that the
particle has not been damaged. c, is the crack propagation
speed,c, = 0.4 X ¢,, where ¢, is the velocity of sound in the
material. In the equation, € represents strain, which is a
continuously changing quantity over time. The damage fac-
tor D can be calculated using time integration of the above
equations.

4.3 Coupling of Grady-Kipp and Drucker-Prager
Deb and Pramanik first combined the Grady—Kipp model
and the Drucker—Prager plasticity model within an SPH

framework, and a comprehensive study of this process can
be found in the work of Douillet-Grellier et al. In these
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studies, scholars typically employ the Drucker—Prager model
to describe shear failure, while the Grady—Kipp damage
model is used to capture tensile failure. To better describe
these two failure processes simultaneously, a combined dam-
age factor Dy, is introduced and defined as follows:

D, =1 ra D
= ) @5)
aeQ Ep @
where D, represents the tensile damage factor of particle a,
€,, represents the cumulative plastic strain value of particle

a, and max (g,,) is the maximum cumulative plastic strain
aeQ

pa
value taken.

In order to couple the two failure models, certain process-
ing needs to be carried out in the algorithm:

If F(II,J2) < O0or !, >0, the stress state is still elastic,
so no plastic correction is required.

If F(I,,J;) >0 and I, <0, the stress state is in a
plastic state, so plastic correction is required: ¢’ = r'c

o= (—ayll + k) /AT
4.4 Implementation of the Contact Algorithm

In this study, the pressurized loading plates are considered
as a rigid body that does not deform during rock compres-
sion. There is no interaction between the rock and the loading
plates during the initial stage of motion. As shown in Fig. 2,
once the loading plates are in close proximity to the rock par-
ticles, interactions between the rock particles and the loading
plates occurs, and there are surface particles (such as particle
k, particle k+ 1) along the surface of the loading plate. These
surface particles do not carry any material properties and are
solely used to store the position information of the loading
plates, facilitating the calculation of surface vectors and con-
tact determination through particle search. The contact force
between the rock and the loading plate consists of the vertical
contact force and the horizontal contact force on the loading
plate surface. The calculation formulae are as follows (Dong
et al. 2016; Hu et al. 2023):

0@ 0 0-0 0 0@
00005 ;0 00
i @ 27" i

o © 90 ot

O o Q- ) . N %l

@) O o Idp

O Rock particles O O O O QF

Q© Pressurized plate particles o F"‘T

Fig.2 Schematic diagram of the contact algorithm
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d

(dO_ p)] “p

om,
fniz(l_)()[(Argz n

fri = rulfni| Ty

In the formulae, y represents the degree of penetration of
the particles, y is the coefficient of friction, T, and n, represent
the vertical and horizontal vectors between the lines formed
by the two closest particle k and particle k+ 1 to the loading
plate when the rock particles are subjected to the action of the

loading plate. The expressions are:

@7

X1 X Vit 1~V
T, =\t,t,)=|T7—7—,—
4 ( » y) ( |xk+l_xk| ’ |xk+1_xk| ) (28)
n = (—l ot ) — [ = k1 Tk , M1 Xk )
p »x ka+1_xk| |xk+1_xk|

4.5 SPH Program Design

The program begins by initializing the parameters and
the maximum number of calculation steps. If the current
calculation step is less than or equal to the maximum, the
program enters the main time integration loop. Within
this loop, a single cycle is executed to calculate the soil
internal force (including elastic and plastic stress com-
ponents), artificial viscosity, artificial stress, XSPH cor-
rection, contact force between the soil and the loading

Fig.3 Numerical simulation
program flowchart

plate, and external force. Additionally, stress adjustments
are performed. Finally, the diagonal components of the
cohesion and stress tensor are updated based on the mixed
failure algorithm. If the current calculation step exceeds
the maximum, the program exits the main loop and out-
puts the results. The flowchart of the numerical simulation
program is depicted in Fig. 3.

5 Numerical Examples and Test Verification

5.1 Crack Propagation in Rocks with Prefabricated
Single Cracks Under Uniaxial Compression.

5.1.1 Model Establishment and Parameter Determination

In order to investigate the crack propagation and failure
behavior of rock numerically and verify the model, a rock
sample model containing a prefabricated crack was estab-
lished in AutoCAD software and then imported into the
program. As illustrated in Fig. 4, the dimensions of the
rock sample are 50 mm X 100 mm, with a prefabricated
crack of length 14 mm and width 2.0 mm located in the
center. The upper and lower loading plates are geomet-
rically symmetrical, with the lower plate fixed and the
upper plate moving downward at a velocity of 0.2 m/s. To

< program parameter settings >

input particle data

Each time step set initial parameters
: - - circulate H
adjacent particle search |
particle pairing
I
N 4

| Stress rate related to elastic part |
I

| Stress rate related to plastic part |

A 2

| artificial viscosity

|_)|

1 |
artificial stress I—)i XSPH correction |

N Z

stress adjustment:
stretch and yield

s cutting plate soil

A~

external force (gravit
& Y) contact force

momentum cq uation

mass CquélliOIl

failure algorithm

failure algorithm

Cobhesive force softening shear

Grady-Kipp tensile damage and

data output

end

@ Springer



M. Huetal.

100mm

SPH paticles

Fig.4 Schematic diagram of physical models of rock samples and loading plates

Table 1 Material parameters

Parameter Numerical Experimen-
tal (by Yang
shengqi)

Dimension/(mm X mm) 50% 100 50% 100

Density/(kg/m3) 2410 2410

Elastic modulus/GPa 5.96 6

Bulk modulus/GPa 3.31 33

Shear modulus/GPa 2.5 2.5

Poisson’s ratio 0.2 0.2

Cohesion/MPa 15 15

Friction angle/® 45 45

represent realistic material behavior the rock parameters
are assigned based on values from Yang's experiments, as
detailed in Table 1.

5.1.2 Center-Inclined Crack Propagation Under Uniaxial
Compression

Figure 5 illustrates the fracturing process of a sandstone
sample containing a 45° prefabricated flaw under uniaxial
compression. It can be observed that new tensile cracks
first generate at both tips of the original flaw and gradually
expand. Subsequently, as the loading plate continues mov-
ing, new secondary shear cracks simultaneously appear at

@ Springer

the crack tips. Notably, new tensile cracks propagating along
the axial stress direction also initiate on the shear crack sur-
face. These observations demonstrate that the mixed failure
model can effectively simulate the formation of both tensile
and shear cracks arising from the flaw-induced stress con-
centrations under uniaxial compression. To r clarify crack
types, Bobet and Einstein (1998) proposed the following
crack classifications in their rock mechanics studies: Shear
wing crack: Induced by compressive stress, extending at an
angle from the defect tip. Secondary tensile crack: Driven
by tensile stress, propagating perpendicular to the principal
stress direction. Bridge shear crack: Forming between two
defects, leading to rock splitting. To further clarify and cate-
gorize the various crack types observed during the fracturing
process, Yang et al. (2022) summarized the types of cracks
in order to systematically evaluate the cracking behavior of
specimens containing flaws, including the following: Crack
type T, Initiation from the tip of a prefabricated crack,
gradually extending towards the specimen boundary along
the axial stress direction. Crack type T: Originating after
T, it propagates from the crack tip towards the axial stress
direction. Crack type T,: A tensile crack that initiates on the
shear crack surface. Crack type S,,: The main shear crack
starts at the tip of the prefabricated crack, and the direction
of crack propagation is similar to that of the prefabricated
crack.

Figure 6a illustrates the types of crack propagation cracks
in rock samples under uniaxial compression, including shear
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(b) t=10000step

(a) t=8000step (c) t=12000step (d) 17000step (e) 20000step

Fig.5 Simulation results of crack propagation under uniaxial compression using a mixed failure model

Fig.6 Schematic diagram of
crack types during uniaxial
compression of rocks. (a) Simu-
lation results; (b) Experimental
failed specimen (Yang et al.
2022); (c) Surface CT image

of failed specimen in the range
of scanning region (Yang et al.
2022)

cracks and tensile cracks. It was observed that shear cracks
propagate in the direction of maximum shear stress, while
tensile cracks initiate perpendicular to the loading direc-
tion, caused by tensile stress concentrations at structural
discontinuities. Figure 6b, ¢ show the experimental results
and surface CT image, respectively, of a failed specimen in
the range of the scanning region. The experimental result
in Fig. 6b reveals the major macroscopic shear and tensile
fractures, along with fragmentation of the rock sample after
failure. Figure 6¢ offers a detailed microscopic view of the
crack propagation captured through CT imaging. They both
comprehensively illustrate the mixed-mode fracture process
in the tested rock sample under uniaxial compression, vali-
dating the capability of the numerical model to describe the
complex crack evolution associated with mixed-mode rock
failure under compression

Notably, the complex structure and heterogeneous nature
of rocks can indeed lead to dispersion or variability in
experimental test results, even under seemingly identical

(®) (c)

loading conditions. This inherent complexity arises from the
presence of micro-structural features, such as pores, inclu-
sions, pre-existing microcracks, and compositional varia-
tions, which are randomly distributed and oriented within
the rock matrix. This intrinsic complexity poses significant
challenges in accurately simulating the precise location
and propagation of cracks within numerical models. How-
ever, despite the challenges in replicating the precise crack
patterns, the numerical simulations have the potential to
predict and capture the overall crack propagation and post-
peak behavior of the rock samples with reasonable accu-
racy, which provide valuable insights into the macroscopic
response of the rock under compressive loading, including
the onset of yielding, peak strength, and the post-peak sof-
tening behavior.

Additionally, the current simulations adopt a two-dimen-
sional modeling approach under the assumption of plane
strain conditions. While this simplification provides com-
putational efficiency and valuable insights into the fracture
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processes, it inherently introduces limitations in representing
the full three-dimensional nature of crack growth and coales-
cence. It may influence factors such as out-of-plane deforma-
tions, mixed-mode fracture interactions, and confinement
effects, potentially deviating from the behavior observed in
unconfined 3D specimens.

5.1.3 Comparative Analysis of SPH Simulations
and Experimental Findings with Varying Flaw
Orientations

To comprehensively evaluate the mixed-mode failure model
and its ability to capture the complex fracture behavior of
rocks, we conducted numerical analysis on rectangular
cross-section rock samples with an aspect ratio of 2.0. Each
sample contained prefabricated flaws of a certain width,
oriented at angles of 0°, 30°, 45°, 60°, and 75° to the load-
ing direction, respectively. This range of flaw orientations
allowed us to investigate the influence of flaw geometry on
the fracture response under uniaxial compression.

For samples with 0° oriented defects (flaws perpendicular
to the loading direction), the simulation process revealed
that when the failure strength was reached, several inclined
secondary cracks initiated at the end or middle of the pre-
existing flaw. These secondary cracks rapidly expanded
towards the exterior of the sample, facilitated by the high
stress concentrations at the flaw tips. The propagation of
these secondary cracks resulted in shear sliding along the
newly formed fracture planes, ultimately leading to overall
shear failure of the sample. Notably, a tensile crack appears
in the center of the 0°flaw, prior to any microcracking at the
flaw tips. This early tensile crack is indicative of the local-
ized tensile stress concentration zone within the flaw center,
driven by the applied compressive loading. Similarly, for
samples with 30° and 45° inclined flaws, the simulations
capture the initiation and opening of wing tensile cracks at
the flaw tips before the onset of shear failure. As the wing
cracks extended under increasing load, shear cracks nucleate
from the flaw tips and propagate rapidly across the samples,
eventually leading to complete shear failure along the pre-
crack plane. In contrast, when the inclination direction of the
flaw is close to the axial direction (60°, 75°), the simulation
results show the formation of only one main crack around
the prefabricated flaw. Significant secondary cracks or wing
cracks are absent for these steeply inclined flaws, suggest-
ing a different fracture mechanism influenced by the flaw
orientation.

Table 2 presents complete simulation results of rock
samples with varying flaw inclination angles under uniaxial
compression loading. The table includes the morphological
progression of cracking, displacements, and stress distri-
butions. These simulations are compared with the experi-
mental works conducted by Yang, Cheng and Jiang, and the
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numerical results exhibit good correspondence with experi-
mental observations, validating the predictive capabilities
of the model.

The observed fracture patterns can be attributed to the
stress state and mechanisms within the rock under uniaxial
compression loading. Rocks are subjected to compressive
stress perpendicular to the loading direction, leading to
the formation of a major stress field inside the rock matrix.
When cracks or flaws are present, local stress concentra-
tions arise around these discontinuities, potentially caus-
ing an increase in stress at the crack tips and promoting
crack propagation. Furthermore, for rocks with preexisting
cracks, deformation around these discontinuities can lead to
a non-uniform distribution of strain fields within the mate-
rial. Consequently, strain tends to concentrate at the crack
tips, further aiding crack propagation. During this process,
strain concentration also occurs at the crack tip, subjecting
the region to additional stress and further promoting crack
growth. The path of crack propagation typically advances
along the direction of high stress concentration or weak
planes within the rock matrix.

Notably, despite the inherent symmetry of this case
(a=0°), the sample displays an asymmetric failure pattern.
While slight material inhomogeneities can account for the
lack of symmetry in physical experiments, these simulations
involve a perfectly homogeneous material. The preferred
fracture orientation observed in this model likely stems from
a lack of symmetry in the discretization scheme relative to
the geometry.

In order to further validate the efficacy of the mixed-mode
failure model in capturing the intricate fracture behavior of
rocks, Fig. 7 presents the detailed simulated stress—strain
response for a sandstone sample subjected to uniaxial com-
pressive loading. The simulated curve exhibits several dis-
tinct and abrupt stress drops, which correspond to the initia-
tion of cracks emanating from the tip of the prefabricated
flaws within the sample. There crack initiation ultimately
leads to a rapid and significant loss of bearing capacity, cul-
minating in the complete failure of the rock sample.

The loading characteristics of uniaxial compression
experiments on rocks are typically characterized by a
stress—strain curve exhibiting five stages. Stage I involves
microfractures and pore compaction, leading to nonlinear
deformation as cracks and pores close under the compres-
sive stress. Stage II is marked by an approximately linear
elastic behavior as the pores within the rock matrix stabilize
and the rock material responds elastically to the increasing
load. As the loading progresses, Stage III commences, dur-
ing which existing cracks extend and new cracks initiate
in a relatively stable propagation regime. Stage IV signals
the onset of accelerated and unstable crack growth, marking
the transition from elastic to inelastic (plastic) deformation
within the rock. Finally, Stage V is characterized by a sudden
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Table 2 Simulation results and experimental comparison of uniaxial compression of rocks with single prefabricated cracks
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and significant stress drop, indicative of the extensive crack
interconnection and the ultimate failure of the rock sample.
The stress—strain curve can demonstrate the progressive
fracturing process within the rock sample, with each stage
of deformation correlated to specific fracture mechanisms
and crack evolution patterns. As observed in Fig. 7, the sim-
ulated stress—strain curve exhibits substantial stress drops
even before reaching the peak strength. There stress drops
can be attributed to several key fracture events occurring
within the sample. The initiation and expansion of micro

cracks inside the rock sample (Stage I), macroscopic fracture
on the surface of the rock sample (Stage III), and sliding and
dislocation of the rock sample structure (Stage IV), involv-
ing the sliding of crack surfaces, rearrangement of grain
contacts and strength loss (Stage V). In summary, the simu-
lated stress—strain response demonstrates the progressive
crack evolution corresponding to each stage of deformation
and failure within the rock sample. The mixed-mode frac-
ture model successfully captures the complete stress—strain
response, including the distinct stress drops and complex
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Fig. 7 Stress—strain curve of rock under uniaxial compression

cracking processes observed experimentally. It validates the
capabilities for simulating damage and failure in brittle rock
materials, replicating the intricate fracture mechanisms and
deformation behavior under compressive loading conditions.

Figure 8 compares the simulated stress—strain curve to
experimental curves obtained by Yang and Cheng. From
a qualitative standpoint, the behavior of the model closely
resembles that of the experiments. However, there are some
quantitative discrepancies in the absolute values. Specifi-
cally, fractures in the SPH model occur at much lower loads
compared to the experiments. This same phenomenon,
where the model predicts fracture at lower loads than experi-
ments, was also reported by Douillet-Grellier when apply-
ing the model to uniaxial compression of a gypsum sample
containing an angled flaw. One potential reason for this dis-
crepancy is that in the simulations, failure is detected before
an actual fracture aperture opens up, whereas in experiments
fracture initiation is only visually evident after the aperture
opens.

Other two aspects may contribute to the observed differ-
ences between the simulation results and experimental data.
Firstly, the material modeled in the SPH simulations is con-
sidered homogeneous and isotropic, which is not represent-
ative of the inherent heterogeneity and anisotropy present
in real rock specimens used in experiments. Additionally,
the loading rate employed in these simulations (0.2 m/s) is
not consistent with the loading rates typically used in the
original experiments (4 MPa/min), which could influence
the fracture behavior. Secondly, the SPH simulations are
conducted in a two-dimensional framework, assuming plane
strain conditions, whereas the experiments are performed on
three-dimensional specimens with a finite width of 50 mm,
which violates the plane strain assumption. This geometric
simplification in the simulations may lead to discrepancies
in the fracture patterns observed. Qualitatively, the behav-
ior exhibited by the numerical model and the experiments
are remarkably similar, capturing the essential fracture
mechanisms.
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Furthermore, in Douillet-Grellier's work, the tensile wing
cracks are oriented towards the corners of the sample in SPH
simulations, while they are directed vertically towards the
top boundary of the specimen in experiments. This deviation
can be attributed to the no-slip boundary condition imposed
at the loading plate boundary in the SPH model, which limits
the development of vertical tensile cracks and causes them to
deviate towards the corners. According the SPH simulations
in this study, the tensile wing cracks are successfully cap-
tured with the help of the contact algorithms at the interface
of the loading plate and rock specimen. This improvement
in dealing with the interaction between the specimen and
the loading plate better represents the actual experimental
conditions.

5.2 Crack Propagation in Rocks with Prefabricated
Double Cracks Under Uniaxial Compression

To further validate the robustness and versatility of the
mixed-mode failure model, numerical simulations of uni-
axial compression are performed on rock samples containing
two prefabricated flaws. Based on the spatial arrangement
and orientations of the double flaws, three model configu-
rations are analyzed, as illustrated in Figs. 9, 10. Table 3
presents the simulation results for the three models, includ-
ing the crack propagation morphology, displacement fields,
and stress distributions under uniaxial loading conditions
for model (a), model (b), and model (c). As shown in the
crack evolution sequences in Fig. 8, crack initiation ema-
nates abruptly from the tips of the prefabricated flaws due to
the localized stress concentrations introduced by the applied
compressive loading. As the loading continues, the initiated
cracks propagate steadily towards each other, driven by the
increasing stress intensity at the crack tips. Upon interac-
tion and intersection of the propagating cracks, a continu-
ous fracture path is established, fully penetrating the rock
specimens. This interconnected cracking network ultimately
precipitates complete failure of the samples via shear slid-
ing along the newly formed fracture planes. Notably, the
specific failure patterns and crack coalescence mechanisms
depend on the spatial arrangement and orientations of the
prefabricated flaws.

For the rock sample of the geometric model (a) configura-
tion, the crack initiation proceeds from the outer tip of the
prefabricated flaws, propagating vertically under the increas-
ing compressive load. As the vertical cracks extend towards
the sample surface, wing cracks also initiate from the inner
precrack tips, driven by the localized tensile stress concen-
trations. With continued loading, these wing cracks expand
and coalesce with the vertical cracks, forming macroscopic
fractures that effectively separate the sample into discrete
sections. Ultimately, the progressive growth and intersection
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of multiple cracks emanating from the tips of the double
precracks leads to complete fragmentation of the specimen.

For the rock sample of geometric model (b), the frac-
turing process commences with cracks initiating from the
tips of both prefabricated flaws, propagating normal to the
preflaw planes. As the load increases, the cracks gradually
rotate to vertical orientations. Subsequently, the cracks begin
to develop and penetrate from the outer tips of the two pre-
fabricated flaws towards the two corners of the specimen,

eventually leading to complete failure of the geometry (b)
sample.

For the rock sample of geometric model (c), the frac-
turing sequence initiates with the connection of the inner
tips of the two prefabricated cracks. Subsequently, vertical
cracks initiate from the outer precrack tips and propagate
upwards as the load increases. Continued loading leads to
the growth of oblique crack from the outer tips towards the
sample corners. Ultimately, the coalescence of the inner
cracks, combined with the propagation and intersection of

100mm

100mm
100mm

S0mm

|‘ S0mm .|

(a)

Fig. 9 The geometric model of a rock sample with two pre-existing flaws

(b)
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Damage Factor

Fig. 10 Crack propagation in three prefabricated double-crack rock specimens with varying distributions under uniaxial compression

the outer vertical and oblique cracks, permeates the entire
geometry (c) specimen, culminating in gross failure.

These modeling results show good agreement with the
experimental measurements reported by Li (2015) on pre-
cracked specimens subjected to uniaxial compression. The
verification demonstrates the capability of the mixed-mode
fracture model to capture the complex interactions between
multiple cracks and simulate the complete failure process
under compressive loading conditions, irrespective of the
flaw geometries and arrangements.
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6 Results and Discussions

This section presents an analysis and discussion of the
numerical experiments conducted to investigate the crack
propagation behavior and failure mechanisms of rocks
under uniaxial compression loading. By analyzing factors
such as pre-flaw lengths, cohesion, friction coefficients of
loading plates, and it not only enhances the robustness of
the model but also provides valuable insights into the sen-
sitivity of the response to various input parameters. This
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Table 3 Simulation results and experimental comparison of uniaxial compression of rocks containing two pre-existing flaws

Crack growth

Displacement/mm  Stress distribute/MPa

Experimental result
(Li, 2015)

om M) ol

e

M4

Model(a)

-

Model(b)

Model(c)

analysis facilitates a better understanding of the model and
the underlying mechanisms governing the damage evolu-
tion process.

6.1 Influence of the Prefabricated Flaw Length

To assess the impact of prefabricated flaw length on the
mechanical response of rock samples, uniaxial compres-
sion simulations are conducted on samples containing
angled pre-existing flaws oriented at 45 degrees, with

lengths varying from 10 to 26 mm, specifically at 10 mm,
14 mm, 20 mm, and 26 mm. Figure 11 presents the com-
plete stress—strain curves obtained from these simulations
for the rock specimens with different flaw lengths sub-
jected to uniaxial compression loading. It is evident that
an increase in the angled flaw length leads to a weaken-
ing effect, resulting in a reduction of the peak strength
exhibited by the rock samples. Figure 12 shows the rela-
tionship between crack length and the corresponding peak
strength values extracted from the stress—strain curves. A

Fig. 11 Stress—strain curve of 20
prefabricated fractured rocks

with a 45° inclination and vary-
ing lengths 16

Stress/MPa
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Fig. 12 The relationship between crack length and peak strength

decreasing trend in peak strength can be observed as the
crack length increases, which is consistent with experi-
mental observations reported in the literature (Wang
2018).

6.2 Influence of the Cohesive Force Softening
Relationship

Determining the relationship between cohesion and accu-
mulated plastic strain is a challenging task in laboratory
measurements, as it is a purely mathematical construct rather
than a directly measurable physical parameter. In addition,
by changing the mathematical form of the cohesive soften-
ing relationship, a wide range of material behaviors includ-
ing brittle and ductile materials, can be simulated. More
complex strength models can be achieved by incorporating
higher order equations to describe the evolution of cohesion
with accumulated plastic strain. In this study, the cohesion

softening relationship description incorporates three key
factors: the overall cohesive strength, the softening curve
describing cohesion degradation with accumulated damage,
and the damage threshold at which softening is triggered.
By independently varying each parameter while holding the
others constant, four numerical case studies are conducted to
investigate the influence of the cohesive softening relation-
ship parameters on the crack propagation morphology, as
summarized in Tables 4, 5, 6, 7.

The results demonstrate that while the angle of the pre-
fabricated flaw remains unchanged, the final shape of crack
propagation changes significantly with variations in the
cohesive force. Furthermore, when the cohesion remains
unchanged, the angle of the prefabricated flaw has a signifi-
cant impact on the crack propagation morphology. Interest-
ingly, when the cohesion remains constant and the pre-crack
angle is 30°, the threshold in the cohesion softening relation-
ship has little effect on the crack propagation morphology,
and the crack propagation direction and angle are almost
consistent. However, when the cohesion remains constant
and the crack initiation angle is 0°, the threshold has a sig-
nificant impact on the crack propagation morphology. It
is evident that the cohesive force, threshold, and angle of
prefabricated flaws all affect the final morphology of crack
propagation, but the impact of the threshold on crack propa-
gation does not follow a specific pattern.

In summary, the cohesive strength, softening relationship,
and pre-existing flaw orientation collectively affect the final
crack morphology. These findings provide valuable guidance
for calibrating cohesive models to achieve realistic simula-
tion of fracture behaviors in rock materials.

Table 4 Prefabricated crack
angle of 30°, results of different
thresholds and cohesions

a=30°
c=5.2MPa

_ Threshold=0.1  Threshold=0.5  Threshold=0.7  Threshold=1.0

Threshold=0.5 Threshold=0.7 Threshold=1.0

a=30°
c=15.0MPa
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Table5 Prefabricated crack __ Threshold=0.1  Threshold=0.5  Threshold=0.7  Threshold=1.0
angle of 0°, results of different
thresholds and cohesions
o=0°
c=5.2MPa
a=0°
c=15.0MPa
Table 6 Cohesive force of ~ Threshold=0.1 _ Threshold=0.5 _ Threshold=0.7 _ Threshold=1.0
5.2 MPa, results of different
thresholds and pre crack angles
o=30°
c=5.2MPa
0=0°
c¢=5.2MPa
Table 7 Cohesive force of Threshold=0.1  Threshold=0.5  Threshold=0.7  Threshold=1.0
15.0 MPa, results of different
thresholds and pre crack angles
a=30°
c=15.0MPa
a=0°
c=15.0MPa
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6.3 Influence of the Friction Coefficient on Loading
Plates

The friction coefficient at the interface between the load-
ing plate and the specimen has a significant influence on
the peak strength observed in the stress—strain curve, as
evidenced in Fig. 13. When the friction coefficient p is
varied from 0.1 to 0.9, a decreasing trend in peak strength
under uniaxial compression is observed. This reduction in
strength with increasing friction can be attributed to two
main aspects. Firstly, an increase in the friction between the
loading plate and the sample results in a more uneven stress
distribution between cracks within the specimen, leading
to the early development and expansion of cracks. Conse-
quently, this reduces the compressive strength of the sample,
and therefore, the peak strength observed in the compression
test decreases accordingly. Secondly, higher friction restricts
the lateral deformation ability of the rock in the loading
direction, increasing the brittleness of the sample and further
contributing to the reduction in the peak strength.

The change in the friction coefficient of the loading
plate also has a certain impact on the elastic stage of the
stress—strain curve. In the initial stage, due to the relatively
small stress value, the difference between the four sets of
data is not significant. However, as the strain increases, the
stress values diverge, reflecting the influence of the friction
coefficient. Interestingly, from the inset images depicting
crack propagation, it can be observed that the friction coef-
ficient has little effect on the morphology of crack propaga-
tion. This suggests that while the friction coefficient influ-
ences the overall strength and stress—strain response, it does
not significantly alter the fracture patterns or crack propaga-
tion paths within the specimens. Qi et al. (2021) also pointed
out that as the friction coefficient increases, the axial stress
increases, and the failure of the specimen occurs later.

These findings underscore the importance of accurately
characterizing and accounting for the friction coefficient at

the loading plate-specimen interface in numerical simula-
tions and experiments involving rock compression. Appro-
priate measures, such as the use of friction-reducing materi-
als or lubricants, may be necessary to minimize the influence
of friction and obtain more representative results reflecting
the intrinsic material behavior.

6.4 Influence of Different Values of Cohesion

The strength of the cohesive force representing interparticle
bonding mainly affects the strength of the rock. As illus-
trated in Fig. 14, in the initial elastic deformation regime,
the cohesion has no impact on the Young’s modulus of the
rock sample. However, the peak strength exhibits an increas-
ing trend as the cohesive bonds between particles become
stronger.

At the micro-scale level, this behavior can be attributed
to the fact that greater cohesion between particles impedes
their ability to slide and move relative to one another,
thereby requiring a larger force for bond failure and particle
separation to occur. Consequently, higher peak strengths
are observed for rock samples with stronger cohesive bonds
between the constituent particles. While cohesive strength
plays a negligible role in governing the elastic properties,
it is an important factor in controlling the transition from
elastic to plastic deformation and the ultimate strength limits
according to the model employed in this study. Therefore,
the cohesion parameter strongly influences the peak strength
but does not affect the initial elastic response, and calibra-
tion of cohesion parameters is crucial for replicating failure
modes in rocks. By carefully using the cohesion parameter
to the model can provide reliable predictions of the mechani-
cal behavior and fracture processes in rocks under various
loading conditions.

Fig. 13 The Influence of Fric-
tion Coefficient of Pressurized
Plate on the stress—strain Curve
of Rock under Uniaxial Com-
pression

Stress/MPa
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Fig. 14 The Effect of Cohesion
on the stress—strain Curve of
Rock during Uniaxial Compres-
sion
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Fig. 15 Final failure modes of 5068 particles
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10238 particles 20103 particles

rock samples with a prefabri-
cated flaw under uniaxial com-
pression with different particle
numbers. (a) Numerical results;
(b) Experimental results (Yang
et al. 2022)

6.5 Influence of the Particle Count

The particle discretization, including the number of particles
and particle spacing, is an important modeling considera-
tion that influences the computational accuracy and simu-
lated crack propagation patterns., as shown in Figs. 15 and
16. Figure 15 compares the final failure morphologies of
preflawed rock samples with a 45° inclination angle under
uniaxial compression using different particle resolutions.
While the overall crack propagation mode and trajectory
appear similar across the cases, some variations are evident
depending on the number of particles representing the sam-
ple microstructure. It can be observed that finer resolutions
better capture the material heterogeneity and provide more
potential crack propagation pathways.

Figure 16 shows the stress—strain curves of rock samples
with different particle numbers under uniaxial compression.
The elastic regime, minimal variation in Young's modulus is
observed with changing particle number, indicating that ade-
quate bulk stiffness is achieved even with reduced resolution.
However, the peak strength demonstrates greater sensitivity

(b)

(a)

to the particle discretization. Notably, the model with 5,068
particles produces an anomalously high strength compared
to the finer resolutions, implying that an inadequate num-
ber of particles fails to properly simulate the progressive
microfracturing and coalescence controlling failure. In com-
parison with experimental results, the model with 20,103
particles and a 0.5 mm spacing, used in this study, provides
a suitable accuracy for the specimen size. A minimum level
of discretization is required to capture the correct material
behavior and fracture processes accurately. Proper calibra-
tion of particle resolution relative to specimen geometry and
loading conditions is essential to produce realistic simula-
tions. These findings highlight the importance of carefully
selecting the particle discretization scheme in numerical
simulations of rock fracture. While coarser resolutions may
be computationally more efficient, they may fail to capture
the intricate fracture processes and lead to inaccurate pre-
dictions of strength and failure behavior. Conversely, exces-
sively fine resolutions may be computationally expensive
without providing significant improvements in accuracy. A
balanced particle count and particle resolution, informed by
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convergence studies and experimental validation, is recom-
mended to optimize the particle discretization for the spe-
cific problem.

7 Conclusion

This study investigates a coupled damage model integrat-
ing the Drucker—Prager and Grady—Kipp criteria within
a smoothed particle hydrodynamics (SPH) framework.
The mixed-mode failure model enables the simulation of
complex crack initiation and propagation in flawed rocks
under uniaxial compression loading condition. The model
is validated through comparisons with experimental obser-
vations of single and double pre-cracked specimens. The
numerical analyses successfully capture the morphology
and interactions of mixed tensile and shear fracturing
leading to complete sample failure. The simulated stress-
strain curves exhibit the characteristic progressive fractur-
ing corresponding to different deformation mechanisms
observed experimentally. Comprehensive parametric stud-
ies are conducted to investigate the governing factors influ-
encing the model predictions. The results indicate that pre-
crack geometry, cohesion, friction at the loading plate, and
particle discretization resolutions can significantly impact
the simulated cracking modes, peak strength, and post-
failure response. However, certain parameters, such as the
damage threshold, demonstrate situational dependence
based on the specific cracking scenarios considered. The
approach provides an advanced tool for investigating crack
initiation and propagation induced by flaws under com-
pression loading in rock materials. Further refinement of
the model through additional experimental validation and
calibration could enhance realism of predictions for fail-
ure mechanisms in geological materials across a broader

@ Springer

range of conditions. Overall, this study contributes to a
deeper understanding of the complex fracture processes
in flawed rock specimens and demonstrates the potential
of coupled damage model and SPH techniques for accu-
rate simulations of fracture phenomena in geological and
geomechanical applications.
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