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Abstract: The mechanical properties and failure characteristics of joined rocks have an important impact on
the disaster prevention of underground engineering and the sustainable development of mineral resources.
The effects of confining pressure, joint location, and joint thickness on the mechanical properties of rock-like
specimens under triaxial test have been studied. Furthermore, using the "DFN-age" function of PFC
numerical simulation, the stress characteristics, and failure characteristics of rock specimens under different
confining pressure, joint location and joint thickness are analyzed. The research results indicate that as the
thickness of the joint increases and the joint position approaches the center of the specimen, the compressive
strength of the specimen decreases. As the confining pressure increases, the compressive strength increases
and failure modes of rock like specimens with different joint types also tend to be similar. The specimens
manifest complex shear-tensile composite failures. In addition, the initiation cracks and main control cracks
at the joint terminus can be classified as reverse tensile wing cracks, reverse shear cracks, shear cracks and
tensile wing cracks. When the joint thickness of the specimen is 1.0 mm and the distance from the joint
position to the center of the specimen is 10-20 mm, the crack evolution characteristics and stress distribution
law of the specimen will undergo a transformation.

Keywords: different thicknesses and positions of joints, jointed rock mass, mechanical properties,
spatio-temporal evolution of cracks, PFC simulation
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1. Introduction

Jointed rocks in large-scale rock projects like mines, tunnels, and water conservancy
can significantly affect the stability of underground rock, impacting project construction and
mineral mining. The diverse types, sizes, and distribution of joints complicate the mechanical
properties and failure of rocks [1-3]. Therefore, studying the mechanical characteristics and
joint evolution dynamics of fractured rock masses under load is crucial for ensuring safety
and stability in rock engineering projects.

The current research approaches for studying fractured rock masses encompass real
rock material testing, model material testing, and numerical simulation methods. Some
scholars [4-7] create standard rock specimens from natural rock masses and use cutting
equipment to simulate natural fractured rocks for research purposes. For instance, Yang [8]
and Tian et al. [9] explored fracture evolution characteristics of double-jointed rock through
uniaxial compression tests and PFC numerical simulation. Morgan et al. [10] analyzed the
deformation and failure tendencies of granite specimens with joints of different angles using
uniaxial compression tests. Moreover, extensive research has been conducted on rock-like
specimens in recent years, supporting the scientific validity of using such materials to emulate
natural rocks [11-14]. Jin et al. [15] studied the energy mechanism and failure characteristics
of single joint rock specimens under uniaxial compression at different angles. Selguk et al. [16]
conducted experimental studies on the strength and failure behavior evolution mechanism
of rock concrete bimaterial interface under different angles using various testing methods.
Asadizadeh et al. [17] elucidated the influence of differing joint roughness, bridge lengths,
bridge angles, and joint angles on the mechanical behavior and joint development within
rock-like specimens subjected to uniaxial compression.

In relevant research, the influence of joint thickness and joint location on the mechanical
properties and failure characteristics of rock masses has received scant attention. This
investigation has unveiled the mechanical properties and crack propagation behavior of
rock-like specimens distinguished by differing confining pressures, joint locations, and joint
thicknesses under triaxial compression. This study can provide a reference for the stability
control of joined rock mass in deep underground engineering.

2. Experimental study

2.1. Preparation of test specimens

The experimental results show that cement mortar is an ideal similar material for rock
model, which can efficiently simulate the properties of natural rock [18-21]. In this paper, the
river sand with good gradation is selected as aggregate, and the particle size is not larger than
1.25 mm. The binder is clay and P.O 42.5 ordinary Portland cement.

The specification used for this test mold is 150 x 150 x300 mm, joints conforming to various
predetermined types are cut on both surfaces of a 150 x150 mm test mold. Subsequently, steel
sheets corresponding to the required joint patterns are inserted to produce the joint test die
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essential for this study. The mold is shown in Fig. 1, and the distribution location of joints
in the mold is shown in Fig. 2. The variable hArepresents the vertical distance from the joint
location to the center of the test piece, while d represents the thickness of the respective joint.

Fig. 1. Test mold and rock-like specimens with joints
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Fig. 2. Joint types of rock-like specimens in test

100

According to the thickness of natural rock joints, these joints can be categorized as wide
tensile joints (d >5 mm), open joints (3 mm < d < 5 mm), micro tensile joints (1 mm < d <
3 mm), and closed joints (d <1 mm). This study primarily focuses on common closed joints
and micro tensile joints, with selected joint thicknesses of 0.3 mm, 0.6 mm, 1.0 mm, and
1.5 mm, and distribution positions of 0 mm, 10 mm, 20 mm, and 30 mm, respectively. For the
control group, complete specimens without joints are employed. The joints in this test are all
through joints with a width / of 20 mm and an angle a of 30 degrees.

The manufacturing process of the rock-like specimens in this study involves a composition
ratio of cement, river sand, clay, and water at 1.0:1.7:0.1:0.45. To reduce internal porosity and
achieve a closer approximation to real rock, a defoaming agent comprising 0.06% of the total
cement mortar mass is included. The specific test conditions are outlined in Table 1, where i
denotes the distance from joint location to the specimen center, and d represents joint thickness
in the specimens.
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Table 1. Test conditions of rock-like specimens with different thickness and distribution of joints

No. | h [mm] | d [mm] | No. | 2 [mm] | d [mm]

Al 0 03 |C1 20 0.3
A2 0 06 |C2 20 0.6
A3 0 1.0 | C3 20 1.0
A4 0 1.5 | C4 20 1.5

B1 10 03 |D1 30 0.3
B2 10 0.6 | D2 30 0.6

B3 10 1.0 | D3 30 1.0
B4 10 1.5 | D4 30 1.5
E _ _

2.2. Test scheme and equipment

The uniaxial compression test and triaxial compression test in this paper were completed by
MTS-816 electro-hydraulic servo triaxial testing machine of State key Laboratory of Mining
response and disaster Prevention and Control in Deep Coal Mines of Anhui University of
Science and Technology, as shown in Fig. 3. Confining pressure values were set at 0 MPa,
4 MPa, and 8 MPa, with the loading rate maintained at 100 N/s. To guarantee the accuracy of
the test data, at least three tests were conducted for each group of fractured rock specimens.

Fig. 3. MTS-816 electro-hydraulic servo triaxial testing machine

3. Analysis of experimental results

Figure 4 present the variation curves illustrating the alterations in compressive strength
for rock-like specimens, contingent upon various joint thicknesses and distribution positions,
while subjected to three distinct confining pressures. Evidently, these figures elucidate that
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Fig. 4. Influence of joint location and thickness on compressive strength of rock-like specimens under
different confining pressure: (a) 0 MPa, (b) 4 MPa, (c) 8 MPa

the compressive strength of specimens featuring joints has experienced a significantly decline
in comparison to their intact counterparts, and its compressive strength is about 45% of the
uniaxial compressive strength of complete rock specimens. It can be seen that through joints
have a relatively significant weakening effect on rock strength.
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3.1. Effect of joint thickness on compressive strength of specimen

Under consistent confining pressure conditions, it is discernible that the compressive strength
of specimens at each joint distribution location diminishes with escalating joint thickness.
However, as the joint distribution location approaches the end of the specimens, a distinctive
shift occurs: the compressive strength of the test specimen transitions from a continuous
decrement to an initial decrease followed by a subtle increment as the joint thickness increases.
The critical joint location for this regular change is # = 20 mm. Furthermore, when the
confining pressure remains constant, the extent of attenuation in compressive strength for
specimens positioned at varying joint distribution locations diminishes progressively with an
augmented distance from the joint distribution location to the specimen’s center. It becomes
evident that, as joint thickness increases, the susceptibility of compressive strength to joint
thickness experiences a gradual reduction.

3.2. Effect of joint position on compressive strength of specimen

As the joint thickness remains constant, the compressive strength of the specimen generally
increases as the joint location approaches the end. Additionally, as the confining pressure
increases, the rate of growth in compressive strength gradually diminishes and tends to stabilize.
Consequently, an increase in confining pressure leads to a gradual reduction in the joint’s
impact on the compressive strength of the specimens. Furthermore, under various confining
pressures, the slope of each curve increases as the joint location continues to approach the end.
It becomes evident that the sensitivity of compressive strength to joint location intensifies as
the joint’s position nears the specimen’s terminus.

4. Numerical simulation based on PFC

The type and location of joints in rock masses exert a direct impact on internal stress
distribution, which subsequently affects the mechanical properties and crack evolution char-
acteristics of rock mass. In order to study the spatio-temporal evolution mechanism of crack
growth of rock-like specimens with different cracks, the fracture characteristics of specimens
was revealed based on the "DFN age" function of PFC numerical simulation software. Finally,
the effects of joint location and thickness on the stress and path of crack growth and failure
mode of rock-like specimens can be analyzed.

Referring to the study of Yang [8], the types of cracks are shown in Fig. 5. A two-dimensional
parallel bond model is established by using PFC 2D particle flow software. The size of the
model is 50 mm (wide) x 100 mm (high), which can transmit the characteristics of force and
torque at the same time, and reflects the mechanical properties of rock-like specimens. The
mechanical properties and failure modes of rock-like specimens with joints can be simulated
and analyzed by using PFD model [22-24].

During the simulation, the "trial and error method" was used to adjust the parameters, so
that the mechanical properties and failure form of the specimen obtained were similar to the
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Fig. 5. Cracks types in jointed rock-like specimens: T — tensile wing crack, T|s — secondary tensile
crack, T — anti-tensile wing crack, T — secondary tensile crack, S, — anti-shear crack, S3 — secondary
shear crack, S| — primary shear crack, L — transverse crack, P — surface exfoliation, F — far field crack

experimental results. The difference between the elastic modulus, Poisson’s ratio, and ultimate
compressive strength (UCS) of the PFC model and the rock like experimental specimens shall
not exceed 2%. Other microscopic mechanical parameters in PFC numerical simulation are
shown in Table 2.

Table 2. Microscopic mechanical paramenters of PFC model

Parameters Value Parameters Value
Maximum particle diameter (mm) 0.20 | Deformation modulus of parallel bond (GPa) | 8.32
Minimum particle diameter (mm) | 0.15 Stiffness ratio of parallel bond 1.89

Density (kg/m>) 2000 Cohesion of parallel bone (MPa) 8.45
Friction coefficient 0.5 Tensile strength of parallel bond (MPa) 2
Contact modulus of particle (GPa) 1 Friction angle of parallel bond (°) 15
Porosity 0.1 Friction cofficient of parallel bond 0.25

4.1. Effect of joint thickness and position on fracture characteristics of
rock-like specimens

The "DFN age" function of PFC particle flow numerical simulation software has been
innovatively utilized for modeling and analysis, and the fracture characteristics of rock-like
specimens have been analyzed by clearly marking crack positions at different times with
different colors, as shown in Fig. 6-8.

Due to the fact that when the joint thickness is small, the crack evolution law does not
change much, rock-like specimens with joint thicknesses of 0.6 mm, 1.0 mm, and 1.5 mm
were selected for numerical modeling and analysis. Throughout the process, cracks generated
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at different times were represented in diverse colors. Throughout the entire process, the time
when the red cracks occur corresponds to the start of the specimen cracking, while the time
when the blue cracks occur corresponds to the final failure of the specimen.

4.1.1. Fracture characteristics of rock-like specimens with joints of different thickness
and position under uniaxial compression

Figure 6 depicts the analysis diagram of crack evolution behavior and failure pattern
of rock-like specimens under uniaxial compression. The prevailing failure mode is one of
shear-tensile composite failure.

It can be seen from Fig. 6 that when the joint thickness measures 0.6 mm, regardless of
the location of the crack in the specimen, the types of initiation cracks at the joint tip are
basically the same, all of which are anti tensile wing cracks and anti shear cracks. When the
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Fig. 6. The failure modes and crack evolution behavior of specimens under uniaxial compression
conditions: (a) A2, A3, A4, (b) B2, B3, B4, (c) C2, C3, C4, (d) D2, D3, D4
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Fig. 6. [cont]

joint thickness of the specimen is greater than or equal to 1.0 mm, the type of initiation cracks
at the joint tips also changes continuously as the joint position changes from the center of the
specimen. Furthermore, under uniaxial compression conditions, the crack evolution behavior
and failure mode of specimens featuring joint thicknesses of 1.0 mm and 1.5 mm are relatively
similar at each joint location.

4.1.2. Fracture characteristics of rock-like specimens with joints of different thickness
and position under confining pressure of 4 MPa

Figure 7 illustrates the failure types and joint development characteristics of specimens
under varying joint positions and thickness conditions, as ascertained through numerical
simulations at a confining pressure of 4 MPa. As the position of joints moves from the center
of the specimen to the lower part of the specimen end, the development of joints becomes
more complex, with a large number of secondary cracks concentrated at the lower end of
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the specimen, and a significant increase in the number of fine cracks generated around the
joints. These secondary cracks proliferate and coalesce into the primary controlling cracks,
culminating in specimen failure dominated by the primary controlling cracks. The prevailing
failure mode is one characterized by a complex shear-tensile composite failure.

It can be seen that when the confining pressure is 4 MPa, the development types of joints are
basically consistent with the changes in the location of joints when the joint thickness is 0.6 mm
and 1.0 mm. For these two thickness categories, For these two types of joint thicknesses, there
is no significant change in the type of cracks in the specimen when the joint location is no
more than 10 mm from the center of the specimen. When the position of joints exceeds 10 mm
from the center of the specimen, the joints type in the specimen suddenly changes. When the
joint is located at the center of the specimen and 30 mm away from the center of the specimen,
the cracks development characteristics of the specimens with joint thickness of 1.5 mm are
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Fig. 7. The failure types and crack evolution behavior of specimens under confining pressure of 4 MPa:
(a) A2, A3, A4, (b) B2, B3, B4, (c) C2, C3, C4, (d) D2, D3, D4
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Fig. 7. [cont]

obviously different from those of other thicknesses. When the position of the joint is 10 mm
and 20 mm from the center of the specimen, the change of the joint thickness has no obvious
effect on the cracks development characteristics.

4.1.3. Fracture characteristics of rock-like specimens with joints of different thickness
and position under confining pressure of 8§ MPa

Figure 8 illustrates failure types and crack evolution behavior of specimens subjected to an
8 MPa confining pressure. When the joint is centrally situated within the specimen, its primary
governing cracks transition from anti-shear cracks to tensile-type cracks over the course of
development, gradually penetrating towards the extremities of the specimens culminating in
failure. This fracture mode manifests as a shear-tensile composite failure.

Therefore, when the confining pressure is 8 MPa, the types of initiation cracks and later
development cracks in group A are both anti-tensile wing shaped cracks and anti-shear cracks.
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Fig. 8. The failure types and crack evolution behavior of specimens under confining pressure of 8 MPa:
(a) A2, A3, A4, (b) B2, B3, B4, (c) C2, C3, C4, (d) D2, D3, D4
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The types of initiation cracks and later developed cracks in group B are basically shear cracks
and tensile wing cracks. The types of initial cracks and later developed cracks in group C are
mainly shear cracks and tensile wing cracks, accompanied by a small amount of anti-tensile
wing cracks. The types of initiation cracks and later development cracks in group D are mainly
shear cracks, tensile wing cracks, and anti-tensile wing cracks. With this confining pressure,
except for the joint located 20 mm from the specimen’s center and possessing a 1.0 mm
thickness, the failure evolution behavior of rock specimens with different joint thicknesses at
the same joint location is basically similar to the joint type, which means that the change in
joint thickness has little impact on the joints development characteristics. The ultimate failure
type is shear tensile composite failure.

In summary, based on mechanical tests and PFC numerical simulation results, it can be
concluded that rock like specimens with joints of different thicknesses and positions will
undergo complex shear tensile composite failure. There are two main types of joint tip initiation
cracks and main control cracks: anti tensile wing cracks and anti shear cracks, or shear cracks
and tensile wing cracks. Taking the case when the joint thickness is 1.0 mm and the joint
position is 10 mm to 20 mm away from the center of the specimen as the turning point, the
crack propagation and evolution law of the specimen will undergo significant changes.

5. Conclusions

This article systematically examines the mechanical properties and crack propagation
behavior of rock-like specimens under various joint thicknesses and positions. The findings can
offer valuable insights for the stability control of surrounding rock in underground engineering
and the sustainable development of mineral resources. Based on the studies, the following
conclusions can be drawn:

1. The mechanical properties of jointed rock-like specimens under different confining

pressure, joint position, and joint thickness were analyzed using triaxial compression
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tests. As the thickness of the joint increases and the joint position approach the center of
the specimen, the compressive strength of the specimen decreases. When the confining
pressure increases, the compressive strength increases. The influence of joint location
and thickness on the compressive strength of the specimen continues to decrease. The
initiation stress characteristics, failure modes, and fracture types of rock like specimens
with different joint types also tend to be similar.

The fracture mode of rock-like specimens with different thickness and position joints is a
complex shear-tensile composite failure. There are two main types of joint tip initiation
cracks and main control cracks: anti-tensile wing cracks and anti-shear cracks, or shear
cracks and tensile wing cracks.

When the joint thickness of the specimen is 1.0 mm and the distance between the joint
position and the center of the specimen is 10-20 mm, the fracture mode and stress
distribution of the specimen will change fundamentally. Therefore, the essential change of
the type of joint and the law of stress distribution will have an important influence on the
mechanical properties and crack propagation law of rock mass in practical engineering.
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