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Abstract Geostress environment and fracture distribution both exert important influences on the mechanical properties and failure 

modes of fissured rock masses. Laboratory test results are presented here to simulate particle flow code (PFC) in externally 

double-fissured sandstone samples. Mechanical responses of confining pressure and rock bridge angle on stress-strain curves as well 

as mesoscale damage and fracture propagation in these samples were studied in order to elucidate energy dissipation mechanisms. The 

results of this analysis show that fissured sandstone peak strength and elastic modulus as well as peak axial and lateral strain increase 

significantly as rock bridge angle decreases while peak strength increases slightly in concert with confining pressure. Rock bridge 

angle exerts an important influence on macro fracturing patterns; when β = 0°, wing cracks from two pre-existing external fissures 

propagate in opposite directions, but when β = 60°, the inner tips of two external fissures become directly connected. The evolution of 

specimen fracturing passes through four main stages, elastic compression deformation, stable crack development, unstable crack 

development, and post-peak accelerated crack development. Internal contact forces reach maximum values at the peak stress point, 

while cracks are mainly tensile and shear examples are mostly distributed at orientations between 80° and 100°. Shear cracks are 

mainly generated along the direction of main stress, σ1, while pre-peak dissipated energy is small, and increases rapidly at the 
post-peak. As rock bridge angle decreases, peak strain and boundary energies both increase significantly. Data show that energy and 

rock bridge angle are approximately linearly positively correlated. 
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1 Introduction 

Natural rocks usually contain abundant joint fissures which exert an important influence on mechanical behavior 
(Fig. 1). A substantial body of engineering research has shown that rock instability is often caused by the expansion 
and penetration of internal fractures. These often result in a new shear sliding surface and eventually a 
macro-fracture, which leads to rock mass instability of rock mass (Tang et al. 2020; Yang et al. 2020). In 
underground engineering, for example, accidents like roof caving and pillar instability are common because of 
fracture expansion. Research on the mechanical properties of fissured rock masses has therefore always been an 
important component of rock mechanics internationally. In a geological engineering context, fracture distributions 
and the in-situ stress environment of rock masses exert substantial influences on mechanical behavior. Surrounding 
rock can be more prone to failure and instability in a roadway experiencing high stress or affected by mining, for 
example. Studying the evolution of fissured rock damage under different confining pressures is therefore of 
considerable significance to reveal the mechanisms of fracture propagation and transfixion. 

Researchers around the world have performed numerous effective studies on the damage mechanics and 
behavior of fissured rocks. Particle flow code (PFC) has been used, for example, to study the mechanical properties 
of rock specimens with single fractures in order to understand their influence on tensile strength and crack growth 

(Yang et al. 2014; Huang et al. 2013; Tian et al. 2017). Pan et al. (Pan et al. 2019; Zhou et al. 2013; Wang et al. 



 

 

2018) studied the macro-mechanical behavior of sandstones containing more than two fractures and analyzed 
sample crack propagation and failure modes under uniaxial and triaxial compression. In order to quantitatively 
describe the damage evolution of fissured rock masses, these workers constructed a nonlinear behavior and damage 
model (Kucewicz et al. 2020; Li et al. 2019; Silva et al. 2020; Baranowski et al. 2020). The deformability and 
strength of three-dimensional (3D) fractured rock masses were measured in this study using numerical methods 
(Mahnaz et al. 2018; Ju et al. 2018). Similarly, Mu et al. (Mu et al. 2015; Liu et al. 2019; Mardalizad et al. 2019; 

Qiu et al. 2019) performed numerical acoustic emission and energy dissipation simulations for sandstones in order 
to elucidate the law of acoustic emission with dissipated energy. Park et al. (Park et al. 2010; Lee et al. 2011; Ha et 

al. 2015; Cheng et al. 2019) described the damage and failure characteristics of materially similar rocks with 
pre-existing cracks and compared the factors controlling crack growth in specimens that had open and closed flaws. 
Ghadirian et al. (Ghadirian et al. 2019; Sangsefidi et al. 2020) also carried out a fracture analysis of rock specimens 
weakened by U-shaped notches. This previous research has mainly focused on the mechanical behavior of 
specimens with existing internal fissures; limited work to date has been carried out on damage and energy 
dissipation of sandstones with external fissures under different confining pressures and rock bridge angles. 

A series of PFC numerical simulations are used in this study to assess the stress, strain, strength, and other 
macro-mechanical characteristics of externally double-fissured sandstone under different confining pressures and 
rock bridge angles. This research aims to reveal micro-mechanical response characteristics and energy dissipation 
mechanism. 

2 Numerical model and micro-parameter calibration 

2.1 Model construction 

A PFC numerical model with a height × diameter of 140 mm × 70 mm was established based on the roof sandstone 
in Shihu Mine, Shanxi Province, China. The parallel bond model was used for contacts between particles; a total of 
42,081 particles were generated in this model, including 87,793 contacts. The minimum particle radius was 0.26 
mm and the ratio of particle radius was 1.5. 

The model loading process was controlled by displacement in this analysis. This means that upper and lower 
walls as plates were loaded at a constant rate of 0.02 mm/s until a specimen was damaged. As part of the loading 
process, the model automatically records stress-strain, micro-crack number, and crack growth state. The evolution 
of strain, dissipated, and other energies in the model were recorded in real time using a built-in energy variable. 

The distribution of pre-existing fissures is shown in Fig. 2. Rock bridge length in this analysis was denoted as 
l = 40 mm, the width of pre-existing fissures ① and ② was 1.4 mm, and the inclination angle of fissures was  
α= 45°. This means that A and B mark the ends of fissure ①, while C and D mark the ends of fissure ②. The 
effects of different rock bridge angle, β, and confining pressure, σ3, on rock mechanical properties and energy 
dissipation mechanism were then studied. 

2.2 Micro-parameter calibration 

The macro-mechanical behavior of a specimen in this model is determined by micro-parameters such as parallel 
bond modulus, the linear contact modulus of particles, stiffness ratio, and tangential and normal bonding strength. 
It is clear that different micro-mechanical parameters will lead to different macroscopic mechanical characteristics 
such as elastic modulus and peak strength. Thus, in order to remain consistent regarding macro-behaviors such as 
the stress-strain curves obtained from laboratory tests, it is necessary to calibrate PFC meso-parameters so that 
simulation results reflect real rock mechanical behaviors. Rock specimens were therefore processed in the 
laboratory test inside a cylinder with a diameter of 50 mm and a height of 100 mm so that non-parallelism of the 
two ends was less than 0.05 mm. Rock specimens were tested using an RMT-150 rock tester under triaxial 



 

 

compression (σ3 = 5MPa) and with a loading rate consistent with PFC simulations based on macro-mechanical 
parameters. Micro-parameters were calibrated as follows: 

1) Adjusting the contact and parallel bond moduli enabled the elastic modulus to be obtained, similar to 
experimental results; 

2) Fixing the linear contact and parallel bond moduli meant that the appropriate Poisson’s ratio value was 
obtained by adjusting stiffness ratio; 

3) Adjusting normal and the tangential bond strengths enabled the reasonable compression tensile strength 
ratio to be obtained; 

4) Keeping the ratio between normal and tangential bond strengths unchanged, reasonable tensile and 
compressive strengths were obtained by multiplying a coefficient; 

5) On the basis of laboratory test macro-mechanical parameters, micro-mechanical parameters finely adjusted 
(Table 1). 

Laboratory test results and numerical simulations (Fig. 3 and Fig. 4) reveal that the PFC approach better 
reflects the mechanical properties of sandstone. Thus, on the basis of calibrated micro-mechanical parameters, a 
PFC simulation was performed for externally fissured sandstone under different confining pressures. 

3 Macro-mechanical behavior 

3.1 Stress-strain curve analysis 

Graphs in Fig. 5 are stress-strain curves for sandstone specimens with external double-fissures. These curves show 
that: 

(1) As rock bridge angle increases, the peak strength and elastic modulus of externally double fissured 
specimens obviously decrease. At the same time, axial and lateral peak strain values also significantly decrease, 
with the latter smaller than the former. 

(2) At the same rock bridge angle, the peak value of deviatoric stress, σ1 -σ3, and axial strain both decrease as 
confining pressure increases, although peak stress, σ1, increases in concert with this pressure. Confining pressure 
has little effect on pre-peak elastic modulus. 

(3) There is a short period of stress increase in the post-peak stage, after which stress decreases to a certain 
extent. This indicates that specimens have some residual strength with crack growth and that rearrangement is 
possible in the post-peak stage. 

3.2 Peak strength analysis 

The data in Fig. 6 show the relationships between peak strength, σ1, rock bridge angle, and confining pressure. Data 
in Table 2 are peak strength, axial, lateral, and volume strain values as well as the elastic modulus for externally 
fissured sandstones under different rock bridge angle when σ3 = 10 MPa. These results imply that: 

(1) Given the same rock bridge angle, as confining pressure increases, the peak strength of externally fissured 
sandstone also increases significantly. Indeed, when the confining pressure increases from 5 MPa to 25 MPa at β = 
30°, peak strength increases from 55.3 MPa to 64.5 MPa. This result shows that confining pressure can 
significantly improve the compressive strength of fissured sandstone. 

(2) Given the same confining pressure, rock bridge angle exerts a marked influence on both peak strength and 
peak axial strain values. Thus, when σ3 = 10 MPa, as rock bridge angle increases, peak strength and peak axial 
strain as well as lateral and volume strain and elastic modulus all gradually decrease. 

3.3 Macro-fracturing patterns 

The data presented in Fig. 7 shows final fracturing patterns for specimens with different rock bridge angles under 



 

 

variable confining pressures (i.e., 5 MPa, 15 MPa, and 25 MPa). 
Results show that at low confining pressure (σ3 = 5 MPa) when β = 0°, external double -fissures ① and ② 

initiated wing cracks 1 and 2 in opposite directions, respectively, and gradually extended to form a macro-failure 
surface before penetrating the specimen. In contrast, when β = 30°, the propagation direction of wing cracks 3 and 
4 was the same as in the β = 0° case, but obvious macroscopic crack 5 formed between the inner tips of external 
fissures. This meant that fissures ① and ② did not directly connect with one another. As rock bridge angle 
increased further (β = 45°), the two wings cracks 6 and 7 expanded upward and finally converged. In later 
experiments, when β = 60° and β = 90°, the inner tip of the two external fissures directly connected with one 
another, and macroscopic cracks 8 and 9 were generated along the lines of fissure tips A and C. These cracks finally 
fractured the specimen. 

At high confining pressures, specimen macro- fracturing patterns given different rock bridge angles were 
similar to those seen at low confining pressures. As a high confining pressure can significantly improve specimen 
peak strength, cracks formed significantly more often than in samples at low confining pressure (σ3 = 5 MPa). 
Indeed, data show that when σ3 = 15 MPa and β = 30°, fissure ② still generated wing crack 10 in a downward 
direct, but macroscopic crack 11 eventually penetrated the specimen. In cases where σ3 = 25 MPa and β = 0°, 
pre-existing fissures ① and ② were filled, resulting in a more developed macro-fracturing zone due to serious 
post-peak breaking. However, when β=30°, wing crack 12 produced by fissure ② no longer propagated downward 
under low confining pressure, but propagated upward and merged with wing crack 13 that had been produced by 
fissure ①. 

4 The evolution of mesoscale damage 

Macro-fractures in specimens are mainly caused by the development and transfixion of cracks during compression. 
This means that PFC can be used to monitor fracture development processes as well as the distribution of particle 
contact force in real time to reveal damage processes at the microscopic level. 

The parallel bond model was used for energy calculations and to simulate mechanical behavior in 
particle-to-particle contact. Particle-to-particle contact forces were calculated as follows (Fig. 8): 

l d

c

c

F F F F

M M

 = + +


=
                             (1), and; 

l l l

n c s

n c s

n̂

n̂

F F F

F F F

 = − +


= − +
                                 (2). 

In these expression, Fc denotes the linear contact force, Fl is the linear contact force, F is the parallel-bond 

force, Fd is the damping force, and M  is the parallel bond moment. 

Thus, taking β = 30° and σ3 = 10 MPa as one example, the crack growth process and contact force field were 
traced and analyzed. The relationship between deviator stress and micro-crack number with axial strain are shown 
in Fig. 9, while the evolution of micro-cracks and the contact force distribution are shown in Fig. 10. These data 
show that damage evolution in fissured sandstones at the mesoscale can be subdivided into four stages. 

(1) Stage I of elastic compression deformation. Prior to point A, a specimen is in an elastic compression state 
and no obvious crack is forming internally. The contact force is evenly distributed, but concentrated at pre-existing 
fissure tips. The maximum contact force of the specimen at point A is 125 kN, and rock mechanical properties at 
this stage are basically reversible. 



 

 

(2) Stage II of stable crack growth. Once loaded to point A, the inner tip of the pre-existing fissure reaches 
crack initiation stress and a wing crack begins to propagate. As loading is continuous, more and more new cracks 
appear; at this stage, the specimen begins to ‘soften’ at point A. Increase in inelastic volume strain is mainly due to 
the acceleration of micro-crack growth caused by deviator stress and internal contact forces continue to increase. 

(3) Stage III of unstable crack growth. At point B, the specimen yields and contact force reaches 285 kN. 
Speed of crack growth is accelerated, and the number of these features begins to mutation. Point C denotes the 
peak-stress point, and contact force also reaches the maximum value for the whole loading process, 332 kN. 

(4) Stage IV of post-peak accelerated crack growth. The process subsequent point C is the post-peak stage. At 
this stage, a large number of internal cracks are produced, forming a macro-crack band and completely penetrating 
the specimen. As the rock sample is now destroyed, particle contact force gradually decreases. The contact force 
concentration area then evolves from the inner tip of the fissure to the middle of the specimen, distributed along the 
direction of principal stress, σ1. Maximum contact force at failure point E is 201 kN when specimen finally breaks. 

Internal crack and contact force of the specimen change markedly during the loading process, reflecting 
micro-crack growth and particle contact force evolution. Although a crack comprises both tension and shear 
component, the former is dominant. This implies that contact failure is mainly tensile. 

The data presented in Fig. 11 show micro-crack directional distribution after final specimen failure (point E). 
Data show that tension cracks are obviously more abundant than their shear counterparts at all angles. Indeed, the 
distribution of shear crack occurs mostly at directions between 80° and 100° which indicates that these mainly 
occur along the direction of principal stress, σ1. 

5 The mechanism of energy evolution 

5.1 Energy calculation 

Throughout the loading process, upper and lower loading plates as well as left and right walls work on the 
specimen. One component of the energy that causes rock internal damage, plastic deformation, and crack expansion 
is irreversible dissipated energy, while the other, strain energy, is stored in the rock. This means that, from an 
energy perspective, specimen damage and fracturing is the result of energy accumulation and the transformation of 
internal strain and dissipated energies. Thus, assuming that there is no heat exchange outside the system, all work 
done is converted into dissipated and strain energy (Peng et al. 2014; Deng et al. 2016; Zhao et al. 2013), as 
follows: 

e dU U U= +                                    (3). 

In this expression, U is boundary energy, Ue is strain energy, and Ud is dissipated energy. In a PFC model, 
boundary energy is the total work done by the upper and lower loading plates as well as the left and right walls. 
Dissipated energy is composed of particle slip, damping, and kinetic energies; the strain energy is composed of 

strain energy, Ek, and bond strain energy, 
kE , as follows: 

e k kU E E= +                                   (4); 
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In these expressions, l

nF  and l

sF  denote normal and tangential particle contact forces, respectively, while kn and 
ks are normal and tangential particle contact stiffness values, respectively. Normal and tangential parallel-bond 
forces are therefore nF and sF , while normal and tangential parallel bond stiffness are nk  and sk , respectively. 
Parameters tM and bM denote the parallel bond torque and bending moment, respectively. The parallel bond 
cross-sectional area is A , J denotes the polar moment of inertia of a parallel bonded section, and I is the moment 
of inertia. 

This energy principle enabled evolution of the fissured sandstone to be analyzed. Energy dissipation 
characteristics under different confining pressures and rock bridge angles were revealed. 

5.2 Energy evolution 

Applying the fish command in PFC, internal energy evolution of the model was tracked and analyzed so that 
internal dissipated and strain energies could be monitored in real time. The data in Fig. 12 are plotted as an energy 
evolution curve obtained during the loading process when β = 30° and σ3 = 10 MPa. Energy evolution can be 
divided into three stages: 

 (1) Stage I, non-dissipated energy. Prior to point A, no obvious cracks were presented in the specimen which 
means that boundary energy is all transformed into strain energy. The growth rate of strain energy gradually 
increases because of specimen pore compaction. 

(2) Stage II, slow dissipated energy development. At the point when fissure tip stress reaches initiation stress 
(point A), an internal crack begins to form and expand as surrounding particles slide slowly. Frictional and 
dissipated energies in the model start to increase; growth rate remains slow, however, while strain and boundary 
energies still grow rapidly. 

(3) Stage III, dissipated energy accelerated development. Loading to peak-stress point C means that internal 
strain energy reaches its highest value. Subsequent to this post-peak stage, strain energy stored in the specimen is 
released rapidly and converted into dissipated energy, used for the generation and expansion of cracks. Data show 
that slip and dissipated energies of particles in the model also increase exponentially. 

Through the whole compression process, kinetic energy in the model changes the least. It is the case that in the 
post-peak stage, growth rate increased and the proportion of kinetic to total energy remained small. Data show that 
particle motion remained relatively smooth throughout the compression process and that internal dynamic 
equilibrium was achieved. The evolution of slip and dissipated energies were basically the same; frictional sliding 
comprised one of the main ways for internal energy to be dissipated. 

The data in Fig. 13 also show that the law of energy and crack evolution remains very similar under different 
confining pressures and rock bridge angles. There is a positive correlation between dissipated energy and the 
number of cracks; a large number are produced in the post-peak stage and dissipated energy rises sharply, which 
indicates that an increase in this energy is mainly due to crack propagation and penetration. At the same confining 
pressure, peak strain, dissipated, and boundary energies all decrease as rock bridge angle increase. Given the same 
rock bridge angle, a larger confining pressure means larger peak strain, dissipated, and boundary energy values. 

5.3 The influence of confining pressure and rock bridge angle on energy evolution 

The data in Fig. 14 reveal the relationship between peak strain and boundary energies versus confining pressure 
under different rock bridge angles. These data show that as confining pressure increases, so does the peak strain 
energy of specimens with different rock bridge angles even though this range of change remains small. At the same 
confining pressure, the larger the angle of a rock bridge is, the smaller the peak strain energy will also be, which 
indicates that the angle of bridge plays a key role in externally fissured specimen energy evolution. 
The data presented in Fig. 15 show the fitting curve of the relationship between strain and boundary energies with 
rock bridge angle at the specimen peak stress point when σ3 = 10 MPa. Thus, as rock bridge angle decreases, strain 



 

 

and boundary energies increase gradually under the same confining pressure. This indicates that the smaller a rock 
bridge angle is, the greater the energy required for failure will be, and the greater the stored strain energy. Thus, 
energy and rock bridge angle are approximately linearly and positively correlated with one another. Goodness of fit 
is good in this case and the determinable coefficient R2 falls very close to 1. A regression line can be used to reflect 
the internal relationship between energy characteristics and rock bridge angle. 

6 Conclusions 

This work studies the effects of confining pressure and rock bridge angle on the macro and micro mechanical 
properties, internal damage and crack growth of fissured rock masses, and clarifies the energy evolution mechanism 
in the process of rock damage. This provides the theoretical basis for the failure and instability of underground 
fissured rock engineering. A number of conclusions result from this research: 
(1) At the same confining pressure, as rock bridge angle decreases, the peak strength and elastic modulus of an 

externally fissured sandstone both increase significantly, alongside peak axial and lateral strain values. Indeed, 
at the same rock bridge angle, data show that confining pressure has little effect on elastic modulus, but an 
increase in confining pressure can improve specimen peak strength. 

(2) Rock bridge angle exerts an important influence on specimen macro-fracturing patterns. Thus, when rock bridge 
angle is small, wing cracks generated by two external fissures expand in opposite directions and the inner tips 
of this fissure do not directly connect. As rock bridge angle increases, the direction of wing crack propagation 
changes markedly, connecting the inner tips of these fissures. A change in confining pressure also leads to 
changes in crack propagation direction and the number of these features also obviously increases at pressures. 

(3) Crack evolution passes through four stages, elastic compression deformation, stable crack growth, unstable 
crack growth, and post-peak accelerated crack growth. The internal contact force at the peak-stress point 
reaches a maximum value and cracks are mainly tensile, which indicates that particle contacts are mainly 
tensile failure. The distribution of shear cracks is mostly in directions between 80° and 100°, which indicates 
that these features mainly occur along the direction of principal stress, σ1. 

(4) Throughout the loading process, energy evolution can be divided into three stages, non-dissipated, slow 
dissipated development, and accelerated dissipated development. As confining pressure increases, energy 
increase remains small, but peak strain and boundary energy increase significantly with a decrease in rock 
bridge angle. This means that energy and rock bridge angle are approximately linearly positively correlated. 
Pre-peak dissipated energy remains small. Thus, from the peak stress point to final specimen failure, dissipated 
energy increases rapidly. 
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Figures

Figure 1

Fissured pillars and roadway roof �ssures

Figure 2

Numerical sandstone model containing external double-�ssures



Figure 3

Stress curve for the laboratory test and PFC simulation under triaxial compression

Figure 4

Macro-fracturing patterns recovered for the laboratory test and PFC simulation under triaxial compression



Figure 5

Stress-strain curve for externally double-�ssured sandstone



Figure 6

Peak strength values for externally �ssured sandstone



Figure 7

Final fracturing patterns seen in externally �ssured sandstone samples

Figure 8

Parallel bonded contact mechanics model



Figure 9

The evolution of deviator stress and micro-cracks with axial strain

Figure 10

The evolution of micro-cracks and particle contact force distribution



Figure 11

Micro-crack distribution



Figure 12

Energy evolution curve for an externally �ssured sandstone

Figure 13

Energy and crack evolution in an externally �ssured sandstone



Figure 14

The relationship between peak boundary energy and con�ning pressure

Figure 15

The relationship between peak energy and rock bridge angle in an externally �ssured sandstone when σ3
= 10 MPa


