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Abstract: The geometry of the joint determines the mechanical properties of the rock mass and is one
of the key factors affecting the failure mode of surrounding rock masses. In this paper, a new rough
discrete fractures network (RDFN) characterization method based on the Fourier transform method
was proposed. The unified characterization of the complex geometric fracture network was achieved
by changing the different Fourier series values, which further improved the characterization method
of the RDFN model. A discrete element numerical calculation model of the complex RDFN model
was established by combining MATLAB with PFC code. Numerical simulation of the anisotropic
mechanical properties was performed for the RDFN model with a complex joint network. Based
on the results, the geometry of the joint network has a significant influence on the strength and
failure patterns of jointed rock masses. The failure modes of the opening are highly affected by the
orientation of the fracture sets. The existence of the rough fracture sets could influence the failure
area of different excavation situations. The study findings provide a new characterization method
for the RDFN model and a new characterization approach for stability analysis of complex jointed
rock masses.

Keywords: jointed rock mass; Fourier transformation; rough discrete fracture network; numerical
modelling; mechanical anisotropy

1. Introduction

The structural planes, which are randomly distributed in nature, are important fac-
tors dominating the mechanical properties of jointed rock masses. However, multiple
structural planes intersect each other and cut the complete rock mass into multiple parts,
ultimately affecting the mechanical properties and inducing significant anisotropy in the
rock mass [1–8]. To analyse the rock mechanics problems with different geometric forms of
complex joints and the spatial distribution of complex joints, related simulation studies on
the complex joint network model of jointed rock masses have been gradually carried out.
Among them, the widely used joint representation model was the discrete fracture network
(DFN) model, which provides research ideas and characterization models for the study of
the mechanical properties of jointed rock masses.

Many scholars have carried out several studies on mechanical behaviours using
the DFN model. Wang et al. [9] employed the DFN model to quantitatively analyse
the permeability tensor characteristics and the directional characteristics of rock mass
seepage under different geometric distributions of jointed rock masses. Wang et al. [10]
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used a randomly generated two-dimensional DFN model to simulate the heterogeneous
characteristics of fractured rock mass seepage. Ye et al. [11] proposed a mathematical
model of the discrete joint network unsaturated seepage problem based on the discrete
joint network model, whose proposed algorithm plays an important role in solving the
reliability of the rain infiltration problem of the fractured slope. In a fracture structure
characterization and mechanical characteristics research, Wang et al. [12] used the DFN
model to discuss the stability calculation of fractured rock masses based on the Voronoi
model, Baecher model, and Veneziano model, whose research results provided a new idea
for the stability evaluation of fractured rock masses. Further, the DFN model has been
widely used in fields, such as slopes [13] and tunnels [14].

The DFN model could also be used to estimate the block volume distribution using the
persistent discontinuities [15]. Kiuru et al. [16] discussed the DFN modelling method based
on drillholes and investigated the influence on the excavation damaged zone. Whether
in the two-dimensional or three-dimensional discrete joint network model, most of the
numerical simulation analysis and research on rock joints assume that the rock mass
structural plane is a plane, and the joint section is a straight line. However, the structural
surface of the rock mass is a rough surface with unevenness instead of a complete and
smooth surface in engineering practice, as shown in Figure 1. Further, the internal structural
surfaces of rock masses in different scales (e.g., fractures, bedding planes, joints, and folds)
have a certain degree of roughness.
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According to [17], the roughness of the joint surface will closely affect the propagation of 
the wave speed when studying the law of wave speed change. Mustaqim et al. [21] also 
revealed that the elastic wave velocity changes in rock samples with different joint rough-
ness under cyclic loading and unloading. These studies proved that the roughness of rock 
mass joints is real and has an important influence on the properties of rock masses. There-
fore, the roughness of the joint surface must be considered when studying rock mass. 

The joint roughness coefficient (JRC) was first proposed by [22] to express the rough-
ness of the joint. Subsequently, many scholars performed several assessments to quanti-
tatively evaluate the JRC value and the shape of the structural joint section. Ge et al. [23] 
evaluated the JRC method of JRC based on the fractal principle. Xie and Pariseau [24] 
developed a fractal estimation method for JRC. Zhao et al. [25] used a random function 
with normal distribution to construct the joint section shape. Zhao et al. [26] analysed and 
reconstructed the rock joint morphology based on the discrete Fourier transform princi-
ple. Owing to further research on JRC by many scholars, the rock mass shear test on the 
characteristics of the joint surface roughness has been conducted. Shen et al. [27], assumed 
that the rock mass structural surface had a regular tooth shape, conducted a shear test to 
explore the mechanical characteristics of the tooth structural surface, and established an 
empirical formula for evaluating the shear strength of the structural surface. Cui et al. [28] 
discussed the influence of normal stiffness, initial normal stress, and structural surface 
roughness on the shear mechanical properties of structural surfaces. Dang et al. [29] sim-

Figure 1. The roughness of natural discontinuities in fractured rock masses. (a) The micro fracture [17].
(b) Bedding planes [18]. (c) The step-path surface at the Aishihik River Landslide [19]. (d) The macro
fold [20].

According to [17], the roughness of the joint surface will closely affect the propagation
of the wave speed when studying the law of wave speed change. Mustaqim et al. [21]
also revealed that the elastic wave velocity changes in rock samples with different joint
roughness under cyclic loading and unloading. These studies proved that the roughness of
rock mass joints is real and has an important influence on the properties of rock masses.
Therefore, the roughness of the joint surface must be considered when studying rock mass.

The joint roughness coefficient (JRC) was first proposed by [22] to express the rough-
ness of the joint. Subsequently, many scholars performed several assessments to quanti-
tatively evaluate the JRC value and the shape of the structural joint section. Ge et al. [23]
evaluated the JRC method of JRC based on the fractal principle. Xie and Pariseau [24]
developed a fractal estimation method for JRC. Zhao et al. [25] used a random function
with normal distribution to construct the joint section shape. Zhao et al. [26] analysed and
reconstructed the rock joint morphology based on the discrete Fourier transform principle.
Owing to further research on JRC by many scholars, the rock mass shear test on the charac-
teristics of the joint surface roughness has been conducted. Shen et al. [27], assumed that
the rock mass structural surface had a regular tooth shape, conducted a shear test to explore
the mechanical characteristics of the tooth structural surface, and established an empirical
formula for evaluating the shear strength of the structural surface. Cui et al. [28] discussed
the influence of normal stiffness, initial normal stress, and structural surface roughness
on the shear mechanical properties of structural surfaces. Dang et al. [29] simulated and
studied the shear behaviour of rough basalt fracture under constant and dynamic normal
load conditions at different shear rates, and then proposed a new shear criterion to evaluate
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the shear behaviour of rough joints under this condition. The findings of these studies
revealed that the surface roughness of joints is the most important factor affecting the
mechanical properties of rock masses, such as strength and deformation. Moreover, based
on the surface roughness of joints, the mechanical properties of rock masses are closer to
those of natural rock masses. The above studies mainly focused on studying a single or
single group of regular rough rock mass joint models; however, the actual natural rock
mass joint network is more complicated, with joints possessing complex shapes such as
multiple sets of curves and broken lines. However, only relatively few studies have been
performed in this field. Wang et al. [30] proposed a rough discrete fracture network (RDFN)
model based on the roughness of the joint surface (Figure 2). Further, they constructed
a sine curve, a triangular polyline, and a fractal fracture network model for indoor tests
and numerical simulations based on three different geometric types of RDFN models and
modelling methods, ultimately enabling the construction of complex structural surface
networks of rock masses.
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distribution. (b) The linear DFN model. (c) The proposed RDFN model.

This study sought to further propose an RDFN characterization model based on the
Fourier transform principle, and also based on research of the rough discrete joint network
model, to ultimately achieve a unified characterization of complex geometric joints by
changing the Fourier transform series. Accordingly, a joint network RDFN model that
can characterize more complex geometric shapes can be established. The particle flow
discrete element method was used in this study to elucidate the Fourier-based RDFN
model and the complex geometric RDFN numerical model modelling. Moreover, this
study aimed to further present the anisotropic mechanical properties of the complex RDFN
model under biaxial compression and also to present the influence of the joint network
space transformation on the force chain distribution and mesoscopic failure to obtain the
anisotropic strength distribution characteristics of the jointed rock mass. The findings of this
study have important scientific significance for the refined and quantitative characterization
of structural surfaces of complex rock masses, which will provide a reasonable and reliable
mechanical model for the study of the mechanical properties of jointed rock masses.

2. Characterization of the Rough Discrete Network Model
2.1. RDFN Modelling

According to Wang et al. [30], the RDFN model considers both the spatial distribution
and the geometry of single joint trace, as shown in Figure 2. The DFN model is a discrete
fracture model that is based on probability statistical distribution functions and is combined
with random seeds and joint density to generate DFN entities that can be used to study
two-dimensional [31] or three-dimensional [32,33] rock mass joint models. The RDFN
model shown in Figure 2c is an extension of the DFN model (Figure 2b).

In this study, the MATLAB platform was employed to establish a two-dimensional
DFN model that contains three groups of linear joint models with different trace lengths
and certain densities. The steps employed to generate the RDFN models are shown in
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Figure 2a. The relevant geometric occurrence distribution information of joints is listed in
Table 1. The author proposed an RDFN model that uses a random fractal curve generated
by the Hurst exponent method to represent the natural morphology of the joint, and uses
the independent segmentation of the Hurst exponent [34] to study the influence mechanism
of complex joints based on the fractal method (Equation (1)).{

p(x) = WRxH−0.5, x > 0
p(x) = −WR|x|H−0.5, x < 0

(1)

where p(x) is the offset of each division point in the y-direction relative to the previous
division point, x is the distance between the division points, R is a normally distributed
random variable (the mean value is 0, the variance is 1), W is the parameter related to the
amplitude, and H is the Hurst index.

Table 1. The Fourier parameters of the five curves.

Serial Number Amplitude,
(Amax)/m

Frequency,
ω

Ascent Width,
d/m Fourier Series, n

#1 3 3 0.1 50
#2 4 2 0.1 50
#3 9 2 0.5 30
#4 2 3 0.5 50
#5 6 2 0.001 50

In this study, three groups of joint images were established based on the fractal
principle and the above three groups of linear DFN joint information. The parameter values
of the related model are as follows: Hurst index H, 0.65; JRC value, between 4 and 6; W,
0.0393. The joint model is displayed in Figure 2b, and the joint information is shown in
Table 2.

Table 2. Information of the joint network of varied jointed rock models.

Joint
Type Group

Linear
Density
(/m−1)

Dip (◦) Trace Length (m)
Amplitude (m) Frequency Series (n)

Type Mean Deviation Type Mean Variance

Straight
joints

#1 0.3
Evenly

dis-
tributed

0 15 Evenly
distributed 3 2 - - -

#2 0.25 Evenly
distributed 45 15 Evenly

distributed 5 1 - - -

#3 0.25 Evenly
distributed 135 15 Evenly

distributed 2 1 - - -

Fractal
joints

#1 0.3 Evenly
distributed 0 15 Evenly

distributed 3 2 0.15 - -

#2 0.25 Evenly
distributed 45 15 Evenly

distributed 5 1 0.15 - -

#3 0.25 Evenly
distributed 135 15 Evenly

distributed 2 1 0.15 - -

Fourier
joints

#1 0.3 Evenly
distributed 0 15 Evenly

distributed 3 2 0.15 0.5 50

#2 0.25 Evenly
distributed 45 15 Evenly

distributed 5 1 0.15 0.75 10

#3 0.25 Evenly
distributed 135 15 Evenly

distributed 2 1 0.15 0.5 10

Mixed
joints

#1 0.3 Evenly
distributed 0 15 Evenly

distributed 3 2 0.15 - -

#2 0.25 Evenly
distributed 45 15 Evenly

distributed 5 1 0.15 0.75 10

#3 0.25 Evenly
distributed 135 15 Evenly

distributed 2 1 - - -
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2.2. RDFN Model Based on Fourier Transform

Wang et al. [30] proposed RDFN models and modelling methods based on three dif-
ferent geometric types, including curves, triangular polylines, and fractal fracture network
models. However, each RDFN model only enables the construction of a separate geometric
representation function. To unify the model representation method, several geometric joint
trace representation models based on the Fourier transform principle were proposed to
represent different geometric joint models. The Fourier expansion of multi-stage trape-
zoidal wave is selected as Equation (2). Figure 3 shows the trapezoidal wave geometry
corresponding to Equation (2)

f (x) =
4Amax

πωd

∞

∑
n=1

sin((2n− 1)ωd)

(2n− 1)2 sin((2n− 1)ωx), n = 1, 2, 3, . . . (2)

where T is the waveform period length, Amax is the amplitude height, d is the rising width,
which determines the width of the trapezoidal platform and the geometry of the Fourier
curve, ω determines the frequency of the curve, and n is the Fourier series of the curve.
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The joint trace that conforms with the actual shape can be obtained by changing the
above parameters. Table 1 shows the Fourier parameters of different curves and Figure 3
displays the established curve conditions. The trapezoidal wave shape can be changed by
modifying the trapezoidal wave d value. For example, the trapezoidal wave can evolve
into a triangular wave when the d value is modified to T/4 and a square wave when the
value of d is small. Figure 3 shows the trapezoidal waves under different parameters. The
unified joint RDFN modelling of complex geometric shapes, such as straight, triangular,
and rectangular steps can be obtained by modifying the Fourier series.

Appropriate parameters are selected to simulate the actual joint model based on the
above three sets of linear DFN joint information to establish three sets of Fourier joint
models with different trace lengths and a certain density on the MATLAB platform. There-
after, the RDFN joint models (as shown in Figure 4c) with crossing network characteristics
are generated based on the above steps to generate line joint sets in the DFN model. The
Fourier curve information is shown in Table 2. Following several on-site investigations, the
structural plane was not found to be a simple form of the same type. There are many differ-
ent forms of structural planes, such as straight lines, curves, or waving lines. Therefore, a
numerical joint model containing linear, fractal, and Fourier types based on the MATLAB
program was established to more accurately simulate real rock mass joints. The geometric
forms of each type of joint can be modified according to the actual joint distribution of the
site survey. For example, amplitude, frequency, trace length, and other parameters can be
appropriately modified and adjusted according to the actual distribution and fluctuations.
The mixed RDFN models are shown in Figure 4 and their related mixed joint information
is presented in Table 2.
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3. Rock Mass Model Based on Digital Image Recognition
3.1. Principle of Image Recognition and the Numerical Model

The image can provide information for the joint distribution of the jointed rock mass
and a basis for its modelling. Based on the image of the RDFN model generated using MAT-
LAB code, digital image recognition technology can be applied to generate the numerical
particle flow code (PFC) models via the following steps: firstly, the image is read into the
MATLAB program (as shown in Figure 5a); secondly, different types of pixels are classified
to obtain the spatial distribution coordinates of the bedrock model and joint model through
image pixel recognition. The data for bedrock and joint are shown in Table 3. Finally,
the joints and rock models are grouped and assigned values to enable the mechanical
modelling of the RDFN model based on the particle flow discrete element method, as
shown in Figure 5b.
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Table 3. PFC model particle information.

Type Total Number
of Units Rock Unit Joint Unit Ratio of Joint

Units

PFC model 22,500 19,477 3023 13.43%

3.2. Micro-Mechanical Parameters

Although the microscopic parameters required by the contact model in PFC are
different, the basic material geometric parameters include material density and particle
radius. The mechanical parameters of the element are the normal and tangential stiffness
(the contact stiffness is related to this). Owing to the two-dimensional particle flow (PFC2D),
the mechanical properties of the PFC particle model are closer to the mechanical response
of real materials by changing the micro-mechanical parameters of the particle unit. In
this study, the micro-mechanical parameters of the model were determined based on the
reference of relevant studies by Wang et al. [35], as shown in Table 4.

Table 4. Micro-mechanical parameters of the particle model.

Type Micro-Parameters Numerical Value

Particle properties

Ratio of particles,
Rmax/Rmin 1.7

Particle density (kg/m3) 2700
Static elastic modulus between particles (Pa) 6.0e9

Particle method/Tangential stiffness ratio 0.45
Coefficient of friction 0.7

Parallel connection
properties

Modulus of elasticity (GPa) 5.4
Normal/Tangential stiffness ratio 0.45

Normal strength/Standard deviation (MPa) 4.5/0.6
Shear strength/Standard deviation (MPa) 5.0/0.7

Parallel bond radius multiplier 1.0

3.3. Numerical Analysis of the Anisotropic Mechanical Properties

Anisotropic mechanical behaviours of jointed rock mass are key influencers for the
deformation and failure of rock engineering, and have been paid attention in recent
years [36–40]. RDFN models with different rotation angles and the same size were es-
tablished to evaluate the anisotropy of rough-jointed rock mass under biaxial compression.
Firstly, a square area rock mass with a fixed pixel size was selected based on the fixed centre
point of the original model. Thereafter, the selected regional rock mass was rotated to seven
different angles (θ = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦), with interception at the same size to
establish the models (as shown in Figures 6 and 7). According to the specimens, we could
examine the spatial variation of deformation and strength of the jointed rocks. Finally, the
digital images compiled by MATLAB converted these models into PFC models (as shown
in Figure 8) for the compression test to study the differences in mechanical properties
between models in different directions. The information of the intact rock elements and
joint elements is listed in Table 5. As is shown in Figure 6, the wall elements, which could
provide numerical boundary conditions around the joint model in the PFC code, are set
up to monitor both the stress and displacement. The confining pressure is monitored by
controlling the servo pressure in both the x and y directions, whose value was initially set
as 1 MPa. According to the preload, the confining pressure is first applied to the particle
model. The preload is controlled by changing the magnitude of the servo stress in the
x-direction and y-direction. Thereafter, the servo in the y-axis direction is set to turn off
while the servo in the x-axis direction is turned on and the y-axis direction is constantly
being loaded.
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Table 5. PFC model particle information.

Angle Total Number
of Elements Rock Elements Joint Elements Ratio of Joint

0◦ 10,000 7005 2995 29.95%
30◦ 10,000 7284 2716 27.16%
60◦ 10,000 7146 2854 28.54%
90◦ 10,000 6976 3024 30.24%

120◦ 10,000 7071 2929 29.29%
150◦ 10,000 7124 2876 71.24%
180◦ 10,000 6892 3108 68.92%

The following monitoring is carried out during loading: (1) the change in the distance
between the walls is used as the benchmark for compression displacement to monitor the
change in the distance between the upper and lower walls. According to the displacement
obtained by the distance change, the instantaneous strain of the rock mass in the biaxial
compression test was calculated based on the displacement obtained from the distance
change. Thereafter, the detailed information file of the stress and strain change for each
step is exported. (2) The reaction forces on the upper and lower walls are monitored and
the average value of the reaction forces is used as the instantaneous normal stress of biaxial
compression. (3) The distribution of the connection bonds between particles is monitored
to study the mesoscopic failure mechanism of jointed rock masses.
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4. Numerical Results

To study the anisotropy of fractured rock mass, the mixed model was rotated to
different angles (θ = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦), and the same size (100 m × 100 m)
was intercepted in the same area. Thereafter, the mixed models in different directions were
converted into the PFC code for the biaxial compression test. The damage mechanism and
stress–strain of the compression test of the models in different directions were monitored
during the test. From the perspective of the failure mode of the rock mass (as shown in
Figure 9), most of the failure of the rock mass is caused by extension along the tip of the
existing joints until crack formation. When the direction of the RDFN model is 30◦, the
failure of the rock mass is mainly caused by the expansion and extension of linear joints
until fissure formation. Although fractal joints and Fourier-type joints play a role in the
destruction of the rock mass, no through joints are formed. Therefore, these joints have little
effect on the damage of the rock mass. For RDFN models in other directions, the failure
development mode of the rock mass is too complicated to distinguish the dominant joints
that cause the failure of the rock mass. The different failure modes of the RDFN model
in different directions indicate that the fractured rock mass has anisotropic mechanical
characteristics.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 15 
 

ure 10a. The different shapes of the stress–strain curves in different directions further re-
flect the anisotropic mechanical properties of the fractured rock mass. Figure 9a,b show 
that the distribution of force chains and bond failure is significantly different due to the 
different distribution of joints during compression in different directions. According to 
Figure 10b, the peak compressive strengths from 0° to 180° are 17.77 MPa, 32.04 MPa, 24.51 
MPa, 17.58 MPa, 13.94 MPa, 20.93 MPa, and 19.81 MPa, respectively, and the degree of 
anisotropy (the ratio of maximum to minimum) is approximately 2.30. Among them, the 
stress peak intensity of the RDFN model in the 30° direction is the largest, of which the 
stress distribution is relatively uniform, and the stress concentration area is fewer. Further, 
its stress–strain curve is closer to the shape of the stress–strain curve of the complete rock 
mass. These findings indicate that although the distribution of joints in the 30° direction 
RDFN model is as complicated as that of others, the degree of cutting by the joints is not 
high and no through cracks are formed, thereby indicating that its mechanical properties, 
such as strength and deformation, are closer to that of a complete rock mass. Therefore, 
the peak compressive strength of fractured rock mass in the 30° direction is higher than 
that in other directions. Further, the failure development mode, stress distribution, and 
stress–strain curve of fractured rock mass in different directions reflect the anisotropy of 
fractured rock mass. 

 
(a)

 
 

(b) 

Figure 9. Anisotropic properties of complex RDFN models. (a) The contact force chain distribution 
characteristics. (b) The failure modes of rock masses. 

  
(a) (b) 

Figure 10. Anisotropic properties of the jointed rock mass. (a) The Stress–strain curves in different 
directions. (b) The peak compressive strength in different directions (unit: MPa). 

0.00E+00

5.00E+07

1.00E+08

1.50E+08

2.00E+08

2.50E+08

3.00E+08

3.50E+08

0
.1
2E

-0
2

.9
8E

-0
2

.8
4E

-0
2

.7
0E

-0
2

.5
6E

-0
2

.4
1E

-0
2

.2
7E

-0
2

.1
3E

-0
2

.9
9E

-0
2

.8
4E

-0
2

.7
0E

-0
2

.5
6E

-0
2

.4
1E

-0
2

.2
7E

-0
2

.1
2E

-0
2

.7
9E

-0
3

.3
4E

-0
3

.8
9E

-0
3

.4
4E

-0
3

.9
9E

-0
3

.5
4E

-0
3

.0
8E

-0
3

0°

30°

60°

90°

120°

150°

180°

0               0.5 1.0             1.5                2.0               2.5              3.0                3.5
应变 (10-2)

35

30

25

20

15

10

5

0

应
力

(M
Pa

)

Strain (10-2)

St
re

ss
 (M

Pa
)

0

5

10

15

20

25

30

35
0°

30°

60°

90°120°

150°

180°

Figure 9. Anisotropic properties of complex RDFN models. (a) The contact force chain distribution
characteristics. (b) The failure modes of rock masses.

By observing the stress–strain curves in Figure 10a, the shape curves of fractured rock
mass in different directions are identified to differ. Moreover, the stress–strain curve of
fractured rock mass has multiple peaks that differ from the intact rocks. According to the
author, multiple peaks will exist in the stress–strain curve of fractured rock mass, such
as 0◦ and 60◦, which may be due to the complex distribution of structural planes of the
actual fractured rock mass. In the process of compression, after the fractured rock mass
bears certain external force conditions, some areas in the rock mass will first produce a
small damage phenomenon in which some rock blocks slip along the mechanism. When
the rock mass on both sides of these joints starts to move in a staggered manner, the
stress–strain curve will have a small peak. When the rock blocks around multiple joints
produce such dislocation phenomena, the stress–strain curve has multiple peaks, as shown
in Figure 10a. The different shapes of the stress–strain curves in different directions further
reflect the anisotropic mechanical properties of the fractured rock mass. Figure 9a,b show
that the distribution of force chains and bond failure is significantly different due to the
different distribution of joints during compression in different directions. According to
Figure 10b, the peak compressive strengths from 0◦ to 180◦ are 17.77 MPa, 32.04 MPa, 24.51
MPa, 17.58 MPa, 13.94 MPa, 20.93 MPa, and 19.81 MPa, respectively, and the degree of
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anisotropy (the ratio of maximum to minimum) is approximately 2.30. Among them, the
stress peak intensity of the RDFN model in the 30◦ direction is the largest, of which the
stress distribution is relatively uniform, and the stress concentration area is fewer. Further,
its stress–strain curve is closer to the shape of the stress–strain curve of the complete rock
mass. These findings indicate that although the distribution of joints in the 30◦ direction
RDFN model is as complicated as that of others, the degree of cutting by the joints is not
high and no through cracks are formed, thereby indicating that its mechanical properties,
such as strength and deformation, are closer to that of a complete rock mass. Therefore,
the peak compressive strength of fractured rock mass in the 30◦ direction is higher than
that in other directions. Further, the failure development mode, stress distribution, and
stress–strain curve of fractured rock mass in different directions reflect the anisotropy of
fractured rock mass.
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Figure 10. Anisotropic properties of the jointed rock mass. (a) The Stress–strain curves in different
directions. (b) The peak compressive strength in different directions (unit: MPa).

5. Discussion

The anisotropic properties of the RDFN models have been discussed. It has been
accepted that the fracture patterns of underground openings are greatly influenced by the
distribution of the structure planes. Figure 11 shows the anisotropic failure patterns of
the RDFN model after excavation. In this test, vertical load is applied on top and bottom
boundaries, with a confining pressure of 1.0 MPa. The failure modes of the opening are
highly affected by the orientation of the fracture sets. Meanwhile, certain joint sets will
dominate the failure of the surrounding rock mass. Take the loading direction of 30◦ for
example, roof failure is the principal failure type. However, rib spalling occurs when the
loading direction comes to 90◦.

The failure patterns are affected by both the stresses conditions and the excavation
types for the jointed rock masses [41,42]. Figure 12 shows the failure patterns of surrounding
rocks of the RDFN model with rectangular and circular opening. According to Figure 12a,
the failure area is relatively smaller than the circular opening (Figure 12b). A larger
convergence area could be obtained in the circular opening model due to the effect of the
fracture sets. Similar fracture patterns observed around openings with structural planes
are shown in Figure 13. According to the comparison, the influence of the distribution
and geometry should be taken into account when assessing the failure modes and area of
underground openings. The proposed RDFN model could provide a new reasonable model
for the simulation of jointed rock mass, especially when estimating the failure patterns of
surrounding rock mass of underground openings.
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6. Conclusions

In this study, the jointed rock mass of the surrounding rock of the roadway was em-
ployed as the research object. The digital image of the RDFN model of various geometric
forms was established in the MATLAB platform by considering the random distribution
characteristics and roughness characteristics of the joint structural surface. By employing
the principle of image recognition, numerical modelling of the real joint geometric distribu-
tion of rock mass on the two-dimensional particle flow code, PFC2D, was achieved. Finally,
biaxial compression tests and excavation of different RDFN models were carried out to
study the anisotropic mechanical characteristics of RDFN models. The main conclusions
drawn are as follows:

(1) A rough discrete joint network model representation method based on the Fourier
transform principle was proposed and combined with digital image recognition technology
to establish a particle flow discrete element numerical calculation model, which provides a
new mathematical representation method and mechanical calculation model for the study
of the mechanical properties of jointed rock masses.

(2) The geometric shape of joints is an important factor affecting the final failure mode
of rock mass, and the failure modes differ with different joint shapes. The compression
failure mode of rough-jointed rock mass is more complex than that of intact rock mass,
which may possess multiple shear slip surfaces. Therefore, the stress–strain curve will
change and multiple peaks will appear. The strength and failure development modes of
fractured rock mass in different directions also differ, and the discrete joint network model
considering the geometric shape of complex joints can effectively analyse the mechanical
properties of rock mass with complex natural structural planes.

(3) The loading anisotropy of the complex RDFN model is significant. In different load-
ing directions from 0◦ to 180◦, the peak compressive strengths are 17.77 MPa, 32.04 MPa,
24.51 MPa, 17.58 MPa, 13.94 MPa, 20.93 MPa, and 19.81 MPa, respectively. Further, the
anisotropy is 2.30 and the maximum direction is 30◦. The peak compressive strength of
joint models in different directions is significantly different, and the failure modes of the
jointed rock masses in different loading directions is significantly affected by the geometric
distribution of the structural planes.

(4) The failure modes of the opening are highly affected by the orientation of the
fracture sets. Meanwhile, certain joint sets will dominate the failure of the surrounding rock
mass. The existence of the rough fracture sets could influence the failure area of different
excavation situations. The influence of the distribution and geometry should be taken
into account when assessing the failure modes and area of underground openings. The
proposed RDFN model could provide a new reasonable model for estimating the failure
modes of jointed rock mass.
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