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Abstract: In rock masses, internal defects such as joints, faults, and fractures are pivotal in determining mechanical behavior and structural integrity. This investigation, employing the discrete element numerical simulation technology of GDEM, examines the mechanical attributes of single-fractured sandstone under standard triaxial compression. 

The study focuses on how fracture inclination angle and confining pressure affect crack propagation within the rock. 

It is observed that an increase in both fracture inclination angle and confining pressure correlates with a reduction in the tensile stress growth rate near the fracture, indicative of inhibited crack propagation. A notable transition in the failure mode of the sandstone samples is identified, shifting from tensile-shear to predominantly shear failure. This shift is more pronounced under varying confining pressures: Low confining pressure conditions show a prevalence of tensile-shear damage units in proximity to the fracture, while high confining pressure leads to a dominance of shear damage units. These findings contribute to a deeper understanding of fracture mechanics in rock materials and have significant implications for geological and engineering applications where rock stability is critical. 

Keywords: Fractured rock mass; GDEM computational method; Crack propagation; Failure mode 1 Introduction

In the realm of major engineering projects, such as mining, transportation, and energy, rock masses form the fundamental construction environment. These masses, shaped by extensive geological tectonic activities, are characterized by a variety of defects including cavities, joints, faults, and fractures [1–4]. The presence of these defects, and fractures in particular, imparts significant heterogeneity, discontinuity, and anisotropy to the rock masses, profoundly influencing their mechanical behavior [5–8]. 

Internationally, considerable research has been devoted to understanding the failure mechanisms within fractured rock masses [9–11]. Yang et al. [12] investigated the impact of high-temperature conditions on the triaxial mechanical failure behavior of sandstone with a solitary fracture. It was discovered that as temperature escalated, parameters such as crack closure stress, nucleation stress, and damage threshold exhibited an initial increase followed by a decrease. Liu et al. [13] conducted experimental studies on the mechanical properties of single-fractured sandstone under triaxial extension, observing a transition in the failure stress of the samples from tensile to compressive as confining pressure increased, alongside a shift in microscopic fracture mode from intergranular to transgranular fracturing. In a study by Fujii and Ishijima [14], uniaxial compression tests on cement mortar with an inclined fracture revealed that fracture initiation occurred at the tip, with the primary crack extension direction correlating with the concentration of compressive stress at this point. Wu et al. [15] examined the behavior of pseudo-rock materials containing filled twist fractures under uniaxial tensile failure and identified two distinct failure modes: tip failure and non-tip failure. 

Physical model experiments, serving as a direct means to investigate the mechanical properties and crack propagation in fractured rock, are hampered by challenges such as elevated sample costs and lengthy durations. In response, numerical simulation methods have gained prominence, offering the ability to perform multiple calculations at reduced costs and to establish diverse boundary conditions, thus proving instrumental in examining the strength failure processes in defective rock. Finite element methods, as utilized by Song et al. [16] and Yang et al. [17], have been employed to analyze rock samples with fractures, unveiling a linear relationship between uniaxial compressive strength and deformation modulus in fractured rock. However, the discontinuous nature of rock poses a challenge for
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traditional numerical simulation methods in replicating the internal characteristics of rock. In contrast, the discrete element method (DEM) aptly captures the non-linearity, heterogeneity, and anisotropy of rock materials [18]. Wang et al. [19] leveraged PFC2D in their study of crack coalescence patterns and microcrack propagation in uniaxially compressed fractured sandstone, discovering that an increase in fracture inclination leads to a decrease in tensile macroscopic cracks and an increase in shear cracks at the point of sample failure. Similarly, Vasarhelyi and Bobet [20]

implemented the FROCK program to simulate the effects of uniaxial compression on pseudo-rock materials, noting the origination of wing cracks and secondary cracks from the fracture tips. 

Conventional numerical simulation methods often fall short in accurately depicting the progressive failure patterns of rock masses and in reflecting the non-uniform, discontinuous nature of rock materials. Among the existing discrete element computational methods, PFC particle flow DEM software emerges as a primary tool. Despite its efficacy, this software presents challenges in terms of unclear physical parameter meanings and complex parameter calibration. 

Moreover, scholar-developed programs frequently lack versatility, being apt for only specific cases. This study introduces a novel discrete element computational method, GDEM, enhanced with GPU acceleration, to simulate both the micro-mechanical properties and macroscopic cracking behavior of rock containing a single fracture under conventional triaxial compression. 

2 Construction of Numerical Model for Single-Fractured Sandstone

For an in-depth analysis of the fracturing mechanism in rocks with fractures and to visually capture the entire process of rock deformation and failure, GDEM is employed. This discrete element software proficiently replicates the complete deformation and failure process of rock. Utilizing this approach, the intrinsic mechanical behavior and macroscopic crack propagation patterns in fractured rock are analyzed. 

2.1 Overview of GDEM Software

GDEM, an advanced numerical simulation software, operates on the Continuous Discontinuous Element Method (CDEM) principle. Optimized for multi-core central processing unit (CPU) parallel processing and explicit dynamics, GDEM builds upon the generalized Lagrangian equations as its mathematical foundation. This integration of finite and discrete elements facilitates a comprehensive simulation approach. The GDEM numerical model, as illustrated in Figure 1, enables the simulation of structural deformation, stress-strain behavior within each specimen, and the crack propagation process [21]. 

2.2 Computational Principles of GDEM Software

The GDEM software is predicated on the generalized Lagrange and variational formulations. Its core computational model is based on the mass-spring system, which serves as the iterative foundation (Figure 2), effectively capturing material interface characteristics via crack propagation and penetration. In instances of tensile failure within a block, separation characteristics are exhibited, while shear failure results in the block displaying sliding characteristics [21]. The failure criteria for the spring model within this framework are delineated as follows. 

2.3 Boundary Conditions for the Numerical Model

Informed by the experimental findings of Liu et al. [4], a cylindrical two-dimensional numerical model, dimensions 50 mm by 100 mm, was developed. This model incorporated a single edge crack at inclination angles of 30°, 45°, and 60°. Triangular elements were employed for mesh division within the model, with the grid division for the 45° fracture specifically depicted in Figure 3. 

Figure 1. Composition of the GDEM numerical model
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Figure 2. Iterative process of block dyna

Figure 3. Diagram of grid division

Table 1. Basic physical and mechanical parameters

Internal

Poisson’s

Tensile

Density/(kg · m−3) Elastic Modulus/(MPa)

Friction

Cohesion/(MPa)

Ratio

Strength/(MPa)

Angle/ (◦)

2600

5e10

0.26

30

3e6

3e6

A normal constraint was applied to the base of the numerical model. Simultaneously, varying magnitudes of confining pressure were exerted on the lateral aspects. Quasi-static displacement loading was executed along the y-axis. Furthermore, the interaction between material blocks in the model was represented using a semi-spring model. 

The failure criterion for each unit within this setup adhered to the Mohr-Coulomb criterion, while the contact surface model for the blocks was established as an elastic-brittle model. The simulation employed a displacement-controlled loading approach, proceeding at a rate of 2e−6 m·s−1. Reflecting the physical parameters and experimental outcomes obtained from laboratory tests on sandstone, the foundational physical and mechanical parameters deployed in the numerical simulation are outlined in Table 1. 
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2.4 Experimental Configurations and Simulation Process

For the simulation, a comprehensive numerical model was developed, incorporating a single fracture depicted as a rigid line of 12 mm length, illustrated in Figure 4. Varied schemes were established based on differing fracture inclinations and confining pressures, detailed in Table 2. 

Figure 4. Diagram of single fracture distribution

Table 2. Experimental configurations

Scheme Number

Fracture Inclination Angle/ ◦

Confining Pressure/MPa

0

1

30

5

15

0

2

45

5

15

0

3

60

5

15

3 Analysis of Specimen Failure Behavior

3.1 Analysis of Crack Propagation Behavior

Informed by prior research, the predominant crack propagation types observed in specimens with a single fracture are delineated in Figure 5 [4]. These types include tensile wing cracks, antithetic wing cracks, secondary shear cracks, primary shear cracks, splay cracks, and far-field cracks. Subsequent to conventional triaxial compression, the numerical simulation results, illustrating macroscopic damage in the specimens, are depicted in Figure 6. 

Figure 6 presents the numerical simulation outcomes of macroscopic damage in single fracture specimens under various fracture inclination angles (represented by black lines). It was observed that the samples predominantly exhibited mixed tensile-shear failure when α=β=30°. At lower confining pressures, tensile wing cracks initially emerged at the left tip of the fracture, with primary shear cracks forming at the right tip. As the loading progressed, these primary shear cracks extended upwards, culminating in a petal-like pattern at the top of the specimen. 

Conversely, under higher confining pressures, the development of wing cracks was notably restrained, leading to an increase in both secondary and far-field cracks due to enhanced lateral constraints. In cases of shear failure when α=β=45°, distinct behavioral patterns were noted depending on the confining pressure. Under low confining pressure, significant tensile wing cracks were observed at the left tip of the fracture, accompanied by antithetic wing cracks expanding into reverse shear cracks at the right tip. With elevated confining pressure, the fracture’s left tip exhibited multiple bifurcating tensile cracks alongside nucleated tensile wing cracks, attributable to increased lateral constraint. This phenomenon led to the specimens predominantly undergoing shear failure α=β=60°. Notably, under high confining pressure, pronounced antithetic wing cracks developed at the right tip of the fracture, extending and expanding towards the specimen’s base. These simulation results are in robust agreement with findings from conventional triaxial compression tests conducted in laboratory settings [4], affirming the validity of the numerical model and its applicability in understanding fracture mechanics in rock materials. 
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Figure 5. Classification of crack propagation in single fracture specimens [4]

Figure 6. Macroscopic damage results in simulation

3.2 Stress Field Evolution in Fractured Specimens

Figure 7 illustrates the stress field evolution in specimens subjected to conventional triaxial compression. This segment of the study specifically examines specimens with fracture inclination angles of 30° and 60°, subjected to both low and high confining pressures of 5 MPa and 15 MPa, respectively. 

Figure 7 provides a visual depiction of the stress field cloud maps for specimens under diverse crack inclination angles and confining pressure conditions. In scenarios where α=β=30° and σ3=5 MPa, it was observed that the maximum stress value in the specimen during loading experienced a gradual increase from 3.81 MPa to 5.12 MPa 5
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and subsequently to 6.94 MPa. This pattern signifies a concentration of stress at the crack tip, denoted by the red area, progressively leading to the formation of a tensile stress zone. At this juncture, crack nucleation and expansion commence from the tip, culminating in tensile-shear failure. For specimens with α=β=30° and σ3=15 MPa, there was an increase in the maximum stress value from 3.65 MPa to 5.88 MPa and then to 8.64 MPa. While a tensile stress zone was also present at the fracture tip, the rise in confining pressure acted to inhibit the expansion of tensile wing cracks. In the case of α=β=60° and σ3=5 MPa, the maximum stress value during loading rose from 3.28 MPa to 4.24 MPa, and further to 5.25 MPa. Lastly, for α=β=60° and σ3=15 MPa, the maximum stress value escalated from 3.59 MPa to 5.69 MPa and finally to 7.66 MPa. These findings indicate that with ongoing loading, tensile stress develops at the crack ends, leading to increased crack nucleation. Concurrently, the growth of tensile wing cracks is constrained, resulting in the specimen predominantly undergoing shear failure. 

(a)

(b)

(c)

(d)

Figure 7. Stress field cloud map of specimens under different crack inclination angle and confining pressure conditions
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Figure 8. Failure modes of specimens under different crack inclination angle and confining pressure 7

3.3 Evolution of Failure Modes

Figure 8 presents cloud maps that elucidate the failure modes of specimens under varying fracture inclination angles and confining pressure conditions. In cases where α=β=30° and σ3 is 5 MPa and 15 MPa, a marked stress concentration is observed at the fracture tip during the loading process. This phenomenon initiates cracking at the fracture tip, with a progressive increase in the number of tensile-shear damage units (indicated as numbers 2 and 3) near the tip, ultimately penetrating to the edge of the specimen. As confining pressure escalates, there is a notable reduction in the quantity of yellow-red tensile-shear damage units near the crack, while an increase in shear damage units (indicated as number 1) is observed, leading to a tensile-shear failure mode in the specimen. Conversely, when α=β=60° and σ3 is 5 MPa and 15 MPa, the extension of shear damage units from the tip along the fracture direction towards the edge is evident, resulting in a predominant shear failure mode. Additionally, within these specimens, an increased presence of far-field cracks and more dispersed shear damage units is detected. 

4 Conclusions

It has been observed that the stress field patterns within single fracture rock exhibit significant variations under different fracture inclination angles and confining pressure conditions. Specifically, at a 30° fracture inclination angle under low confining pressure, stress concentration at the fracture tip leads to the nucleation of cracks and the subsequent formation of a tensile stress zone within a defined range. Conversely, at high confining pressure, the extent of tensile stress in proximity to the fracture tip is reduced. For fracture angles inclined at 60°, the imposition of low confining pressure results in the formation of tensile stress zones at both ends of the fracture, predominantly manifesting as primary shear cracks. At elevated confining pressures, a diminishing growth of tensile stress near the fracture is noted. 

Furthermore, distinct crack propagation behaviors and failure modes are discernible in single fracture rock, contingent upon the fracture inclination angle and confining pressure conditions. With a fracture inclination angle of 30ůnder low confining pressure, the specimen predominantly exhibits tensile-shear failure, characterized by a considerable presence of tensile-shear damage units near the fracture tip. At higher confining pressures, the specimen tends towards shear failure, marked by an increased prevalence of shear damage units near the crack. At a 60° fracture inclination angle, shear failure is observed, where shear damage units indicative of such failure extend along the fracture direction to the edge of the specimen. 

Data Availability

The data used to support the research findings are available from the corresponding author upon request. 
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Abstract: In rock masses, internal defects such as joints, faults, and fractures are pivotal in determining mechanical
behavior and structural integrity. This investigation, employing the discrete element numerical simulation technology
of GDEM, examines the mechanical attributes of single-fractured sandstone under standard triaxial compression.
The study focuses on how fracture inclination angle and confining pressure affect crack propagation within the rock.
It is observed that an increase in both fracture inclination angle and confining pressure correlates with a reduction in
the tensile stress growth rate near the fracture, indicative of inhibited crack propagation. A notable transition in the
failure mode of the sandstone samples is identified, shifting from tensile-shear to predominantly shear failure. This
shift is more pronounced under varying confining pressures: Low confining pressure conditions show a prevalence
of tensile-shear damage units in proximity to the fracture, while high confining pressure leads to a dominance of
shear damage units. These findings contribute to a deeper understanding of fracture mechanics in rock materials and
have significant implications for geological and engineering applications where rock stability is

ritical.
Keywords: Fractured rock mass; GDEM computational method; Crack propagation; Failure mode

1 Introduction

In the realm of major engineering projects, such as mining, transportation, and energy, rock masses form
the fundamental construction environment. These masses, shaped by extensive geological tectonic activities, are
characterized by a variety of defects including cavities, joints, faults, and fractures [1-4]. The presence of these
defects, and fractures in particular, imparts significant heterogeneity, discontinuity, and anisotropy to the rock masses,
profoundly influencing their mechanical behavior [5-8].

Internationally, considerable research has been devoted to understanding the failure mechanisms within fractured
rock masses [9—11]. Yangetal. [12] investigated the impact of high-temperature conditions on the triaxial mechanical
failure behavior of sandstone with a solitary fracture. It was discovered that as temperature escalated, parameters
such as crack closure stress, nucleation stress, and damage threshold exhibited an initial increase followed by a
decrease. Liu et al. [13] conducted experimental studies on the mechanical properties of single-fractured sandstone
under triaxial extension, observing a transition in the failure stress of the samples from tensile to compressive as
confining pressure increased, alongside a shift in microscopic fracture mode from intergranular to transgranular
fracturing. In a study by Fujii and Ishijima [14], uniaxial compression tests on cement mortar with an inclined
fracture revealed that fracture initiation occurred at the tip, with the primary crack extension direction correlating
with the concentration of compressive stress at this point. Wu et al. [15] examined the behavior of pseudo-rock
materials containing filled twist fractures under uniaxial tensile failure and identified two distinct failure modes: tip
failure and non-tip failure.

Physical model experiments, serving as a direct means to investigate the mechanical properties and crack
propagation in fractured rock, are hampered by challenges such as elevated sample costs and lengthy durations. In
response, numerical simulation methods have gained prominence, offering the ability to perform multiple calculations
at reduced costs and to establish diverse boundary conditions, thus proving instrumental in examining the strength
failure processes in defective rock. Finite element methods, as utilized by Song et al. [16] and Yang et al. [17], have
been employed to analyze rock samples with fractures, unveiling a linear relationship between uniaxial compressive
strength and deformation modulus in fractured rock. However, the discontinuous nature of rock poses a challenge for
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