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Abstract

Rock failure triggering with micro-fracturing poses significant challenges in engineering practices. In this study, the
failure mechanism of the rock specimens was investigated focusing on the impact of stiffness and tensile strength on
rock fracturing. To achieve this, uniaxial compression tests were simulated using the discrete element method for three
rock types including granite, sandstone, and limestone. To enable elastic interactions at particle contacts for diverse
rock material responses under stress, a linear parallel bond model was utilized. This model allows for elastic interactions
while permitting slip, effectively simulating the complex behavior of rock materials under stress. The results revealed
distinct mechanical behaviors among the three rock types, with granite exhibiting the highest peak stress and a steep
stress—strain curve, indicative of its superior compressive strength. In contrast, sandstone shows lower peak stress and
earlier failure due to its higher porosity and lower cohesion, while limestone demonstrates significant plastic deforma-
tion before failure, resulting in a more ductile response. Increased stiffness correlates with higher final strain values
across all rock types, with limestone showing the greatest sensitivity to stiffness changes. The study demonstrates that
increased tensile strength leads to higher peak stress and strain values, significantly delaying failure mechanisms, with
a threefold increase in tensile strength resulting in a 1.47-fold increase in final stress for granite and a 2.46-fold increase
for limestone. The analysis of crack development indicates that both stiffness and tensile strength substantially influence
crack formation and distribution, particularly in sandstone.
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1 Introduction

Rocks play a crucial role in geological and geotechnical engineering, serving as fundamental building blocks in various
natural and man-made structures. Their mechanical properties are critical in applications ranging from the stability of
slopes and tunnels to the extraction of natural resources [1-3]. The study of rock mechanics involves investigating the
mechanical behavior of rock materials and rock masses. This field is essential for various engineering applications, includ-
ing mining [4, 5], civil engineering [6-8], and petroleum engineering [9, 10]. Under various mechanical and environmental
stresses, geological materials such as soils and rocks exhibit vulnerability to failure mechanisms, including cracking and
deformation [11, 12]. These phenomena can significantly influence the mechanical properties of these materials, altering
their deformation responses and overall stability [13-16]. The interplay between loading conditions and the inherent
characteristics of geological substrates necessitates a comprehensive understanding of how such interactions affect
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structural integrity and geotechnical performance [17]. Hence, understanding the behavior of rock under different load-
ing conditions is essential for predicting and mitigating potential failures that could have catastrophic consequences for
infrastructure and the environment.

Extensive research has been conducted to understand the mechanical properties of rocks and their response to dif-
ferent loading conditions. Early studies focused on characterizing the fundamental properties of rocks, such as uniaxial
compressive strength, tensile strength, and elasticity [18]. Over the years, more sophisticated testing methods and mod-
eling techniques have been developed to gain deeper insights into rock behavior. One of the critical areas of research
in rock mechanics is the failure behavior of rocks under mechanical loading conditions. Studies have shown that rocks
can fail in different modes, including tensile and shear failures. For example, Griffith [19] developed the Griffith criterion,
which describes the conditions under which brittle materials, such as rocks, fail under tensile stress. This criterion has
been widely used to predict rock failure and has been extended to account for the presence of pre-existing flaws and
cracks [20, 21].

Rocks are subjected to various loading conditions in nature and engineering applications. Mechanical loadings, such
as uniaxial and triaxial compression tests, are commonly employed to study the failure behavior of rocks in laboratory
settings, providing valuable insights into their strength and deformation characteristics [22]. A simplified empirical failure
criterion, expressing rock strength at failure, was introduced by Shen et al. [23]. They proposed a new criterion for intact
rock, allowing the calculation of the maximum effective principal stress at failure using the confining effective stress,
UCS, and a dimensionless parameter. Zhang et al. [24] conducted triaxial tests on soil-rock mixture samples, revealing
that high confining pressure causes large rock blocks to break, reducing strength. Samples with more large rock blocks
had increased pore compression and volume shrinkage under low confining pressure, leading to denser mixtures after
breakage. Moreover, Huang et al. [25] explored the mechanical behaviors and crack coalescence patterns of precracked
sandstone samples using experimental and numerical methods. They found that flaw geometry significantly impacts
deformation, strength, and failure, with stress—strain curves and coalescence patterns differing from those of intact
specimens. In addition, Aladejare and Aladejare et al. [26, 27] evaluated the estimation of UCS from empirical equations,
using point load strength, Schmidt rebound hardness, block punch index, porosity, and density as inputs. The study
highlighted that the reliability of UCS estimations depends on the quality of input data and the rock type for which the
empirical equations were developed, with point load strength being the most reliable index among the tests evaluated.

From the computational modeling perspective, Scholtés and Donzé [28] investigated the effect of grain interlocking
on rock behavior using the Discrete Element Method (DEM). They demonstrated that the brittleness of rock is related
to the degree of interlocking between particles, which affects tensile and compressive strength ratios and non-linear
failure envelopes. Their model accurately reproduced brittle rock behavior, including fracturing processes, showing good
agreement with laboratory tests. Furthermore, Zhang et al. [29] used coupled discrete element method and bonded
particle method (DEM-BPM) to study porous rock mass properties. They found that UCS decreases with an increasing
number of pores, while greater proportions of small pores increase UCS. Pore distribution affected fracture patterns,
with fractures tending to develop along larger pores, resulting in lower UCS. Besides that, Xie et al. [30] examined the
influence of soft interlayers on the failure mechanism of layered rock specimens under uniaxial compression using DEM
simulations. They showed that soft interlayers significantly reduce UCS and cause strain softening, with thickness and
dip angle of the interlayer influencing failure patterns. More recently, Zheng et al. [31] studied the mechanical properties
and fracture evolution of Jinping marble under true triaxial stress using true triaxial tests, coupled particle flow code,
and grain-based model (PFC3D-GBM) simulations. They observed that with increasing differential stress (o, — 03), ani-
sotropic deformation and intragranular tensile cracks increased, while peak strength and crack development patterns
varied with confining pressures. Their study highlighted the progressive fracture characteristics and the importance of
stress conditions on marble failure. Further research by Zheng et al. [32] on gabbro under true triaxial stress combined
static-dynamic laboratory tests and numerical simulations. They identified distinct stages of disturbance failure and
noted that increasing o, or decreasing o, and o; affected the prevalence of intragranular and intergranular cracks. The
acoustic emission activity pattern during failure aligned with the stages of deformation, and excavation disturbance
increased the risk of deep fracture catastrophe.

Among rock mechanical properties, stiffness, and tensile strength are two critical parameters that significantly
influence rock failure and micro-fracturing. Stiffness, often represented by the modulus of elasticity, determines the
rock’s ability to deform under applied stress. Rocks with higher stiffness exhibit less deformation, while those with
lower stiffness are more prone to deformation and potential failure under the same loading conditions [33, 34]. Tensile
strength is another vital property that governs the failure behavior of rocks. Unlike compressive strength, which is
relatively high in most rocks, tensile strength is much lower and plays a crucial role in the initiation and propagation
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of cracks. When rocks are subjected to tensile stresses, even minor defects or pre-existing cracks can lead to failure
[35]. Micro-fracturing, the process of small-scale crack initiation and propagation, is a precursor to macroscopic rock
failure. Understanding the mechanisms of micro-fracturing is essential for predicting the onset of rock failure and
implementing preventive measures, specifically under various stiffness and tensile strength conditions. The study of
micro-fracturing involves advanced techniques such as acoustic emission monitoring, digital image correlation, and
X-ray computed tomography [36, 37]. Effective rock maintenance strategies are crucial for ensuring the stability and
longevity of rock structures. As an engineering application, rock slope stability is a critical concern in geotechnical
engineering, particularly in areas with steep terrain and frequent human activity. The stability of rock slopes is influ-
enced by various factors, including rock properties, slope geometry, and environmental conditions. Understanding
the role of rock stiffness and tensile strength in micro-fracturing and failure of different rock types is essential for
designing effective mitigation measures [38].

The purpose of this study is to conduct grain-scale modeling of rock failure and micro-fracturing under uniaxial
compressive conditions, focusing on the influence of stiffness and tensile strength on rock behavior. The study aims to
explore how these two key material properties affect the stress—strain response of rocks as they approach failure. Spe-
cifically, it investigates their role in the initiation and propagation of tensile and shear cracks, from a micro-mechanical
perspective. By considering these parameters at the grain level, the research provides a more detailed understanding of
fracture processes in rocks, which is crucial for accurately predicting rock behavior in various geotechnical applications.
The insights gained from this study could have significant implications for the design and stability analysis of structures
such as rock slopes, tunnels, and underground cavities, where understanding the fracture behavior of rocks is essential.

2 Discrete element model
2.1 Theoretical framework

In this study, the unconfined compression test was modeled to investigate the effects of variations in stiffness and ten-
sile strength on the behavior of a cylindrical rock sample. The tests were simulated using the PFC3P software based on
the discrete element method. The linear parallel bond model [39] was employed to define the contact model between
particles. The parallel bond element operates alongside the linear element, creating an elastic interaction between the
pieces. The presence of a parallel bond does not prevent the occurrence of slip. These bonds are capable of transmitting
both force and moment between the bodies. A parallel bond can be conceptualized as a collection of elastic springs with
consistent normal and shear stiffness, uniformly distributed over a circular cross-section on the contact plane, centered
at the contact point. These springs function in parallel with those of the linear element. When relative motion occurs at
the contact point after the parallel bond is established, it induces a force and moment within the bond material. This
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force and moment impact the two contacting bodies and correlate to the maximum normal and shear stresses at the
bond periphery. If these maximum stresses surpass their respective bond strengths, the parallel bond fails, resulting in
the removal of the bond material from the model along with its associated force, moment, and stiffnesses.

This model describes the behavior of two types of interfaces (Fig. 1):

(1) Aninfinitesimal, linear elastic (no-tension), frictional interface that can carry a force.
(2) Afinite-size, linear elastic, bonded interface that can carry both a force and a moment.

The first interface operates similarly to the linear model, meaning it does not resist relative rotation and allows slip by
applying a Coulomb limit to the shear force. The second interface, known as a parallel bond, functions in parallel with
the first interface when bonded. This bonded interface resists relative rotation and exhibits linear elastic behavior until
it reaches its strength limit. Once the strength limit is surpassed, the bond breaks and the interface become unbonded,
at which point it can no longer carry any load. In its unbonded state, the linear parallel bond model behaves identically
to the linear model.

The force-displacement law for the linear parallel bond model updates the contact force and moment:

F.=F+F'+FM =M M

where Flis the linear force, F4is the dashpot force, Fis the parallel-bond force, and M is the parallel-bond moment.
The linear and dashpot forces are updated as in the linear model, while the force and moment in the parallel bond are
updated with different formulation.

The parallel-bond force is resolved into a normal and shear force, and the parallel-bond moment is resolved into a
twisting and bending moment:

F = —F i, +F, )

M = M4, + M, 3)

where F,, > Qis tension. The parallel-bond shear force and bending moment lie on the contact plane and are expressed
in the contact plane coordinate system:

Fs = Fss e T Fst ¢ 4
M, = M, 5. + M,,t, (5)

When a parallel bond is formed using the bond method, it establishes an interface between two notional surfaces,
and both the parallel-bond force and moment are set to zero initially. This parallel bond creates an elastic interaction
between the two notional surfaces, which is eliminated when the bond breaks.

The parallel-bond surface gap accumulates through the relative normal displacement of the piece surfaces, expressed
as:

g = ) A, ()

where A§, represents the incremental change in normal displacement.
The force-displacement relationship for the parallel-bond force and moment is described in seven steps. Firstly, the
bond cross-sectional properties are updated as:

= =/ min(RM,RP) ball-ball

R= /1{ RM ball-facet )
— —2 - 1 =4 - 1 =4
A=zR,l= Zﬂ'R ,J =—=xR (8)
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where A is the cross-sectional area, 1 is the moment of inertia of the parallel bond’s cross section (about the line passing
through x, and in the direction of M), and J is the polar moment of inertia of the parallel bond cross section (about the
line passing through x, and in the direction of n,). The bond cross section is circular in 3D modeling.

Secondly, the normal force is updated according to the normal-force update mode:

Thirdly, the shear force is updated as:

where AJ, is the relative shear displacement increment.
Fourthly, the torsional moment is updated as:

M, := M, — k JA6, (1)

where A6, is the relative twist-rotation increment. The torsional stiffness (k,) for a twisted elastic circular shaft of length
(L) subjected to equal and opposite twisting moments is given by:

M, = k.6, (12)
GJ
k.= —
t i (13)

where G is the shear modulus and J is the polar moment of inertia_ofthe cross-sectional area about the axis of the shaft.
The moment-twist relation of Eq. (11) is obtained by setting k, = kJ.
Fifthly, the bending moment is updated as:

M, =M, — k,IA6, (14)

where A6, is the relative bend-rotation increment. The bending stiffness (k,) for an elastic symmetrical beam of length
(L) subjected to equal and opposite bending moments is given by:

Mb = kbeb (15)
El
k, = —
b= 7 (16)
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where E is the Young’s modulus and / is the moment of inertia of the cross-sectional area about the neutral axis of the
beam. The moment-twist relation of Eq. (14) is obtained by setting k, = k,/.
Next step is updating the maximum normal (¢ > 0is tension) and shear stresses at the parallel-bond periphery:

F  —|IM,|IR

E=£+”P” (17)
A ]
F, —IM.|R

?=II_SII+ﬂI _tI (18)
A J

The moment-contribution factor (8 € [0,1]) was discussed in detail by Potyondy [40].

Finally, the strength limits are enforced as shown in Fig. 2. If the tensile strength limit is exceeded (¢ > ©,), the bond
breaks in tension. If the bond remains intact, the shear strength limit is enforced. The shear strength (7, = ¢ — atana),
where ¢ = F,,/Z is the average normal stress acting on the parallel bond cross-section. If the shear strength limit is
exceeded, the bond breaks in shear.

The linear parallel bond model divides energy into four categories. Strain energy (E,) is the energy stored in the linear
springs with the range of [0, +00). The strain energy is updated as:

2 2
o (F)T IR
Ek‘i(kn+ k (19)

)

Slip energy (E,) is the total energy dissipated due to frictional slip with the range of (~co, 0]. The slip energy is updated as:

1
E, :=Eﬂ_§((FIs)o+Fls) A8 (20)
FI — (Fs
Aq=AQ—A$=AQ—<:;%JE> 1)
S

where (F'S)0 is the linear shear force at the start of the timestep. The adjusted relative shear-displacement increment
is decomposed into two parts: an elastic component (A(S’S‘) and a slip component (A8Y). The slip energy increment is
obtained by taking the dot product of the slip component with the average linear shear force over the duration of the
timestep. The slip energy remains zero until the bond breaks. Once the bond is broken, slip energy begins to accumulate
as a result of the relative shear displacements between the particles.

Dashpot energy (E;) represents the total energy dissipated by the dashpots with the range of (—eo, 0]. The dashpot energy
is updated as:

. d (3

where § is the relative translational velocity.

Table 1 Properties of
Parameter Rock type

the rocks utilized in the P

simulations Granite Sandstone Limestone
Porosity 0.01 0.15 0.1
Density (kg/m?) 2650 2300 2600
Linear stiffness of particles (GPa) 50 30 20
Stiffness of bond material (GPa) 50 30 20
Tensile strength (MPa) 10 5 4
Cohesion (MPa) 50 20 35
Friction coefficient 0.7 0.6 0.5

@ Discover



Discover Geoscience

Table 2 The scenarios of
tensile strength and stiffness
parameters

Fig.4 The comparison of
stress—strain behavior of the
utilized materials
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Ball radius Ball radius Ball radius
Balls (2888) Balls (2491) Balls (2639)
9.9991E-04 9.9991E-04 9.9991E-04
9.7500E-04 9.7500E-04 9.7500E-04
9.5000E-04 9.5000E-04 9.5000E-04
9.2500E-04 9.2500E-04 9.2500E-04
9.0000E-04 9.0000E-04 9.0000E-04
8.7500E-04 8.7500E-04 8.7500E-04
8.5000E-04 8.5000E-04 8.5000E-04
8.2500E-04 8.2500E-04 8.2500E-04
8.0000E-04 8.0000E-04 8.0000E-04
7.7500E-04 7.7500E-04 7.7500E-04
7.5000E-04 7.5000E-04 7.5000E-04
7.2500E-04 7.2500E-04 7.2500E-04
7.0000E-04 7.0000E-04 7.0000E-04
6.7500E-04 6.7500E-04 6.7500E-04
6.5000E-04 6.5000E-04 I 6.5000E-04
| 6.2500E-04 6.2500E-04 | 6.2500E-04
6.0000E-04 6.0000E-04 6.0000E-04
5.7500E-04 5.7500E-04 5.7500E-04
5.5000E-04 5.5000E-04 5.5000E-04
5.2500E-04 5.2500E-04 5.2500E-04
Fig. 3 Geometry and ball radius distribution of simulated samples: a Granite, b Sandstone, ¢ Limestone
Rock type Tensile strength (MPa) Stiffness (GPa)
Granite 5 30
10 50
15 70
Sandstone 25 20
5 30
7.5 40
Limestone 2 10
4 20
6 30
250
— =G
200 | T s
72
—L 7 \
= Ve
7
S 150 ¢ s \‘
e s
= , v
8 100 s
b Ve
P Ve
/ P
50 s JPtied
s
g
0 L
0.00 0.05 0.10 0.15 0.20

Strain, & (%)

Bond strain energy (Ek) is the energy stored within the parallel-bond springs with the range of [0, +c0). The bond strain

energy is updated as:

—_— (23)
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2.2 Numerical model and input parameters

The rock particles were modeled as balls capable of overlapping, with diameters ranging from 0.5 mm to T mm. The
simulated samples were modeled in a cylindrical shape by ASTM standard [41]. Tuncay and Hasancebi [42] researched
to investigate the effect of the height-to-diameter ratio (H/D) of rock samples on their UCS. Their results indicated
that high UCS values are obtained for H/D lower than 2, a very slight difference in values between 2 and 2.5, and UCS
remains effectively constant with a H/D higher than 2.5. However, the ASTM guidelines recommend an H/D ratio
of 2-2.5, while the ISRM code suggests a range of 2.5-3. Based on these findings, the optimal ratio chosen for this
study was established as 2. Based on this, the diameter and height of the sample were chosen to be 15 and 30 mm,
respectively.

In the modeling process, three types of material with distinct mechanical properties were utilized. The properties
of the materials were selected to ensure that each one closely resembled a commonly used rock in geotechnical
applications. These materials, whose properties are detailed in the Table 1, represent granite (G), sandstone (S),
and limestone (L). The DEM model utilized in this study incorporates key microstructural parameters as outlined in
Table 1. These parameters govern the inter-particle interactions and bond behavior, directly influencing the mac-
roscopic strength and failure characteristics of the rock specimens. For example, the tensile strength and cohesion
determine the bond-breaking threshold under stress, while stiffness properties dictate the deformation response.
The microstructural configuration, as defined by these parameters, significantly impacts the observed fracturing
patterns and failure modes.

The microstructural parameters of the model were selected based on the theoretical framework of the Linear Par-
allel Bond Model. In this approach, the strength of rock samples is represented by their failure mechanisms, which
initiate microscopically as interactions between grains lead to sliding and micro-crack formation. These micro-cracks
coalesce into macroscopic fractures as stress increases. During the simulation of uniaxial compression, the defined
material properties govern the evolution of stress and strain, with failure occurring at 0.7 times the peak stress.
The model calculates forces, moments, and particle interactions at each time step, updating particle positions in
a three-dimensional coordinate system. This micro-mechanical modeling approach captures the transition from
microstructural deformation to macroscopic failure, linking the defined parameters to the observed strength and
behavior of the rock samples.

Due to the varying densities of these materials, the number of balls created in each model differs, and a view of
the geometry of each model is presented in Fig. 3. At the top and bottom of the cylindrical samples, two walls were
positioned to apply the load. These walls moved towards each other at a speed of 0.1 m/s, subjecting the samples
to compressive loading. During the tests, the number of tensile and shear cracks formed at various stages of the
experiment, as well as the stress—strain behavior of the samples, were monitored. To achieve a more precise analysis,
the modeling was conducted in four distinct groups. In the first group, the overall behavior of the various materials,
as detailed in Table 1, was compared. In this study, in addition to comparing the behavior of the materials with each

e==Numerical model - Granite «===Numerical model - Sandstone
e Numerical model - Limestone —+—Wawersik and Fairhurst [52] - Marble
—X—Stavrogin et al. [53] - Sandstone Li et al. [54] - Basalt
—+-Li et al. [54] - Kurru Granite @-Li et al. [54] - Tennessee marble
§ —o—Li and Lajtai [55] - Granite —=—Shan et al. [56] - Granite
g: ——Shan et al. [56] - Marble —X=Zhou et al. [57] - Orthoclase
é ——Esmaeili et al. [58] - Sulphide rock —+—Meng et al. [59] - Marble
7 Zhang [60] - COx ‘Wang et al. [61] - Granite
—o—Liu et al. [62] - Granite —0—Zhou et al. [63] - Black sandstone
O~ Zhou et al. [63] - Marble ——Zhou et al. [63] - Red sandstone
—0O~Liu et al. [64] - Limestone —0—Liu et al. [64] - Granite
A—Kuang et al. [65] - Granite —X—Kuang et al. [65] - Sandstone

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain, (%)

Fig.5 The comparison of stress—strain curve for different rocks
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other, the effect of changes in stiffness and tensile strength on stress-strain behavior and the initiation and propa-
gation of cracking was investigated with a parametric study. The modeling scenarios are presented in Table 2. The
properties of the materials used in this study were selected based on relevant literature, including granite [43-45],
sandstone [46-48], and limestone [49-51].

3 Results and discussion
3.1 Stress—strain behavior

The distinct behavior of each material under uniaxial compression test was illustrated in Fig. 4. As shown in Fig. 4,
all three materials display softening behavior before failure, although the slope of their stress—strain curves differs
significantly. Granite demonstrates the highest peak stress and a steeper stress-strain curve, reflecting its superior
compressive strength and stiffness compared to sandstone and limestone. Its interlocking structure facilitates effec-
tive load distribution, enabling granite to achieve high peak stresses before failure. Additionally, after experiencing
peak stress (o,e4), granite shows a steeper decline in stress compared to other materials. In contrast, sandstone
demonstrates the lowest 6, and fails at a lower level of stress and strain compared to granite. However, it exhibits
a steeper stress—strain curve than limestone. This behavior is primarily influenced by its higher porosity and lower
cohesion. Higher porosity typically results in decreased strength due to presence of the voids that do not contrib-
ute to load-bearing capacity. Moreover, limestone exhibits lower o, and a more gradual stress-strain curve than
sandstone. Its capacity for significant plastic deformation before reaching peak stress contributes to the less steep
slope of its stress—strain curve. This characteristic enables limestone to absorb more energy prior to failure, result-
ing in a more ductile response. Consequently, limestone tends to fail through a combination of brittle and ductile
mechanisms, leading to a slower transition from elastic to plastic behavior compared to sandstone.

Figure 5 illustrates the comparison of stress—strain curves for various types of rocks. It is evident that the stress—strain
curves for all rock types are confined to a limited range. In fact, rocks exhibit only a narrow range of stress and strain
variations, and the numerical model results from this study fall within this range. This alignment allows for the validation
of the model against findings from other research. However, it is important to note that the stress-strain behavior is
not entirely consistent, even among the same rock types. This variability can be attributed to differences in mechanical
properties caused by factors such as mineral composition, sampling conditions, the presence of primary cracks, and
variations in experimental or numerical methodologies used.

3.1.1 The role of stiffness
Figure 6 illustrates the role of stiffness in the stress—strain behavior of rock samples. The results show that an increase in

stiffness leads to failure at higher final strain (¢;) values with approximately equal 6,4 For example, for granite samples
2.3 times increase in stiffness from 30 to 70 GPa results in 2.25 times increase in final strain. Similarly, sandstone shows
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1.95 times increase in final strain with a twofold increase in stiffness, while limestone exhibits 2.89 times increase in final
strain with a threefold increase in stiffness. This shows a linear relationship between rock stiffness and ;.

The observed behavior can be attributed to their distinct material properties and failure mechanisms. Granite, being
brittle, shows a nearly proportional increase in €, with increased stiffness due to its ability to sustain higher stress before
fracture. Sandstone, with its weaker cementing materials and higher porosity, exhibits a less pronounced increase in &
as its structure leads to earlier micro-cracking and failure. Limestone, being more ductile, shows the most significant
increase in g, with increased stiffness, as its plastic deformation capability allows it to accommodate more strain before
failure. It should be noted that with an increase in stiffness, the o, does not change significantly, being 191 MPa for
granite, 64 MPa for sandstone, and 75 MPa for limestone, but the corresponding peak strain (Epeak) increases. Figure 7
shows the dependency of €, on stiffness. The presented predictive relationships indicate that, for all materials, the €44
changes exponentially with increasing stiffness. Notably, the slope of these variations for limestone is 3.4 times greater
than that of granite, highlighting the significant differences in the physical properties and mechanical behavior of these
materials. This relationship underscores the greater sensitivity of limestone to changes in stiffness, which contributes to
its unique ductile behavior compared to the more brittle nature of granite.

As it is evident from the results, higher stiffness leads to less deformation under applied loads. This means that the
rock can withstand greater stresses without significant changes in shape, which helps prevent the initiation of micro-
cracks. Moreover, stiffer materials can better distribute the applied load across their structure. This reduces localized
stress concentrations, which are often the precursors to micro-fracturing. Besides that, increased stiffness often correlates
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Fig. 10 a The effect of stiffness on crack propagation in granite samples, and fracture distribution in samples with stiffness of b 70 GPa, ¢
50 GPa, and d 30 GPa

with stronger inter-particle bonds within the rock matrix. This improves the overall integrity of the rock, making it more
resistant to micro-scale failures.

3.1.2 Therole of tensile strength

According to Fig. 8, an increase in tensile strength (F,) results in higher stress and strain values at both the peak and final
points of the stress—strain curves for all samples. However, the rate of change in these curves varies among the different
materials due to their unique characteristics. As shown in Fig. 8a, a threefold increase in F, of granite specimens (from 5
to 15 MPa), results in 1.47 times increase in final stress (o) and 1.43 times increase in g;. This increased capacity for energy
absorption and deformation reflects granite’s effective stress redistribution, which mitigates micro-crack development.
Moreover, sandstone, with its lower stiffness and more fragile composition, shows moderate increases in o; being 1.39
times and &, being 1.33 times, with a threefold increase in F..

Limestone demonstrates the most significant response to increases in tensile strength, with o increasing by 2.46
times and ¢, by 2.02 times. As it is evident from the findings, increased tensile strength can delay the onset of failure
mechanisms such as shear sliding or tensile cracking. This allows the rock to accommodate greater loads before reaching
its failure point. Additionally, rocks with higher tensile strength can absorb more energy before failing. This allows them
to withstand higher loads and dissipate energy more effectively, reducing the likelihood of sudden failures.

Furthermore, Fig. 9 illustrates the trends of oy, and ep.4 in relation to F,. Unlike the exponential changes observed
in €peq, cONcerning stiffness, the variables shown in Fig. 9 exhibit logarithmic increases. It suggests that the changes in
Opeak @ANd €pq¢ Will finally reach a state of equilibrium. As noted previously, the rate of change for limestone is greater
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Fig. 11 aThe effect of stiffness on crack propagation in sandstone samples, and fracture distribution in samples with stiffness of b 40 GPa, ¢
30 GPa, and d 20 GPa

than that of the other materials. Finally, based on the trends observed, relationships between peak stress and peak strain
concerning F, were estimated which are presented in Fig. 9.

3.2 Crackinitiation and propagation

3.2.1 Therole of stiffness

The impact of stiffness on the initiation and distribution of micro-cracks in a granite sample is illustrated in Fig. 10. As
observed, the trend of changes in the number of cracks (N,) over time follows a bilinear relationship. Initially, cracking
starts at a mild rate and then intensifies progressively over time. According to the results, with an increase in stiffness,
the rate of crack development decreases in both phases, and the final maximum number of cracks (N, ,,,) also shows
a reduction. As depicted in Fig. 10a, cracking in granite samples with stiffness values of 30, 50, and 70 GPa begins after
3620, 3830, and 4220 s, respectively, from the start of the test. Moreover, an increase in stiffness results in a reduction in
both the total N, and their occurrence at specific time steps. This means that with an increase in the stiffness of the rock,
it takes longer to enter the second phase, which is characterized by the progressive growth of cracking.

For instance, at 10,000 s, the number of cracks in the sample with a stiffness of 30 GPa is 1739, whereas in samples
with stiffnesses of 50 and 70 GPa, the numbers are 735 and 421, respectively. Figure 10b-d display the differentiated
tension and shear cracked interfaces between the balls. According to Fig. 10, the majority of the cracks are tension cracks,
predominantly located in the upper half of the granite samples.

Figure 11 illustrates the effect of variations in stiffness on the cracking of the sandstone samples. As depicted in
Fig. 11a, cracking in sandstone samples with stiffness values of 20, 30, and 40 GPa begins after 3620, 3730, and 3900 s,
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Fig. 12 aThe effect of stiffness on crack propagation in limestone samples, and fracture distribution in samples with stiffness of b 30 GPa, ¢
20 GPa, and d 10 GPa

respectively, from the start of the test. At the 7,000 s timestep, the N, in samples with stiffness levels of 20, 30, and 40 GPa
are 2,403, 520, and 314, respectively, indicating a decreasing trend in the N, with increasing stiffness. Additionally, Fig. 11
indicates that the distribution of cracks in the upper and lower parts of the samples is almost identical, whereas the
distribution of cracks in the middle of the model is minimum.

Figure 12 shows the distribution of cracks in the limestone samples, revealing trends consistent with those observed in
other materials. As depicted in Fig. 12a, cracking in limestone samples with stiffness values of 10, 20, and 30 GPa begins
after 3660, 3820, and 4170 s, respectively, from the start of the test. At the 8,000 s, the N_in samples with stiffness values
of 10, 20, and 30 GPa are 2,630, 1,270, and 410, respectively. Notably, in limestone samples, cracks are present throughout

the entire height of the sample but are primarily concentrated in the lower half.

3.2.2 Therole of tensile strength

In Fig. 13, the impact of varying tensile strengths on the number and distribution of cracks in granite samples is analyzed.
Increasing the F, results in a significant reduction in the number of cracks. Specifically, at a timestep of 8000 s, samples
with tensile strengths of 5, 10, and 15 MPa exhibit 2410, 380, and 200 cracks, respectively. As shown in Fig. 13b, at the
highest tensile strength fewer cracks are observed in the lower part of the model, and most of the cracks are concentrated
in the upper part. The results also indicate that as F, increases, the number of tensile cracks significantly decreases, while
the number of shear cracks increases. Conversely, with a decrease in F,, the cracks are predominantly tensile. From a
micro-mechanical perspective, tensile stresses tend to pull the particles apart, leading to the formation of tensile cracks.
When F, is high, shear stresses become more significant, leading to an increase in shear cracks as the material begins to
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Fig. 13 a The effect of tensile strength on crack propagation in granite samples, and fracture distribution in samples with stiffness of b
15 MPa, ¢ 10 MPa, and d 5 MPa

slip along planes of weakness. This behavior highlights the critical role of F, in governing the transition between tensile-
dominated and shear-dominated failure mechanisms in rocks.

Sandstone samples exhibit behavior similar to granite, where an increase in tensile strength leads to a decrease in the
N,. As depicted in Fig. 14, at a timestep of 7000 s, the samples experienced 7290, 490, and 469 cracks at tensile strengths
of 2.5, 5, and 7.5 MPa, respectively. Furthermore, at higher tensile strengths, the crack distribution between the upper
and lower parts of the sample is nearly identical, whereas the distribution of cracks in the middle of the model is mini-
mum. However, as the tensile strength decreases, the number of shear cracks diminishes, resulting in a crack distribution
primarily composed of tensile cracks.

The crack distribution in limestone samples is similar to that observed in other materials, as illustrated in Fig. 15. At the
6000 s timestep, the N, in samples with tensile strengths of 2, 4, and 6 MPa is 2,510, 335, and 310. A notable difference
in limestone is that the number of shear cracks is significantly lower than that of other rocks. In a sample with a tensile
strength of 2 MPa, no shear cracks.

Figure 16 compares the N¢ ., generated in the samples and explores relationships between this parameter and both
stiffness and tensile strength. According to Fig. 16a, the proposed relationships for N¢ .., in granite and sandstone are
roughly linear, showing that the maximum number of cracks decreases linearly as stiffness increases. Limestone sam-
ples exhibit a unique behavior where the maximum number of cracks decreases initially as stiffness increases, similar to
granite and sandstone. This is because at lower stiffness levels, the material behaves more elastically, preventing crack
initiation. However, after reaching a certain stiffness threshold, limestone transitions from ductile to brittle failure. At
this point, small micro-cracks or defects begin to propagate more rapidly under stress. This shift is due to the material’s
microstructure, where stress concentrations around defects encourage further crack growth. As a result, the number of
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Fig. 14 a The effect of tensile strength on crack propagation in sandstone samples, and fracture distribution in samples with stiffness of b
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cracks increases beyond the threshold stiffness due to the material’s brittle fracture response. According to Fig. 16b, the
proposed relationship between N ..., and F, exhibits a clearer behavior and follows an exponential function.

Overall, a threefold increase in tensile strength resulted in a decrease of 32, 45, and 42% in the maximum number
of cracks for granite, sandstone, and limestone, respectively. Sandstone exhibits a more significant reduction in the
maximum number of cracks with an increase in tensile strength due to its initial weaker bonding and higher poros-
ity. These features make sandstone more susceptible to cracking under lower loads, so an increase in tensile strength
can substantially improve its ability to withstand applied stresses. The results also indicate that the impact of F, on the
cracking which leads to the progressive failure of rock structures is more significant. Specifically, under initial conditions
of granite (Table 1), the N ., in granite is 7098. By increasing the stiffness of granite by 1.4 times, from 50 to 70 GPa,
the Nc 4 decreases to 6760. In contrast, by increasing the tensile strength by 1.5 times, from 10 to 15 MPa, the N .,

decreases from 7098 to 5852.

4 Conclusions

This study conducts grain-scale modeling of rock failure and micro-fracturing under uniaxial compression using
the discrete element method, focusing on the influence of stiffness and tensile strength. By examining their role in
stress—strain response and the initiation and propagation of tensile and shear cracks, the research provides a micro-
mechanical perspective on fracture processes. Simulations were conducted on granite, sandstone, and limestone,
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offering detailed insights into their distinct mechanical behaviors. These findings advance our understanding of rock
fracture mechanisms and have significant implications for the design and stability analysis of geotechnical structures,
where predicting rock behavior under stress is crucial. The findings of this study are as follows:
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(1) Granite exhibits the highest peak stress and a steep stress-strain curve due to its interlocking structure and high
stiffness. Sandstone, with the lowest peak stress, fails at lower stress levels because of its higher porosity and weaker
cohesion. Limestone shows a combination of brittle and ductile failure mechanisms, characterized by significant
plastic deformation, a lower peak stress, and a gradual stress—strain curve, resulting in a slower transition from elastic
to plastic behavior compared to sandstone.

(2) The stiffness significantly influences the stress—strain behavior of rock samples, with higher stiffness leading to
greater final strain values at similar peak stresses. Granite exhibits a 2.25-fold increase in strain with a 2.3-fold stiffness
increase, while sandstone and limestone show strain increases of 1.95 and 2.89 times, respectively, with comparable
stiffness growth. This relationship shows that higher stiffness increases rocks' ability to withstand greater deforma-
tion before failure.

(3) The findings show that higher stiffness reduces deformation under applied loads, allowing rocks to better distrib-
ute stress and prevent micro-crack initiation. Stiffer materials have stronger inter-particle bonds, improving overall
integrity and resistance to micro-scale failures. As stiffness increases, peak stress remains constant, while peak strain
increases, with limestone being more sensitive to stiffness changes than granite.

(4) Increased tensile strength leads to higher stress and strain values at both peak and final points for all rock types.
For granite, a threefold increase in tensile strength results in 1.47 times increase in final stress and 1.43 times in final
strain. Sandstone shows moderate increases, while limestone exhibits the most significant response, with final stress
increasing by 2.46 times and final strain by 2.02 times. This highlights that higher tensile strength delays failure and
enhances the rock’s ability to withstand greater loads.

(5) Increased stiffness reduces the maximum number of cracks, with granite showing a decrease from 7098 to 6760
when stiffness is increased by 1.4 times. Conversely, increasing tensile strength by 1.5 times results in a larger reduc-
tion in crack number, from 7098 to 5852. These results highlight that tensile strength has a greater impact on crack
formation than stiffness.
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