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ABSTRACT

When the geological environment of rock masses is disturbed, numerous non-persisting open joints can appear
within it. It is crucial to investigate the effect of open joints on the mechanical properties of rock mass. However, it
has been challenging to generate realistic open joints in traditional experimental tests and numerical simulations.
This paper presents a novel solution to solve the problem. By utilizing the stochastic distribution of joints and
an enhanced-fractal interpolation system (IFS) method, rough curves with any orientation can be generated.
The Douglas-Peucker algorithm is then applied to simplify these curves by removing unnecessary points while
preserving their fundamental shape. Subsequently, open joints are created by connecting points that move to
both sides of rough curves based on the aperture distribution. Mesh modeling is performed to construct the final
mesh model. Finally, the RB-DEM method is applied to transform the mesh model into a discrete element model
containing geometric information about these open joints. Furthermore, this study explores the impacts of rough
open joint orientation, aperture, and number on rock fracture mechanics. This method provides a realistic and
effective approach for modeling and simulating these non-persisting open joints.
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1 Introduction

Rock masses, as natural geological formations, contain numerous non-persistent rough closed
joints, which result in their mechanical properties being very complicated [1]. When human activities
are carried out, such as the excavation of foundation pits that can disrupt the initial stress state of
surrounding rock, closed joints could be transformed to open joints [2], as illustrated in Figs. la—Ic.
This can further weaken the pressure-bearing capacity of the rock mass. However, the influence on the
surrounding rock is unavoidable due to engineering needs. Hence, investigating these open joints on
the mechanical behavior of rock masses also holds great significance.

This work is licensed under a Creative Commons Attribution 4.0 International License,
@ @ which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.
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The current research on jointed rock is divided into two main types, containing physical and
simulation experiments. In physical experiments, it is further classified into tests on natural rocks
and artificial samples. In-situ survey experiments can get natural rock mass from the drill, where
key data such as the orientation, size, and geometry of joints are obtained [3—5]. However, obtaining
an undisturbed rock mass is exceedingly difficult, as drilling inevitably disturbs joints within the
surrounding rock, leading to changes in the collected data [6]. The preparation of rock-like samples
with pre-existing open flaws (the term ‘flaw’ denotes an artificial joint) has gained great popularity and
has been conducted by multiple scholars. Cao et al. prepared and tested brittle materials containing
two pre-existing open joints [7]. Chen et al. analyzed the deformation behavior of jointed rock masses
for gypsum specimens experimentally [8]. In uniaxial compression, Lee et al. examined the coalescence
of fractures on jointed specimens with different orientations [9]. Yang et al. studied the strength failure
and crack coalescence behavior of sandstone containing 3 pre-existing open joints [10].

Figure 1: Failure of rock mass caused by pre-existing joints: (a) and (b) tensile fractures in potash salt
rock [11]; (c) coalescence of open joints [12]; (d) two open joints in rock-like materials [7]

According to these experimental tests, new cracks can be divided into two types based on the
failure mode: wing cracks and secondary cracks [7]. Wing cracks, also known as primary cracks, result
from the tension that originates from the tips of pre-existing flaws and propagates in the direction of
maximum compressive stress [| 3]. On the other hand, secondary cracks are shear cracks that exhibit
a surface characterized by pulverized material and a very rough texture with crushed material [14].
Although some findings were achieved through the study of artificial samples, they often contain
only a few open joints, as shown in Fig. 1d. The stochastic distribution of joints is very complex,
such as Poisson-, Gaussian- and lognormal distribution [15]. It is challenging to prepare rock mass
samples containing complex distributed flaws [16]. Furthermore, the experimental results are highly
dependent on the sample preparation process as well as the boundary loading conditions. Even minor
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changes in the contact conditions between specimens and the loading plate can lead to different failure
modes [17].

With the remarkable advancement in computer performance, several numerical methods were
developed to simulate the effect of open joints on the mechanical behavior of rock masses. These
methods can be mainly classified into two categories: continuous and discontinuous methods. The
former includes the finite element method (FEM) and finite difference method (FDM) [18,19]. Due
to the discontinuity of rock masses, discontinuous methods are more advantageous than the other one,
which has become a powerful tool for studying these rock masses. Discontinuous methods include the
discontinuity deformation analysis (DDA) [20] and the discrete element method (DEM) [21]. Due to
the unique advantage of being able to represent the displacement, rotation, and motion of all discrete
elements, the DEM has become a popular tool for analyzing rock behavior [22]. Under uniaxial
compressive loading, Zhang et al. analyzed crack initiation and propagation [23]. Cao et al. simulated
the failure behavior of a multi-joint specimen using the PFC2D, which is a DEM software [24]. Based
on the numerical direct shear test, Sarfarazi et al. investigated the impact of joint overlap on the failure
process [25]. Nonetheless, two-dimensional (2D) DEM numerical simulations still have two severe
disadvantages. First, open flaws are usually treated as planar joints with a constant aperture, which
cannot represent real open joints. The second drawback is that the basic discrete element is often
represented by disk-shaped particles (the ball) with many micro-voids between them, and it is almost
impossible to accurately show the geometric features of rough joints.

In response to the first defect, some scholars suggested that the jointed rock has a fractal structure
[26]. The fractal interpolation system (IFS) [27] can be used to generate rough closed joints based on
polylines with low orientation, such as Yang et al. who constructed a finite element mesh containing a
single fractal joint [28]. However, as for planar lines, or polylines with high inclination, IFS still fail to
handle them. In addition, there is no certain method to generate relatively realistic rough surfaces for
open joints. Regarding the second problem, the situation has recently improved with the introduction
of the Rigid Block Discrete Element Method (RB-DEM) proposed by Meng et al. [29]. In RB-DEM,
the rigid block (rblock) is selected as the basic discrete element and each one is converted from a
finite element mesh, providing a more realistic representation than traditional ball-based discrete
elements.

With this in mind, a new solution is proposed in this paper to generate discrete element models
with realistic non-persisting open joints. Based on the stochastic distribution of joints and an enhanced
IFS method that can deal with planar lines and polylines with any orientations, rough curves can be
generated. Then, the Douglas-Peucker algorithm [30] is used for the simplification of these curves
while maintaining its fundamental shape to delete some unnecessary points that can lead to some
distorted mesh elements. Next, points on the rough curve except for the two ends, are moved to both
sides according to the joint aperture distribution law. These points are connected with the start and
end points to form an open joint, followed by mesh modeling software to build the finite mesh model.
Finally, the finite element model with geometric features of these joints is constructed, and use the RB-
DEM to convert the model to a discrete element model. The mechanical parameters obtained based
on the pairwise algorithm [31] are used to analyze the effect of open joints on crack development. In
addition, the effects of orientation, aperture, and density of rough joints on the fracture behavior of
rock mass are also discussed. This work presents a more realistic and efficient tool for the modeling
and simulation of non-persisting open joints.
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2 Method
2.1 Generation of Initial Planar Joints
2.1.1 Stochastic Distribution of Joints

It is limited to the use of artificial specimens containing only a single set of joints to predict the
mechanical behavior of rock mass containing numerous random joints. In recent years, numerical
modeling of rock masses with stochastically distributed no-persistent joints has been popular among
scholars and discrete fracture network (DFN) is an effective tool [32-35]. Geometrical parameters of
a set of joints include position, aperture, length, and orientation. In this study, the spatial distribution
of joints is set as a relatively random distribution by controlling the minimum distance (d,,;,) between
them. Hu et al. found that the length of joints obeys the lognormal distribution [36] and its probability
density function is used for this paper, as shown in Eq. (1):

—(Inx] —;11)2
e 2(712

N 2mo X,

where x, is the length and o, is deviation, and the mean length of joints is e*! 712 Some studies indicated
that the aperture distributions of a single joint were similar to the Gaussian distribution [37]. Therefore,
the aperture distribution is set as the Gaussian distribution, and its probability density function is
shown in Eq. (2):

P(x) = (1)
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where X, is the aperture width, i, and o, are the mean value and standard deviation of the aperture
width. As for the orientation of joints, this work also specifies a Gaussian distribution for it, which is
consistent with the work conducted by Vaziri et al. [15].

P(x) = (2)

2.1.2 Planar Joints Placement

To generate joints of varying lengths and positions, besides the above statistical distribution, the
following two judgment conditions are also needed to be satisfied. Firstly, after setting the boundary of
the rock mass model, a point is selected randomly inside the model, which is taken as the midpoint of
the single joint. The start and end points of the joint are determined based on the length and orientation
distribution pattern. Verify whether the start and end points are beyond the boundary and if so, move
it until the start and end points are within the model, as shown in Fig. 2a. Subsequently, compute the
distance (Ad,) between this joint and others already placed, and if Ad, is smaller than d,,;,, continue to
move it until Ad; meets the requirements, as presented in Fig. 2b. This process is repeated for generating
new joints until the desired number of joints is achieved. In contrast to the conventional method of
directly cutting off segments beyond the boundaries, this approach provides a more reliable assurance
that the fracture length distribution pattern remains unaffected.

2.2 Enhanced Fractal Interpolation System
2.2.1 Polyline Generation and Orientation Rotation
With the application of IFS in a geological context by Mandelbrot [3§], the approach has gained

the recognition of many scholars. However, it is unable to interpolate planar lines. In addition, when
the orientation of polylines is large (over 70°), obtained interpolation curves are distorted. Especially



CMES, 2024, vol.139, no.1 341

when the orientation of the polyline is 90°, it fails completely. To obtain the fractal curves, the initial
planar line segment should first be converted into a polyline and turn its orientation to 0°. The process
is divided into four parts, as shown in Fig. 3.

[ Joint 1 -Joimz CJoint3 [N Joint 4

j/ X45¥a)
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Figure 2: Illustration of initial planar joints generation and movement: (a) generation; (b) movement

Figure 3: Polyline generation and orientation rotation

(1) Based on the stochastic distribution of discrete fractures, generate a single planar joint with a
random orientation. At two quadrant points of the line segment, set two intervals with a size of 20%
of the length of the line segment and then randomly select a point within each interval.

(2) Move one point in the direction perpendicular to the line segment on the randomly selected
side, and the other point follows the opposite direction. The distance that points moved is specified at
0.05-0.1 of the length of the planar line.

(3) The moving points and the start and end points of the line segment are connected in sequence,
leading to a polyline.

(4) Converting the orientation of this polyline to 0°, the rotation equation is as follows:

X | _ [ X% cosP —sinp| | (x; —x)
|:n-:|_|: |:|+|:SinB cosP :||:(Vf—y|)] 3)
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where (x;, y;) and (x,;, y,;) are points of the polyline with initial orientation (8) and the corresponding
rotated polyline with an orientation of 0°.

2.2.2 Fractal Interpolation System

IFS is a data interpolation method based on the principle of self-similarity, which iteratively refines
the local structure to produce continuous smooth curves or surfaces [28]. The points of the polyline
are {(x,)x,y, € R}, andx, <x, <... <X, <... < x,, < Xx,, where x; and y, represent the x-
and y- coordmates of Point j. For Point k (x; < x; < x;;,) generated based on IFS, (x,, y,) satisfies the
following equation, in which W, is the affine transformation.

=)=l ]+ 7] @

where g;, ¢;, ¢;, and f; are variables of the iteration with their respective formulas shown below:

@ = (X1 — )/ (X, — X1) (%)
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As seen from Eq. (5), if the curve is a straight line with only the start and end points, so x,,, = x,

and x; = x, resultlng ina; = 1, ¢, = 0. At the moment, x, = a; * x; + ¢, = x,, which cannot satisfy
X; < X, < X;;,, causing the interpolation to fail. Therefore, this paper first converts the planar line
into a polyline. From Egs. (6) and (8), the value of x, — x, converges to 0 when the orientation of the
polyline approaches 90°, which will cause ¢; and f; tend to be infinitely and make IFS fail. This is the
reason why the orientation is converted to 0° before the IFS process.

d; 1s the vertical scaling factor of the transformation W), which is often set as a constant. It has
a great influence on the fractural results and needs to be noted that |d]| cannot be greater than 1,
otherwise, the IFS will not converge. The polyline with interpolation points [(0,0), (1,1), (2, —1), (3,
0)] is iterated based on IFS with different d;, and the corresponding results are shown in Fig. 4a. The
fluctuation degree of the curve increases w1th the growth of d.. When d, is 0.1, The luctuation degree
is small and the generated fractal curve does differ little from the orlglnal curve. While d, is 0.45 or
0.75, the corresponding curve is very distorted. After several tests, when d, is taken between 0.2 and
0.3, and the fluctuation degree is more reasonable, so 0.25 is chosen in this paper.

The curve after iteration can also continue to process with IF S to make it smoother. Fig. 4b shows
the results of 4 times processing of the polyline in Section 2.2.2. The polyline processed once by IFS
retains a certain level of curvature, whereas two or more iterations produce smoother results. However,
with each further iteration, the number of points increases substantially. For instance, the polyline
processed twice consists of 82 points, whereas one processed four times already contains 730 points.
As shown in Fig. 4b, the smoothness of the above two fractal curves does not vary significantly, but
the increased points will consume the memory and performance of the computer more. Therefore,
in this paper, the fractal curves are only processed 2 times with IFS to balance the smoothness and
computation time.
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Figure 4: Fractal process with different d; and times: (a) different d;; (b) the time processed by IFS

2.2.3 Rough Joints Smoothing

On the fractal curve, some points could be very close to each other, which will lead to numerous
distorted mesh elements in the subsequent modeling process and affect the simulation results con-
sequently. To address this, the Douglas-Peucker algorithm [30] can be applied to simplify the curve,
which approach is mainly used to reduce the size of graphical and image data while preserving its
fundamental shape. Its principle is to keep generating polylines to reproduce the original curve as
much as possible until the distance from the point on the original curve to the polyline is less than a
set threshold. The specific processes are as follows:

(1) Initial fractal curve points are entered into the algorithm, as depicted in Fig. 5a.

(2) The simplification parameter, the maximum allowable error value (T), is specified. Select the
start and end points of the fractal curve as the start and end points of the simplified planar line, as
shown in Fig. 5b.

(3) The point furthest from the planar line between these two points is then selected as the
inflection point, and the curve is divided into two parts, as illustrated in Fig. 5c.

(4) This process is recursively applied to these two parts until the distance of all remaining points
on the fractal curve to the corresponding straight line is less than T, as demonstrated in Figs. 5d—5f.

Through this process, relatively simplified curves can be obtained, making them more suitable for
modeling. By testing multiple fractal curves, setting the value of T to 0.1% of the length of the fractal
curve can reduce the number of points almost 60% without changing its basic shape.

2.2.4 Numerical Modeling of Non-Prsisting Rough Open Joints

After the curves that have been simplified by the Douglas-Poker algorithm, the formation of rough
open joints through them still follows the next steps.

(1) Each individual point on the rough curve is independently displaced by the same distance in
two directions that are perpendicular to the line connecting the start and end points, excluding the
start and end points themselves. The mean displacement distance for all points is represented by u,/2,
with a corresponding standard deviation of o, /2. By setting the moving direction to be perpendicular
to the line connecting the start and end points, the resulting curve shape aligns more effectively with
the characteristics of natural open fractures, as shown in the Fig. 1a. Given that the aperture width
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of open joints is twice the displacement distance, this approach ensures that the curve aperture width
follows a Gaussian distribution accurately.

(2) All the points on the rough curve, except for the start and end points, are deleted, and the
remaining ones are connected to form a closed loop. At this moment, the open joint has been formed.

(3) Its initial orientation S is recovered by the following equation:

X X cosp  sinP || (X — X))
o R e | e 2
where (x,, y1,) and (x;, y;) are points of the simplified curve with an orientation of 0° and the final
curve with the initial orientation B, respectively.

(4) Finally, the outer part of the open joints is meshed while preserving its geometry, and the whole
process is shown in Fig. 6.

End point

Start point Y P o

(a) ()

Max'distance

© ®

Figure 5: Process of Fractal curves smoothing: (a) initial curve; (b) select start and end point; (c) first
polyline segment; (d) and (e) second and third polyline segment. (f) the final curve

2.3 Rigid Block Discrete Element Method

In recent years, DEM has been widely applied by scholars to simulate the failure process of rock
mass with joints. In terms of crack initiation and propagation, the numerical results by PFC2D are
in good agreement with the experimental results, and this software has been widely accepted [23-25].
Whereas, in traditional 2D DEM simulations, the ball is often selected as the basic discrete element,
leading to numerous micro-voids between them, which is inconsistent with reality, as shown in Fig. 7a.
Compared to the former, RB-DEM has significant advantages. In this method, each rblock is created
from the finite element mesh without micro-voids. Additionally, as displayed in Fig. 7b, by specifying
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the shape and edge length interval of mesh elements, regular rblocks can be obtained, which eliminates
the influence of complex shapes of rblocks on numerical simulations.

Open joint

Rough curve

Apeature '\

B width
w

Mesh modeling

i _# Distance

Ball based-DEM
Local enlarge Yo

"ff%}e

W
Rigid block
—

RB-DEM

.(b)

Figure 7: Two types of discrete elements: (a) ball; (b) rblock

In DEM, where discrete elements touch each other, contacts will be generated that can transfer
forces and moments between them. For the open joint in the ball element model, balls are all circular
and cannot clearly describe the boundary between open joints and the rock mass. For instance, as
shown in Fig. 8a, it is a ball-composed model containing 9 planar open joints. The width distribution
of open joints is greatly affected by the geometric defect of balls, which cannot be kept consistent.
This also affects the distribution of contacts around open joints. When the model contains rough open
joints with smaller widths, defects become even more pronounced. In this work, contacts also generate
in the place where rblocks touch with each other. As there are no rblocks in the interior of open joints,
contacts cannot appear, as illustrated in Fig. 8b. Compared with the ball, rblocks can clearly describe
the boundary of joints and the rock mass. So, no matter how complex the shape of open joints is, these
contacts are not affected, which is the significant advantage of rblocks. Considering the intricate and
little size of meshes surrounding open joints, this work selects a mesh size range of 0.5 to 5 mm. This
ensures that the fractures remain minimally influenced, while also avoiding excessive mesh that could
hinder computational efficiency.
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Figure 8: Rock masses with different joint types: (a) planar open joints; (b) rough open joints

2.4 Framework of Numerical Modeling and Simulation
The general process of numerical modeling and simulation of non-persisting rough open joints
can be simplified into three main parts:

(1) Rough curves can be generated by using a combination of DFN stochastic distribution and
the enhanced IFS method that can handle planar lines and polylines of any orientation. The Douglas-
Peucker algorithm is then applied to simplify them while preserving the basic shape. Next, open joints
are generated and a finite element mesh model is constructed using modeling software. Finally, the
finite element model with geometric features of these joints is converted to a discrete element model
based on the RB-DEM technique.

(2) Select the appropriate contact model as well as the corresponding non-relevant micromechan-
ical parameters, and employs the Pairwise algorithm [31] to get these parameter values based on the
stress-strain curve from the experimental data.

(3) Analyze the impact of orientation, aperture, and number variation of non-persisting joints on
the mechanical behavior of rock mass. Based on these discussions, some conclusions and inferences,
are given, and the defects that exist in this work are also analyzed.

All the specific implementation steps are shown in Fig. 9.

3 Result
3.1 Selection of the Contact Model

The commonly used contact models for simulating rock-like materials are the linear parallel bond
(PB) contact model [39] and the flat-joint contact (FJ) model [40,41]. When using the discrete element
as a ball, the PB model establishes contact at the overlapping region of balls. In contrast, the FJ
model can create interlocked contacts between them, which is better suited for accurately simulating
the microstructure of angular, interlocked grains resembling marble. However, the discrete elements
utilized are rblocks in this study, each associated with a transformed mesh. The mesh itself possesses a
prismatic shape, either quadrilateral or triangular, reducing the need to create contact with a locking
foot to simulate rock-like materials. Additionally, the PB model has demonstrated its applicability
in RB-DEM. For instance, Meng et al. employed the PB model to replicate the damage behavior of
concrete [29], while Ding et al. utilized it to investigate the mechanical characteristics of high-volume
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bimrocks [42]. Therefore, the PB model is chosen to simulate the mechanical behavior of rock masses
containing non-persisting rough open joints.
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Figure 9: Flow chart for numerical modeling and simulation of non-persisting rough joints

The PB model consists of two contact interfaces: an unbonded interface and a bonded interface.
The two interfaces are shown in Fig. 10 with their respective parameters. Effective modulus of the
unbonded interface and the bonded interface are represented by E* and E, respectively. K* and K
are the normal and shear stiffness ratios of the two contact interfaces. Since the elastic modulus and
the normal-shear stiffness ratio of rock components do remain unchanged before and after cracking,
so thiswork lets E' = E*and K = K*. These four parameters mainly affect the slope of the pre-stress-
strain curve. o, is the maximum tensile stress that the bonded interface can bear. The cohesive stress ¢
influences the shear-bearing capacity of contacts. These two parameters have a great influence on the
peak stress of the model. Given that the compressive capacity of rocks generally surpasses their tensile
capacity, the ratio between the two is typically less than 1. To strike a balance, many researchers often
select a ratio within the range of 0.2 to 0.8. In this study, the value of 0.5, which lies at the midpoint of
this range, is chosen [43]. The micro internal friction angle ¢ affects the shear force sustained by the
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contact. The parameter u represents the ratio of the normal force to the frictional force and also has
an influence on the peak stress, although its effect is relatively small. It mainly affects the curvature of
the later stress-strain curve.

bonded
Group Symbol Parameters -
g, J— o k. {cd
E Effective modulus k M .
) k k ]
Linear group K Normal stiffness/ Shear stiffness {k” Ik)

u Friction coefficient Bond load (F and M) M
linear elastic & bonded.
E Parallel bond effective modulus g v
unbonded (linear model)
K Parallel bondn ormal stiffness/ shear stiffness l
Parallel-bond (kJ k) g, k. u

group a; Parallel bond tensile strength k T
& Parallel bond cohesion
¢ Friction angle Linear force (F")

linear elastic (no tension) and frictional.

Figure 10: Two contact interfaces of the linear parallel bond model

3.2 Parameter Calibration

The calibration principle adopted in this study involves determining the values of E,E and K,
K* to ensure a good fit between the elastic stage of the stress-strain curve and the experimental data.
Subsequently, the parameters @,, ¢, and ¢ are determined to match the peak stresses. Finally, the
parameter u is adjusted to achieve the best possible alignment between the stress-strain depression
curves and the experimental data. Most scholars adopted the trial and error method, namely, human
continuous adjustment, which is very inefficient. To overcome this drawback, the Pairwise algorithm
[31] is used in this paper. This algorithm is highly efficient within a set of independent variables and is
particularly advantageous as the number of variables increases. It is especially suitable for our purposes
since the selected microparameters of the PB model do not interact with one another.

To ensure the correctness of parameters, the stress-strain curve of the rock mass specimen
including 9 open joints with the orientation of 90° [44] are used as the standard for calibration. Then
obtained these parameter values are also adopted for the specimen with open joints of 30° to examine
the difference between the experimental and simulated data. The geometric information of the two
samplesis shownin Fig. 11a. The stress-strain curves from Fig. 11b demonstrate that when the uniaxial
compressive strength (UCS) and the corresponding strain (Strain of UCS) are the same for both rock
samples, the corresponding values for the sample with 30° joints (in Fig. 11c) are 10.78 MPa and
0.171%, and 9.98 MPa and 0.175%, respectively. The variation of UCS is 7.42% and the strain of
UCS is 2.33%, which confirms the accuracy of the calibrated parameters. Table | displays the resulting
parameter values.

3.3 Stress-Strain Curve and Crack Evolution under Uniaxial Compression

To analyze the effect of open joints on crack development under uniaxial compression, the model
with an equal open joint number are created, following the same specifications as the above experiment.
The spatial location obeys relative random distribution. Set ¢*1*1> to 12 mm and o, to 2 mm to ensure
that their lengths obey the lognormal distribution. For the aperture distribution of every single open
joint, u, is set to 5% of its length, which is consistent with the above experiment (open joints with a
length of 12 mm and a thickness of 0.6 mm). o, is 0.4 x u, to guarantee that the aperture width follows
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a normal distribution. All joints are oriented at an angle of 60°. In addition, for comparison, the intact
model (without joints in its interior) is also generated to test its UCS.
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Figure 11: The geometry and stress-strain curves of two rock mass specimens: (a) the geometric
information of rock mass specimens and joints; (b) stress-strain curves of the specimen of 90° joints;
(c) stress-strain curves of the specimen of 30° joints

Table 1: Micromechanical parameters of the linear parallel bond model

Effective Kratio K*  Friction Parallel Parallel Parallel Parallel Friction

modulus £* (0-1) coefficient bond llgnd kratio bond tensile bond angle ¢
(GPa) u (0-1) effective _ K (0-1) strength o, cohesionc¢ (°)
modulus £ (MPa) (MPa)
(GPa)
8.4 x 107 1.0 1.2x 102 84x10> 1.0 55x 100 1.1 x10* 20

The stress-strain curve is a significant tool to study the mechanical properties of geological
materials, from which the crack initiation stress (o,;), UCS, and Strain of UCS can be achieved. As
illustrated in Fig. 12, the two stress-strain curves exhibit distinct behavior. The stress-strain curve of
the intact model can be divided into two segments, the pre-peak phase, and the post-peak phase. It
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stands in the elastic state at the first phase and the crash state at the other one. Conversely, the latter
can be split into three stages, including the linear elastic stage (Stage I), nonlinear stage (Stage II),
and post-peak stage (Stage III). During Stage I, the jointed model is in the elastic phase with open
joints remaining unexpanded until the end of this stage. At the beginning of Stage II, new cracks
appear, causing the curve to exhibit fluctuating characteristics, and o,; attaches a value of 7.61 MPa.
In contrast, the intact model did not have a significant o,;. As the strain further increase, cracks of the
jointed model keep expanding, and the stress attains the peak value, resulting in a UCS of 12.64 MPa
with a corresponding Strain of UCS value of 0.259%. These values are lower than those of the intact
model, which recorded values of 22.53 MPa and 0.358%, respectively. At this point, the two models
contact force distribution is shown in Fig. 13a. Open joints change the contact force distribution and
smaller contact forces around open joints. The phenomenon is more evident in Fig. 13b, where the
distribution of the axial stress (stress-yy) decreases at open joints. This reduction causes the sample
with open joints to have lower strength than the other model.

24
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¥,

Stage 11
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Figure 12: Stress-strain curves of two rock mass specimens

During Stage III, the cracks within the jointed model continue to expand until they coalesce.
At a strain of 0.45%, Fig. 13c indicates that new cracks coalesce off all joints with a higher number.
Furthermore, cracks are more distorted in the model with open joints, indicating that the joint has
a significant effect on crack development. The contact failure pattern shown in Fig. 13d reveals that
a large number of damaged contacts are concentrated at both ends of cracks and are dominated by
tensile failure. This is consistent with the effect of planar open joints on rock mass in uniaxial loading.

4 Discussion

4.1 Effect of Different Orientations

Previous experiments and simulations proved that the orientation of joints has a great influence
on the strength and fracture development of rock-like or brittle materials [45]. However, only a few
joints are often generated experimentally, and the real geometry of the joints cannot be reproduced in
numerical simulations. Based on the technique in this paper, rock mass models including 27 rough open
joints are generated in this work, respectively, with average orientations ranging from 0° to 90° at 15°
intervals and a standard deviation of 2°. The statistical distribution pattern of the joints is maintained
as in Section 3.2, with the exception that u, of each open joint aperture is set at 2% (instead of 5%) of
the length of each joint, making them have smaller apertures.
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Figure 13: Comparison of rock mass specimens: (a) contact force distribution; (b) stress-yy distribu-
tion; (c¢) the model displacement; (d) failure pattern of contacts

Fig. 14a presents stress-strain curves for models containing 27 open joints with different average
orientations, demonstrating that all have three phases, but exhibit significant differences. Firstly, as the
orientation increases, o.; becomes insignificant, particularly when reaching up to 90°. Furthermore,
when the model enters the post-peak phase, there is an observable increase in the magnitude of
the decrease as the orientation becomes higher. The UCS values displayed in Fig. 14b illustrate a
significant rise with increasing orientation, ranging from 5.72 to 13.16 MPa, predominantly when the
orientation exceeds 60°. Conversely, the Strain of UCS values in Fig. 14b do not indicate any regularity
with changes in orientation.

Fig. 15 shows the displacement distribution after the damage of these models. The crack distri-

bution varies more between models with open joints at different orientations, which means that the
orientation of joints can have a significant impact on the development of new cracks. Mostly new
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cracks are perpendicular to the loading direction. When the orientation is lower, cracks are relatively
more tortuous, which also causes the corresponding stress-strain curves to be relatively more prone
to fluctuations. Additionally, excluding the model of B = 0°, the number of new cracks in all models
exceeds that in the intact model. The joints not only impact the strength of the model but also exert
significant influence on the development and distribution of cracks within it.
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Figure 14: Effect of joint orientations on models: (a) stress-strain curves; (b) variation of UCS as well
as the corresponding strain
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4.2 Effect of Aperture Width

To investigate the impact of aperture width on rock mass strength, simulations are conducted on
specimens with 27 joints with average orientations of 0°, 30°, 60°, and 90°, and a standard deviation
of 2°, using uniaxial loading. The study tests five ratios of mean aperture size to the length of each
joint at 2%, 4%, 6%, and 8% denoted by u, = 0%, 2%, 4%, and 6%, hence a total of 16 models are
examined. As depicted in Fig. 16a, with the rising ratios, all UCS values exhibit decreasing magnitude.
In the model with open joints of 0°, UCS displays the most dramatic decline, from 5.72 to 3.45 MPa,
reflecting a drop of 39.68%. Conversely, in models with joint orientations of 30°, 60°, and 90°, the
UCS decreased by 34.01%, 18.62%, and 16.86%, respectively. The drop in UCS gradually lessens as the
joint orientation increases. Furthermore, the decreasing trend of UCS slows down as the aperture size
increases at the same orientation. At different ratios of the mean aperture width to the length of each
joint, the variation of UCS with the orientation change is shown in Fig. 16b. UCS keeps decreasing
with the increased ratio of aperture size/joint length. However, UCS increases with the rise of joint
orientation at the same aperture ratio, which conclusion is consistent with Section 4.1. An increase in
aperture width does not alter the UCS trend of open joints with the increased joint orientation.

14 16

Ratio of aperture size/joint length 1 Different orientations

0 o o |

_

L]

L

6_

Uniaxial compression strength (MPa)
Uniaxial compression strength (MPa)

0° 30° 60° 90° 2% 4% 6% 8%
Different orientations Ratio of aperture size/joint length

(@) (®)

Figure 16: The UCS values of models containing joints with different aperture widths and orientations:
(a) different orientations; (b) different ratios of aperture width/joint length

Fig. 17 shows the stress-yy distribution for all models when the compressive stress reaches UCS,
ranging from 0 to —10 MPa, where —10 MPa indicates compressive stress, and the red region indicates
the compressive stress that has either reached or exceeded 10 MPa. The model with joints having
an aperture size to joint size ratio of 2% and an orientation of 90° gets the highest UCS due to the
largest red area. At an orientation of 0°, the red region experiences a drastic decline and is virtually
absent throughout the model as the aperture ratio increases to 8%, which is the primary reason for its
largest drop in UCS. In contrast, the red area at other orientations decreases, but the trend slows down
significantly as the joint orientation increases, explaining why the drop in UCS gradually decreases as
joint orientation increases. Additionally, at the same aperture ratio, the red region enlarges with the
increase of orientation, mainly when the aperture ratio is 8%. It can be predicted that the UCS is more
sensitive to joint orientation than its aperture ratio.
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Figure 17: Stress-yy of open joints with different aperture widths and orientations

4.3 Effect of the Joint Number
Numerous prior experiments have analyzed the impact of joint density on the mechanical
characteristics of rocks [16,36]. To examine its effect, samples containing various numbers of joints
were created, including 9, 18, 27, 36, and 45. The length of joints is established at 12 mm (e’”*"l2 2 =
12 mm), while the ratio of the average aperture width to the length size of each joint is fixed at 2% (u,
= 2%). The joint density can be calculated by the following equation:
et 5 N,

D, = y (10)

where &, and 4 refer to the joint number and the area of the i-index specimen, respectively. As a result,
the joint densities of the five samples are 0.84%, 1.68%, 2.53%, 3.38%, and 4.22%, respectively. Five
of the above models are generated at average orientations of 15°, 45°, and 75°, respectively, for a total
of 15 models.

The UCS of the corresponding models is shown in Fig. 18, which exhibits a significant decrease
with increasing joint density across all three angles. Specifically, the 15° model experiences a decrease
in strength from 9.32 to 5.15 MPa, the 45° model from 10.51 to 5.95 MPa, and the 75° model from
20.01 to 10.73 MPa, resulting in an average reduction rate of 44.98%. The distribution of contact force
is taken for all models when the compressive stress reaches UCS, as shown in Fig. 19. The force interval
is set between 0 to 15 kN. Where the red contact represents its force has already reached or exceeded
15 kN. There is no contact generation at these joints, resulting in the disruption of force transmission
and limiting the capacity of the surrounding contact load-bearing capacity. Especially when the joint
density reaches 4.22% (the joint number is 45), a considerable amount of red contact disappears. At
this moment, it is easier to observe red contacts at the ends of joints, which is why new cracks tend to
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initiate from these locations. The joint density has a significant weakening effect on the mechanical
properties of the rock masses, which is consistent with the conclusions obtained by previous scholars.
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Figure 18: UCS of models containing different joint numbers
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5 Conclusions

In this study, based on the IFS-enhanced method and the RB-DEM modeling technique, the
discrete element model containing non-persisting rough open joints with different orientations and
aperture widths can be generated. In addition, the influence of the orientation, aperture width as
well as joint number are also discussed in a series of uniaxial compression simulations. The main
conclusions can be summarized below:

(1) The orientation of open joints has a significant impact on the models. Even with the same
number of open joints, variations in orientation can result in more than a twofold change in the
UCS. This effect is particularly pronounced when the orientation angle is small, leading to a more
pronounced weakening effect.

(2) The aperture width of joints can alter the stress distribution and weaken the load-bearing
capacity of the rock mass. However, the rate of decrease in UCS slows down as the ratio of aperture
size to joint length increases. Additionally, increasing the aperture width does not change the trend of
UCS with respect to joint orientation.

(3) A high number of joints can impede force transmission within the model and limit the
load-carrying capacity of contacts surrounding the joints. This significantly affects the mechanical
properties of rock masses. Therefore, during engineering construction activities, timely support
measures are crucial to prevent the excessive occurrence of open joints in the surrounding rock.

However, this study also has certain limitations. The use of 2D joints disregards the impact of
longitudinal stress, resulting in an incomplete representation of the three-dimensional characteristics
of natural geological formations. Additionally, the 2D rock models might underestimate the extent
of deformation and damage, particularly in scenarios involving complex loading conditions for rock
masses. As a result, there is a critical need to advance the development of more realistic 3D non-
persisting rough open joints to address these limitations effectively.
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