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Joints are widely distributed structural defects in rock masses, and their geometric characteristics play a
decisive role in the overall stability of rocks under complex stress conditions. To clarify the influence of
joint geometry on the mechanical behavior of jointed rock under such conditions, this study investigated
the mechanical properties and failure mechanisms of composite jointed rock specimens with varying
joint roughness and joint dip angles. Three typical failure modes under triaxial loading were identified,
and a mechanical analysis model incorporating joint roughness and dip angle was established. The failure
mechanism was revealed, and a discrete element model was developed to analyze the micro-damage
evolution process of the specimens. The results show that the mechanical parameters of the specimens
exhibit pronounced anisotropy. Both the elastic modulus and peak strength reach their minimum values
at a joint dip angle of 60°. Increasing joint roughness significantly reduces the degree of anisotropy and
enhances the energy storage capacity of the specimens. A strong linear relationship is observed between
the elastic strain energy and the peak deviatoric stress, confirming the applicability of the linear energy
storage law in composite jointed rocks. Discrete element simulations revealed the evolution path and
dominant types of microcracks between the joint and matrix. The joint dip angle governs the transition
of dominant crack types from tensile to shear and then back to tensile. Increased joint roughness signif-
icantly suppresses damage localization along the joint and results in an approximately 20% increase in
the proportion of shear microcracks within the matrix. These findings clarify the regulatory role of joint
geometrical parameters in the damage evolution process.

© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In geotechnical and mining engineering, the stability and bear-
ing capacity of rock masses are key factors in design and construc-
tion. Joints, as a common type of defect, are widely distributed
within rock masses [1], significantly altering their mechanical
properties [2,3] and increasing the likelihood of instability and fail-
ure. Composite jointed rock masses are commonly encountered in
complex geotechnical engineering scenarios such as deep road-
ways, cross-lithological tunnels, high and steep slopes, and under-
ground mines, as shown in Fig. 1. During deep excavation, such
rock masses are typically subjected to a three-dimensional stress
field comprising self-weight stress, horizontal tectonic stress, and
mining-induced additional stress [4-6]. Their failure modes are
significantly influenced by joint dip angle and joint roughness
[7]. Specifically, during loading, rough joint surfaces generate shear
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friction, which promotes crack initiation at the joint tips; these
cracks propagate and coalesce, eventually forming shear bands.
Numerous engineering practices have shown that composite
jointed rock masses are prone to localized large deformations dur-
ing construction, potentially leading to global instability of the rock
mass and greatly increasing construction risk [8-10]. Therefore,
understanding the failure mechanisms of composite jointed rock
masses under triaxial conditions remains a key challenge in related
research fields.

In recent years, many researchers have conducted mechanical
tests and analyses on jointed rock masses, yielding substantial
results. Liu et al. [11] performed uniaxial compression tests on
granite specimens with Y-shaped joints to investigate the effects
of intersecting rough joints on strength, failure modes, and precur-
sor damage characteristics. The results revealed that the joint dip
angle and joint roughness significantly influence the uniaxial com-
pressive strength and that different failure modes emerge at vari-
ous thresholds. Asadizadeh et al. [12] employed 3D printing
technology to fabricate artificial specimens with non-persistent
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(a) Composite joint surrounding rock
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(b) Local deformation of the composite joint surrounding rock

Fig. 1. Jointed surrounding rock in the roadway.

rough joints and carried out uniaxial compression tests. Through
multivariate statistical analysis, they explored the influence of four
parameters—joint roughness coefficient (JRC), bridge length, bridge
angle, and joint dip angle—on the uniaxial compressive strength,
deformation modulus, and crack initiation stress, and further clas-
sified the failure modes into six categories on the basis of crack
propagation. Huang et al. [ 13] found that in low-permeability rocks
in cold regions, frost-induced stress around elliptical cavities is
concentrated at the ends of the major axis, easily initiating frac-
tures in that direction. Freeze-thaw cycles accelerate crack propa-
gation, forming a network of fractures. Yan et al. [14] conducted
discrete element simulations on granite with flaws to study crack
evolution and failure mechanisms, revealing that flaws serve as
stress concentrators that trigger crack propagation. Yuan et al.
[15] prepared sawtooth joint specimens using 3D printing and
cement mortar, and performed uniaxial compression tests. The
results indicated that joint roughness and inclination significantly
influence the strength and deformation characteristics of jointed
rock masses, inducing transitions in the failure mode from tensile
splitting or shear sliding to tensile-shear mixed failure. Peellage
et al. [16] conducted cyclic triaxial tests on jointed rock masses
and reported that joints significantly affect the dynamic response
under cyclic loading. Joint slip and microcrack propagation
increased the hysteresis loop area and energy dissipation. When
the amplitude exceeded a critical value, the jointed rock masses
exhibited three-stage damage evolution characterized by
“elastic—plastic-failure” behavior. Chen et al. [17] performed triax-
ial tests on specimens that had undergone direct shear tests to
investigate the mechanical behavior and strength characteristics
of non-penetrating jointed rocks. The results showed that under
high normal stress, the specimens exhibited low cohesion but high
internal friction angles.

The above research is mainly concentrated on the mechanical
characteristics and failure patterns of rock masses containing dif-
ferent defects. However, little attention has been given to jointed
rocks with different matrix strengths across joints. Previous studies
have demonstrated that variations in matrix strength across joints
significantly affect the mechanical parameters of jointed rocks
[18,19]. Many scholars have carried out mechanical tests on com-
posite rocks [20,21], revealing that the strength of such composites
typically lies between the strengths of strong and weak matrices.
Furthermore, the deformation process is governed mainly by the
weaker matrix. However, most of the current research on compos-
ite jointed rock masses focuses on coal-rock combinations. The
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weak side matrix of such research objects often has an excessively
low strength. In actual engineering, the weak side matrix is not
limited to coal, which is a low-strength rock mass. Moreover, in
these research works, the influence of joint parameters is often
ignored. It is of great significance to conduct research on the
mechanical properties of composite jointed rock masses with dif-
ferent joint roughness and joint dip angles.

On this basis, composite jointed specimens with varying joint
roughness and joint dip angle were prepared. A systematic investi-
gation was conducted using a combination of laboratory experi-
ments, numerical simulations, and theoretical analyses to
elucidate the influence of joint geometry and asymmetric matrix
strength on the mechanical properties and failure mechanisms of
the specimens. Through detailed analysis of the experimental
results, including stress-strain behavior and energy evolution char-
acteristics, together with meso-scale damage evolution and the
development of mechanical models, the deformation and failure
patterns of composite jointed rock masses under loading were
comprehensively revealed. This study aims to provide a robust the-
oretical framework and experimental evidence to advance the
understanding of the mechanical behavior of structurally complex
rock masses.

2. Experimental preparation
2.1. Selection of rock-like materials

Due to the inherent randomness and uncontrollability of natu-
ral jointed rock masses, experimental results often exhibit signifi-
cant scatter. This makes it difficult to isolate the effects of specific
variables and eliminate interference from non-target factors [22-
25]. To address this issue, the present study adopts similar material
modeling for laboratory testing. Based on previous studies [26-28],
composite jointed rock specimens with material heterogeneity on
either side of the joint were prepared by adjusting the mix propor-
tions of the cement mortar. Material A was designed with a higher
cement content to exhibit greater compressive strength and stiff-
ness, simulating the strong lithologies commonly encountered in
coal mines, such as limestone and hard sandstone within roof
strata. In contrast, material B contained a greater proportion of
sand, resulting in a lower strength and stiffness, representing weak
surrounding rock, such as sandy mudstone, is frequently observed
in the soft roof or floor conditions of roadways. Field observations
indicate that the uniaxial compressive strength (UCS) ratio
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between medium-hard sandstone and mudstone typically ranges
from 1.5:1 to 3:1 in coal-bearing strata [29]. Accordingly, a UCS
strength ratio of 2:1 was adopted to represent the mechanical con-
trast between the two lithologies.

In this study, two types of rock-like materials were prepared
using P42.5 cement, standard sand, and water with mass ratios
of 1:1:0.25 (Material A, gray cement) and 1:1.5:0.45 (Material B,
white cement). The comparison of uniaxial compression stress-
strain curves between two types of rock materials and the original
rocks are shown in Fig. 2.

The basic mechanical properties of the two materials, derived
from the above experiments, are summarized in Table 1. The
adopted mix proportions are suitable for modeling a composite
jointed rock mass with asymmetric matrix strengths.

2.2. Preparation of composite jointed rock mass specimens

Due to various limitations associated with natural joints under
laboratory conditions, meeting the precision and repeatability
requirements of this study is difficult. Therefore, regular sawtooth
joints are used in place of natural joints [30]. Using 3D printing
technology, joint molds were fabricated and combined with similar
materials to produce composite jointed rock mass specimens. The
prepared specimens are shown in Fig. 3.

In this study, the JRC of the joint surface is calculated based on
the fractal dimension theory proposed by Xie [31].

D =1g4/1g{2[1 + cos(arctan(2H/L))]} (1)

(2)

where D represents the fractal dimension; L the average base
length; and H the height of the undulation angle.

Based on the above equations, the average base length for
determining the JRC is set to 5 mm, and the JRC values are selected
as 5, 10, and 15. The specific geometric parameters are shown in
Table 2.

A Zortrax M200 3D printer was subsequently used to fabricate
structural surface molds with varying inclinations and specified
roughness (Fig. 4). The ABS resin polymer was selected as the
printing material because of its excellent chemical resistance and
wear resistance [32,33], which effectively prevents corrosion and

JRC = 85.267(D — 1)°%7°
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Table 1

Mix proportions and mechanical parameters of rock-like materials.
Material number Material A Material B
Ratio (cement:sand:water) 1:1:0.25 1:1.5:045
Uniaxial compressive strength (MPa) 82 41
Tensile strength (MPa) 79 4.1
Elastic modulus (GPa) 9.0 4.2
Poisson’s ratio 0.2 0.3
Cohesion (MPa) 22.7 144
Internal friction angle (°) 30.6 18.0

100mm

1 1
l———> |
' 50mm !

Fig. 3. Schematic illustration of the composite jointed rock mass specimen.

abrasion of the joint surfaces. The semi-jointed specimens pre-
pared in this study are illustrated in Fig. 5, and the fabrication pro-
cess of the composite jointed rock mass specimens is illustrated in
Fig. 6.

2.3. Testing instruments and experimental scheme

To investigate the influence of joint dip angle () and JRC on the
mechanical properties of composite jointed rock masses, the con-
fining pressure (o3) was set at a constant value (8 MPa). The JRC
was set as 5, 10, and 15, while the joint dip angles were designed
as five different values: 0°, 30°, 45°, 60°, and 90°. The experimental
design scheme is shown in Table 3. To ensure the stability of the
experimental results, a minimum of five specimens were prepared

(] 82 MP 0p
—— Limestone 334 MP: a Sandy mudstone
80 Rock-like material A, Rock-like material B 41 MPa .42.3 MPa
40
60 p A
- / _ 30+ E=42GPa 7
E E=9.8 GPa,’ A £ ’ s
< , 7 g // //
€ 40 L / / 2 i y
I / T [ ’
5 . E=9.0 GPa |b_20 L e
E=4.05 GP
20 + 10
0 1 1 1 1 1 ; 0 1 1 1 1 >
0 5 10 15 20 25 0 4 8 12 16
¢ (107) £ (107)

(a) Material A and limestone

(b) Material B and sandy mudstone

Fig. 2. Comparison of stress-strain curves between two kinds of rock-like materials and the original rocks.
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Table 2

Geometric parameters of the sawtooth joints.
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JRC Joint geometry
5 5 mm
0.49 mm %\/j/\t\/\/\/\/\/\
10 ?\/\/\/\/\/\/\/\/\
0.92 mm
15

1.35 mm ?\/\/\/\/\/\/\/\/\

Fig. 4. Joint molds.

p=0° B=30°  p=45  B=60° B=90°
\

h ‘ ‘ ‘ '

o - i 5 l

Fig. 5. Semi-jointed specimens.

for each loading condition, with three repeated tests conducted per
condition.

In this study, triaxial compression tests were conducted on
composite jointed rock mass specimens using the DRTS-500 triax-
ial testing system at China University of Mining and Technology-
Beijing [34]. The axial loading range of the system is 0-500 kN. A
displacement-controlled loading mode was adopted, with a load-
ing rate of 0.1 mm/min. Axial deformation was monitored and
recorded using a set of linear variable differential transformer
(LVDT), whereas radial deformation was monitored via a chain-
type displacement sensor. The experimental setup is shown in
Fig. 7.
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3. Experimental results and analysis
3.1. Mechanical behavior analysis

(1) Stress-strain curves.

Fig. 8 presents the stress-strain curves of the composite jointed
rock mass specimens under different working conditions. The
curves clearly exhibit similar overall shapes, typically undergoing
four stages: compaction, linear elasticity, yield, and failure.

For specimens with joint dip angles of 0°, 30°, and 90°, the post-
peak curves become progressively more gradual as the JRC
increases, indicating increased ductility. Higher JRC values improve
the energy dissipation capacity of the rock mass, making it less
susceptible to sudden instability after peak stress. In contrast,
specimens with joint dip angles of 45° and 60° exhibit pronounced
brittle failure characteristics regardless of the JRC value, with the
stress-strain curves sharply dropping after the peak strength is
reached.

(2) Elastic modulus and Poisson’s ratio.

Fig. 9 presents the experimental results of the elastic modulus
and Poisson’s ratio of the composite jointed rock specimens under
different working conditions.

As shown in Fig. 9a, the variation in the elastic modulus with
increasing joint dip angle exhibits a distinct “U”-shaped trend.
When the joint dip angle is 0° or 90°, the two matrix sides primar-
ily bear the load, resulting in relatively high elastic modulus val-
ues. As the joint dip angle increases, shear-sliding deformation
along the joint surfaces becomes more pronounced, thereby reduc-
ing the elastic modulus. Moreover, the elastic modulus increases
significantly with increasing JRC, particularly for the 0° and 90°
specimens, where the increase exceeds 20%. This is attributed to
the enhanced interlocking effect of the sawtooth joint surfaces as
the JRC increases, which improves the stiffness of the rock mass.

As shown in Fig. 9b, Poisson’s ratio initially increases and then
decreases with increasing joint dip angle. When the joint dip angle
is 0°, the sawtooth joint imposes a significant constraint on the lat-
eral deformation of the specimen. When the joint dip angle ranges
from 30° to 60°, the joints act as potential sliding planes for spec-
imen failure, resulting in increased lateral deformation. Addition-
ally, Poisson’s ratio decreases gradually with increasing JRC. A
greater joint surface roughness enhances the interlocking effect
of the sawtooth joints, effectively limiting lateral deformation.
When the joint dip angle is 90°, the specimen splits along the joint
at the early loading stage, resulting in pronounced lateral deforma-
tion. After the separation is completed, subsequent lateral defor-
mation is borne by the two matrix zones on either side and is no
longer influenced by the joint.

3.2. Failure mechanism
3.2.1. Failure modes

By observing the variations in specimen failure patterns under
different joint dip angles and joint roughness conditions, as
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Fig. 6. Fabrication process of composite jointed rock mass specimens.

Table 3
Experimental design scheme.

Joint characteristics Confining pressure

Joint roughness coefficient (JRC) Joint dip angle j (°) o3 (MPa)

5 10 15 0 30 45 60 90 8

Oil inlet of the
pressure chamber
| T e L e T W e S e |
J Axial loading! Sdalipresane

1

1 1

1 i 1

=T 1 Axial |

Computer control | deformation e ® 1
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Fig. 7. DRTS-500 triaxial testing system.
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(c) JRC=

15

Fig. 8. Stress-strain curves.

shown in Table 4, the failure modes can be categorized into three
typical types. These representative failure modes are illustrated in
Fig. 10, where the white region represents the weak matrix
(Material B), and the dark gray region represents the strong
matrix.

(1) Joint failure (JF): As shown in Fig. 10a, this failure mode

includes both joint slip failure and joint shear failure, which
mainly occur in samples with joint dip angles between 30°
and 60° and relatively low joint roughness. The specific fail-
ure mode depends on the joint roughness: at a JRC of 5, slip
failure dominates, characterized by significant relative dis-
placement along the joint surface with almost no cracks
inside the matrix. Under a roughness of 10, shear failure
along the joint surface prevails, with evident damage occur-
ring on the joint plane.
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(2) Mixed failure (MF): As illustrated in Fig. 10b, this mode

results from the combined action of joint failure and matrix
failure. Owing to the strength differences between the two
matrices, the cracks are denser and more connected on the
weaker side, whereas fewer cracks are observed on the
stronger side, which is mainly confined near the joint. This
mode occurs mainly in specimens with joint dip angles rang-
ing from 30° to 60° and relatively high joint roughness.

(3) Matrix shear failure (MSF): As shown in Fig. 10c, this mode is

characterized primarily by shear cracks within the matrix,
featuring a through-going fracture penetrating the speci-
men. Due to the strength difference between the two matri-
ces, cracks are mainly concentrated and first connected on
the weaker side, eventually causing overall specimen failure.
This mode mainly occurs in specimens with joint dip angles
of 0° and 90°.
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Fig. 9. Elastic modulus and Poisson’s ratio of jointed specimens with different joint dip angles under the influence of the JRC.

Table 4
Failure photographs of specimens with different joint dip angles and JRC.

Joint roughness coefficient (JRC) p=0° p=30°

JRC=5

JRC=10

JRC=15

Table 5 summarizes the failure modes of the composite jointed
rock mass specimens under different conditions. The table shows
that both the joint dip angle and JRC jointly determine the failure
mode of the specimens. Among these factors, the variation of joint
dip angle has a decisive influence on the failure mode. When the
joint dip angle is 0° or 90°, the specimens exhibit only matrix shear
failure, a failure mode minimally affected by the joints, with cracks
primarily concentrated in the weaker matrix. When the joint dip
angle ranges from 30° to 60°, the influence of joints on the failure
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mode becomes significantly more pronounced. Specifically, as the
joint roughness increases, the failure mode shifts from joint failure
to mixed failure.

3.2.2. Failure mechanism

This study focuses on the stress state at the joint located at the
specimen center to investigate the influence of joint geometric
characteristics on specimen strength and to reveal the failure
mechanism of composite jointed rock masses.
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Fig. 10. Failure modes.

This study conducts a stress analysis at the center of the speci-
men, as illustrated in Fig. 11. The detailed analysis is as follows:

(1) When the joint dip angle is 0°, the joint surface is perpendic-
ular to the principal stress direction, and the joint surface is under
compression. Under the action of axial deviatoric stress, the spec-
imen tends to undergo radial deformation. Influenced by this ten-
dency, the sawtooth joint surface generates shear resistance under
normal stress, which inhibits the radial deformation of the speci-
men. The normal stress and shear stress acting on the center point
of the joint surface can be expressed as:

{2y 3)

7, =0

At this time, the shear resistance of the joint generated by the
normal stress on the joint surface is calculated as follows:

Tj = ootan(g +1) + C (4)

where ¢ represents the internal friction angle of the joint surface;
and i the asperity angle of the joint surface. Obviously, the shear
strength of the sawtooth joint is significantly greater than that of
a planar joint. The sawtooth joint restricts radial displacement at
the joint surface, preventing shear failure along the joint. For spec-
imens with a joint dip angle of 0°, a “thicker at both ends and thin-
ner in the middle” deformation pattern is observed after failure,
where deformation at the specimen ends is significantly greater
than that at the joint location. This phenomenon confirms the afore-
mentioned conclusion.

(2) When the joint dip angle is 90°, the joint surface is parallel
to the direction of the principal stress. The normal stress and shear
stress acting on the joint surface are expressed as shown in Eq. (5):

(s

At this point, the normal stress acting on the joint is tensile.
There is no shear stress along the joint surface, and the entire joint
is under tensile stress. The tensile strength of the joint is provided
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by the joint bonding strength, which is relatively low and signifi-
cantly weaker than the strength of the surrounding matrix. As a
result, tensile failure occurs along the joint. However, due to the
presence of confining pressure, the specimen does not completely
fail after cracking along the joint; the lateral deformation is con-
strained, which suppresses further crack propagation. Under these
conditions, the strength of a specimen is determined primarily by
the strength of the matrix on both sides rather than by the tensile
strength of the joint itself. Therefore, the matrix strength becomes
the decisive factor in the failure of the specimen. Nevertheless,
although matrix failure governs the final failure mode, the overall
strength of the specimen remains lower than that of the matrix.
This is attributed to the change in aspect ratio of the matrix blocks
on either side; as the aspect ratio increases, the specimen strength
decreases.

(3) When the joint dip angle is between 30° and 60°, the normal
stress and shear stress on the joint surface can be calculated by Eq.

(6):

on =255 + 1% c0s2
PR ®)
Ts = 252sin2p
At this point, the sawtooth joint is subjected to normal stress,
which generates shear resistance along the joint surface. The shear
resistance of the joint can be calculated via the following equation:

Tj = optan( + 1) + C
= (M + McosZﬁ)tan(q) +i)+C (7)
2 2
The difference between the shear stress at the center point of
the joint surface and the joint shear strength is defined as At:

AT=1T,—T;

% 5 %3 (sin2p — cos2tan(¢p + i) —%taﬂ(fpﬂ') -C ¥

Fig. 12 shows the variation of shear stress at the joint surface of
the specimen within the dip angle range of 30°-60°, under a prin-
cipal stress of 50 MPa.

When At is greater than 0, the shear stress at the center of the
joint surface exceeds the joint’s shear strength, causing shear fail-
ure at the joint. However, A7>0 does not necessarily mean that the
specimen undergoes overall shear failure along the entire joint.
According to previous research [35], as the distance from the joint
center increases, the shear stress generated by the axial force grad-
ually decreases. This results in At at the center being significantly
higher than at the edges, meaning that failure occurs at the joint
center while the ends remain intact. In this case, the failure mode
of the specimen is classified as mixed failure.

As the joint dip angle increases, At gradually increases, indi-
cating that the likelihood of shear failure occurring along the joint
also increases. This is because, with increasing dip angle, the
shear stress acting on the joint surface continuously increases,
causing At at the joint edges to increase as well. When At at
the edges becomes greater than O, the entire joint undergoes
shear failure, and the corresponding failure mode is classified as
joint failure.

Table 5
Summary of failure modes of composite jointed rock specimens.
Joint roughness coefficient (JRC) Joint dip angle g
p=0° p=30° p=45° p=60° p=90°
5 MSF JE JF JE MSF
10 MSF MF MF JF MSF
15 MSF MF MF MF MSF
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Fig. 11. Schematic diagram of stress analysis at the center of composite jointed specimen.
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Fig. 12. Variation of shear stress at the center of joints in specimens with different
joint dip angles.

Within the joint dip angle range of 30°-60°, the joint roughness
significantly affects the failure mode of the specimen. As the joint
roughness increases, the shear strength of the joint surface
increases, allowing the specimen to withstand higher shear stress
during loading, thereby increasing the difficulty of shear failure
occurrence. However, it is important to note that even when At
is less than 0, it does not mean that the joint surface will not expe-
rience any failure. Due to the serrated shape of the joint, stress con-
centration occurs at the corners of the serrations. Therefore, even if
the resultant shear stress is relatively low, there is still a possibility
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of failure. In such cases, localized failure may occur on the joint
surface.

Based on the above analysis, the failure mode of the specimen is
jointly influenced by the joint dip angle and joint roughness, with
the joint dip angle being the decisive factor. The failure mecha-
nisms of composite joint specimens can be specifically explained
as follows:

(1) When the joint dip angle is 0° or 90°, the failure mode of the
specimen is matrix shear failure.

At 0°, the joint surface of the composite joint specimen is under
compression. Under this condition, the sawtooth joint is com-
pressed, significantly enhancing the interlocking effect between
joint surfaces, effectively restricting the lateral deformation of
the specimen and increasing its resistance to deformation and fail-
ure. When the external load exceeds the strength of the weaker
matrix side, failure occurs, and the failure strength is essentially
determined by the strength of the weakened matrix reinforced
by the sawtooth joint. At 90°, the failure mode is similar to that
at 0°, mainly matrix shear failure, but the joint surface in the 90°
specimen tends to be penetrated.

(2) When the joint dip angle is between 30° and 60°, the stress
state at the joint center is more complex than that at 0°. At this
stage, the joint is under combined compression and shear, and
the specimen can exhibit two different failure modes:

Joint failure: This failure typically occurs at relatively high joint
dip angles and low joint roughness. At higher dip angles, the com-
pressive stress at the joint is relatively small, whereas the shear
stress is large, making the joint surface prone to shear failure.

Mixed failure: As the joint strength increases, the failure mode
gradually transitions from joint failure to mixed failure. Increased
joint roughness and decreased joint dip angle help improve the
joint shear strength, increasing the difficulty of joint failure. When
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the difference between the joint strength and the weaker matrix
strength decreases to a certain level, failure is no longer limited
to the joint but also induces damage within the matrix. Addition-
ally, due to the stress concentration at the serration tips, local dam-
age may also occur on the joint surface. At this stage, the failure
mode is mixed failure.

3.3. Strength parameters

(1) Peak strength.

Fig. 13 presents the experimental results of the peak strength of
composite jointed rock masses under different conditions. The
peak strengths of the specimens exhibits a “U”-shaped trend with
increasing joint dip angle, initially decreasing and then increasing.
When the joint dip angle is 0° or 90°, the strength of the jointed
rock mass is relatively high, primarily controlled by the strength
of the rock matrix material, with minimal influence from the joint
surfaces. As the joint dip angle increases to between 30° and 60°,
the weakening effect of the joint surface becomes more significant,
and the peak strength gradually decreases. Notably, at a joint dip
angle of 60°, the specimens have the lowest strength, indicating
the poorest mechanical stability and the highest susceptibility to
failure under these conditions. Furthermore, the peak strength of
the specimens increases with increasing JRC. This is mainly
because a higher JRC enhances the interlocking and self-locking
effects of the sawtooth joints, thereby further increasing the peak
strength of the jointed rock mass.

An analysis of the correspondence between failure mode and
strength revealed that the failure mode transitions from matrix
shear failure to joint failure and mixed failure as the joint dip angle
increases, and the failure mode eventually returns to matrix shear
failure. For specimens exhibiting joint failure, the primary cause is
that the shear stress on the joint surface exceeds the shear strength
of the joint, which is significantly lower than the strength of the
weaker matrix. When the failure mode shifts to mixed failure,
the combined action of the joint surface and the weaker matrix
leads to specimen failure. For specimens failing by matrix shear
failure, the joints have negligible influence, and the joint surfaces
no longer represent weak points; the specimen strength is gov-
erned entirely by the matrix.

(2) Analysis of strength anisotropy.

As shown in the above strength analysis, the specimens exhibit
pronounced anisotropy in strength. In previous studies [36], the
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Fig. 13. Peak strength curves of jointed specimens with different joint dip angles
under the influence of JRC.
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anisotropy index of strength, A5(8), was adopted to quantitatively
evaluate the effect of joint roughness on the anisotropy of the spec-
imens. The calculation is given in Eq. (9).

i (B) =@ x 100%

0

9)

where oy is the specimen strength at a joint dip angle of 0°; and o
the specimen strength under the same conditions at a joint dip
angle of 8. A higher anisotropy index indicates a more pronounced
anisotropic behavior of the specimen’s strength and greater
strength variation across different joint dip angles.

Fig. 14 presents the variation of the anisotropy index of speci-
mens with different joint roughness values as a function of joint
dip angle. The anisotropy index first increases and then decreases
with increasing joint dip angle, reaching its peak at 60°, where
the strength disparity among specimens is the greatest. With
increasing joint roughness, the variation in specimen strength
across different joint dip angles gradually diminishes. This is
attributed to the significant increase in the joint shear strength
due to higher roughness, which reduces the strength contrast
between the joint plane and the matrix. As a result, the influence
of the joint on the overall strength of the specimen weakens, lead-
ing to a decrease in the strength anisotropy.

(3) Damage stress parameters.

The crack initiation stress (o) and crack damage stress (o¢q)
are currently the primary characteristic parameters used to assess
rock damage. This section adopts the calculation methods of the
crack initiation stress and expansion stress proposed by Zhang
et al. [37]:

2y

E

In this equation, E and u represent the elastic modulus and Pois-
son’s ratio of the specimen, respectively. Since the type of triaxial
test used in this study is a conventional triaxial compression test,
the method for calculating the volumetric strain of the cracks is
as follows:

Eve (01 + 02+ 03)

(10)

Eve = &y — Eye (11)

Based on the above two equations, the calculated elastic volu-
metric strain and crack volumetric strain of the composite jointed
specimen 0°-10 (The specimen was designated in the -JRC for-
mat) were plotted on the corresponding deviatoric stress-strain
curves (Fig. 15.). Considering that the peak strengths vary among
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Fig. 14. Anisotropy index variation of specimens with different joint roughness
versus joint dip angles.
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Fig. 15. Schematic diagram of the determination of damage stress parameters for
composite jointed rock specimens.

different specimens, directly comparing the magnitudes of crack
initiation stress and crack damage stress alone cannot accurately
reflect the influence of joint surface characteristics on the damage
stress of composite jointed rock specimens. Therefore, the damage
stress values were normalized using the peak stress of each speci-
men as the reference. Table 6 presents the results for elastic volu-
metric strain, crack volumetric strain, and normalized crack
volumetric strain for different specimens.

Fig. 16 shows the variation of normalized characteristic stresses
of composite jointed rock specimens with JRC under different joint
dip angles. As shown in the figure, the joint dip angle has a decisive

Table 6

International Journal of Mining Science and Technology 35 (2025) 1731-1751

o —>=JRC=5=0=JRC=10—%=JRC=15
ST~
~ e ~ = Y&

0.8 |- ~ o _ =5
g = O~ ZW = Zi-
=23
_g 0.6 -
2, LCrack initiation stress.
£ 04t
5
Z

02 —@— JRC=5—@—JRC=10 —*— JRC=15

1 1 1 1 1 1 1
0 15 30 45 60 75 90
£

Fig. 16. Influence of joint characteristics and displacement on normalized damage
stress parameters of specimens.

influence on the damage stress parameters of the specimens. For
the crack initiation stress, with the exception of 90°, the normal-
ized crack initiation stress shows little variation with JRC for other
joint dip angles. This indicates that the compaction and elastic
deformation stages occupy a similar proportion of the entire load-
ing process for these specimens. However, the crack initiation
stress is significantly lower in the specimens with a 90° joint dip
angle than in those with other joint dip angles. This is because
specimens with a 90° inclination tend to separate along the joint
under relatively low external loads, reducing the proportion of
the compaction and elastic deformation stages during loading.

The dilation stress tends to decrease and then increase with
increasing joint dip angle. Joint roughness also influences the dam-
age stress parameters, particularly the dilation stress, whereas its
effect on the crack initiation stress is negligible. Increased joint
roughness significantly enhances the shear strength of the joints,
thereby delaying specimen failure. However, when the joint dip
angle is 90°, the effect of roughness on the dilation stress is mini-
mal. This is because increased roughness only enlarges the joint
contact area, which has a limited effect on the joint strength and
therefore does not significantly influence the dilation stress of
the specimen.

Damage stress parameters and normalized damage stress of composite jointed rock specimens.

Specimen number Volume compression

Volume expansion Peak strength a. (MPa)

Cracking stress g (MPa) 0.ilOc Dilatancy stress o4 (MPa) [
0°-5 31.84 0.36 75.73 0.85 89.2
30°-5 26.35 0.37 50.54 0.70 72
45°-5 26.59 0.38 47.54 0.68 69.6
60°-5 25.36 0.41 40.18 0.65 62
90°-5 18.05 0.24 60.06 0.78 76.8
0°-10 34.59 0.38 81.16 0.89 91.5
30°-10 30.73 039 60.42 0.76 79.4
45°-10 29.61 0.40 53.28 0.72 74.2
60°-10 28.07 0.42 46.70 0.70 67
90°-10 19.84 0.24 65.49 0.79 83
0°-15 37.03 0.39 86.37 0.91 94.7
30°-15 32.78 0.39 67.72 0.81 83.2
45°-15 32.34 0.41 59.90 0.76 78.5
60°-15 33.77 043 57.41 0.74 78
90°-15 21.14 0.24 68.90 0.79 87
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Gao et al. [38] indicated that the stage from crack initiation
stress to dilation stress can be defined as the unstable crack devel-
opment phase. The proportion of this phase is defined as the crack
unstable development ratio (CUDR), which is calculated by the fol-
lowing equation:

CUDR:@X 100% (12)

C

A lower CUDR indicates that a specimen undergoes rapid accu-
mulation of internal damage within a short time, making the pre-
cursors to failure less obvious and making the specimen more
brittle. Fig. 17 shows the variation of CUDR with increasing joint
dip angle under different joint roughness conditions. When the
joint plane is inclined, the proportion of the crack development
phase is significantly lower than that of specimens with joint dip
angles of 0° and 90°, indicating that the specimens with inclined
joints are significantly more brittle than those with 0° and 90°
joints. Furthermore, the brittleness increases noticeably with
increasing joint dip angle. Additionally, an increase in joint rough-
ness increases the CUDR, thereby reducing the brittleness of the
specimen.

3.4. Energy characteristics

(1) Energy evolution process.

The failure of rock and rock-like materials is essentially an
energy-driven instability phenomenon, which involves both the
accumulation and release of internal energy. The stored energy is
manifested as elastic energy, whereas the dissipated energy is
released through plastic deformation, damage, and fracture mech-
anisms [39]. It is assumed that during the loading process, apart
from the external input energy, the specimen does not exchange
heat with the external environment. The testing system satisfies
the following conditions:

U=Ug+ U (13)

where Uq and U, represent the dissipated energy and the elastic
energy stored within the specimen during the loading process,
respectively; and U the total energy input into the specimen.
Fig. 18 shows a schematic diagram of these two types of energy.
Since the triaxial loading method used in this study is the con-
ventional triaxial loading method, it follows that g,=03 and ¢&;=¢3.
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Fig. 17. Effect of joint roughness on the CUDR.
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0173

Fig. 18. Schematic diagram of energy components.

Therefore, the energy calculation method in the above figure is
as follows:
U= [, a1de +2 [} 03des
Ue = &[0 + 203 ~ 21(20103 + 03)]
Us=U-U.

(14)

where E and p represent the elastic modulus and Poisson’s ratio of
the jointed specimen, respectively.

Due to space limitations, the energy evolution curves of the
composite jointed specimens (numbered 0°-10) are plotted in
Fig. 19 and divided into four stages: Stage I: initial compaction
stage—the total energy, elastic energy, and dissipated energy of
the jointed specimen all increase with increasing axial strain,
whereas the dissipated energy remains at a relatively low level
throughout this stage. Stage II: elastic deformation stage—the
deformation of the specimen is predominantly elastic. The elastic
energy increases rapidly, and the dissipated energy remains nearly
unchanged. Stage III: Crack propagation stage—significant internal
damage occurs within the specimen. The accumulation rate of elas-
tic energy clearly decreases, whereas the dissipated energy
increases significantly. Stage IV: Final failure stage—rapid failure
occurs within the specimen. The stored elastic energy is largely
released and transformed into dissipated energy, which is con-
sumed during crack extension and fracture, ultimately leading to
the global instability and failure of the specimen.

(2) Elastic energy analysis.
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Energy evolution curves of composite jointed specimen 0°-10.
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To investigate the influence of joint dip angle on the elastic
energy of jointed rock masses, Fig. 20 presents the variation curves
of the elastic energy with the joint dip angle under different joint
roughness conditions. Under all roughness conditions, the elastic
energy exhibits a distinct “U-shaped” trend with increasing joint
dip angle. When the joint dip angle is 0°, the joint plane is perpen-
dicular to the loading direction. The strong confinement effect of
the joint plane results in higher specimen stiffness during loading,
allowing for greater storage of elastic energy. As the joint dip angle
increases (within the range of 30°-60°), the shear strength of the
joint plane decreases, making it more susceptible to slip failure.
Consequently, the load-bearing capacity of the specimen
decreases, leading to a significant reduction in elastic energy.
When the joint dip angle reaches 90°, the joint plane becomes par-
allel to the loading direction. In this case, the influence of the joint
plane on the overall strength of the specimen decreases, resulting
in a recovery of the load-bearing capacity and a corresponding
increase in the elastic energy. Moreover, an increase in joint rough-
ness noticeably enhances the elastic energy. A rougher joint sur-
face provides greater interlocking, which improves the overall
stiffness of the specimen and enhances its capacity to store elastic
energy.

(3) Dissipated energy analysis.

Fig. 21 presents the fitting curves of strength versus dissipated
energy under different failure modes.

When the specimen fails in a matrix shear failure mode
(Fig. 21a), the relationship between the strength and dissipated
energy is most pronounced. As the strength increases, the dissi-
pated energy also increases significantly, with a fitted slope of
3.57, indicating a strong linear correlation. This suggests that in
this mode, higher specimen strength leads to greater energy con-
sumption during crack propagation and deformation.

When the specimen exhibits a mixed failure mode (Fig. 21b),
the fitted slope is 3.11, and the correlation between the strength
and dissipated energy is weaker than that of the matrix shear fail-
ure mode. Mixed failure typically involves both joint slippage and
matrix shearing. Since joint slippage consumes significantly less
energy than matrix failure does, the increase in dissipated energy
resulting from increased strength is limited by the relatively low
energy demand of joint failure, leading to a smaller overall
increase.

For joint-dominated failure (Fig. 21c), although a positive corre-
lation still exists between strength and dissipated energy, the fitted
slope decreases significantly to only 1.76. This is because this mode
is primarily controlled by joint failure, which requires far less
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Fig. 20. Variation of elastic energy of jointed specimens with joint dip angle.
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energy than matrix failure does, thereby resulting in substantially
lower dissipated energy.

(4) Linear energy storage law.

The linear energy storage law has been increasingly applied in
conventional uniaxial and triaxial tests of intact rocks [40-42].
However, whether this law is applicable to jointed rock specimens
requires further investigation. According to the linear energy stor-
age law, the total energy, strain energy, and dissipated energy of
the specimen exhibit clear linear relationships, expressed as
follows:

{ U.=A-U+B

Ui=(1-A)-U-B

In Fig. 22, the characteristic energies of composite jointed rock
specimens under different failure modes are fitted according to the
above equation. As shown, composite jointed specimens under the
same failure mode follow the linear energy storage law. The good-
ness of fit for failure modes dominated by matrix shear failure and
joint failure is significantly greater than that for mixed failure, indi-
cating that the more singular the failure mechanism, the better the
applicability of the linear energy storage law. A larger value of A
indicates a better energy storage capacity and greater strength of
the specimen, whereas a smaller A value suggests that the speci-
men is more prone to energy dissipation and release during load-
ing, implying a greater failure potential. The A values
corresponding to matrix failure, mixed failure, and joint-
controlled failure decrease successively, indicating a gradual
reduction in the energy storage capacity. This trend demonstrates
that specimens dominated by joint-controlled failure are more sus-
ceptible to instability. Therefore, in practical engineering applica-
tions, special attention should be given to rock masses with well-
developed joints and joint-controlled failure mechanisms. Appro-
priate support and protective measures should be implemented
to reduce the risk of failure in such regions.

(5) Characteristic energy.

The unit release rates of elastic energy and dissipated energy
are commonly defined as the energy release rate (G.) and energy
dissipation rate (Gg), respectively. They are calculated as follows:

Ge
Ga =
The energy release rate and energy dissipation rate characterize
the instantaneous accumulation and dissipation of energy within
the specimen. The ratio of the two serves as an indicator of the
specimen’s stability, and this ratio is defined as the characteristic
energy:

«_GE
"G

Fig. 23 illustrates the variation curves of ) during loading for
the composite jointed specimen 60°-10. As shown in the figure,
x initially increases and then decreases. Before y starts to decrease,
the energy storage mechanism dominated by elastic energy plays a
leading role in the deformation process of the rock. Once y begins
to decrease, the weakening effect led by energy dissipation
becomes dominant. This inflection point typically corresponds to
the specimen’s dilation stress. The peak characteristic energy
under different joint roughness are plotted in Fig. 24. The peak
characteristic energy can reflect the brittleness of the specimen.
For specimens with higher brittleness, only a small portion of the
energy is converted into dissipation before entering the stage of
unstable crack propagation, resulting in a high proportion of elastic
energy. After the external load exceeds the dilation stress, the
specimen enters the unstable crack propagation phase, where dis-
sipated energy becomes dominant. Such specimens exhibit strong
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Fig. 21. Relationships between strength and dissipated energy under different failure modes and their fitting curves.

energy accumulation capacity and weak energy dissipation during
the stable phase. In contrast, specimens with lower brittleness
already convert a certain amount of energy into dissipation during
the stable phase, leading to poorer energy accumulation and stron-
ger dissipation capacity. It is manifested as the peak value of x
being smaller than that of brittle rocks.

4. Mesoscopic damage evolution analysis
4.1. Model establishment

This study employs the well-established discrete element
method (DEM) numerical simulation software PFC2D (Particle
Flow Code in 2 Dimensions) to conduct numerical simulations of
heterogeneously composite jointed rock masses.

The specific modeling procedure is as follows:

(1) Base model generation: Random particles with radii ranging
from 0.1 to 0.3 mm are generated within a predefined
domain. After reaching static equilibrium, a specimen of
appropriate dimensions is extracted (the triaxial compres-
sion model is a rectangle with a height of 100 mm and a
width of 50 mm).
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(2) Joint importation: The joint geometry drawn in AutoCAD is
imported into the model. The model is then divided into
three regions: the joint zone, the strong matrix side, and
the weak matrix side.

(3) Assignment of regional parameters.

(4) Loading conditions: A flexible membrane servo mechanism
is employed to apply the confining pressure, which is set
to 8 MPa. Axial loading is applied through displacement con-
trol at a rate of 10 mm/s to ensure quasi-static loading
conditions.

The model construction process is illustrated in Fig. 25.

4.2. Selection of mesoscopic parameters and validation of their
reasonableness

4.2.1. Selection of mesoscopic parameters

Based on the peak strength, elastic modulus, and other
mechanical parameters obtained from laboratory tests on jointed
rock-like specimens, a trial-and-error method was employed to
continuously adjust the mesoscopic parameters required for
numerical simulation. The finalized parameters are presented in
Table 7.
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Fig. 22. Fitting curves of the linear energy storage law for specimens under different failure modes.
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4.2.2. Validation of mesoscopic parameters reasonableness

To ensure that the macroscopic mechanical behavior of the
numerical simulation specimens accurately reflects the physical
laboratory test results, this section selects specimens with a JRC
of 10 and joint dip angles of 0°, 45°, and 90° for comparison
between the simulation results and laboratory tests. The specific
comparison is shown in Fig. 26.

The figure shows that there are certain differences between the
stress-strain curves obtained from laboratory tests and those
obtained from numerical simulations. The laboratory specimens
experienced typical stages, including compaction, elastic deforma-
tion, yielding, and failure, whereas the numerical simulation spec-
imens directly entered the elastic deformation stage after loading.
This is because during the generation of the PFC2D model, the
voids between particles are compacted by pre-consolidation force,
resulting in the absence of a distinct compaction stage in the sim-
ulation curves. Ignoring the compaction stage, the simulated and
experimental stress-strain curves show good overall agreement,
with small differences in peak strength and elastic modulus.

Moreover, under different joint dip angles, the failure modes
obtained from numerical simulations are highly consistent with

JRC=5
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Table 7
Mesoscopic parameters.

Mesoscopic Material type
Material ~ Material ~ Joint
A B
Minimum particle radius, rmy;, (mm) 0.1 0.1 0.3
Particle size ratio, Imin | 'max 3 3 3
Particle density, p (kg/m?) 1 1 1
Particle contact modulus, E. (GPa) 18 14.2 5.4
Particle stiffness ratio, ky/ks 0.5 0.5 0.15
Friction coefficient, u 0.5 0.5 0.15
Contact modulus, E (GPa) 14 13 4.2
Contact stiffness ratio, ky / ks 1 1 1
Parallel bond factor 1 1 0.5
Phase strength by parallel bonding method, 26 20 7.8
pb_s, (MPa)
Tangential strength of parallel bond, pb_s; 20 16 6
(MPa)

those observed in laboratory tests, effectively reproducing the fail-
ure characteristics of the specimens. Therefore, the rock model
established in this study and the calibrated mesoscopic parameters
are highly rational and accurate, validating the reliability of the
laboratory test results.

4.3. Analysis of the numerical simulation results

To clarify the crack evolution process during loading, Fig. 27
shows the model’s stress-strain curves with marked characteristic
points. Corresponding microcrack distribution maps at each char-
acteristic point are also presented for intuitive observation of crack
propagation.

Fig. 27a shows the stress-strain curve and microcrack evolution
process of the model with a joint dip angle of 0°. At the initial load-
ing stage, tensile microcracks initiate first along the joint and grad-
ually propagate into the matrix regions on both sides. The
microcrack density within the weak matrix is significantly higher
than that in the strong matrix, indicating pronounced asymmetry.
The strength difference between the two matrix sides substantially
influences the initiation and propagation behavior of microcracks.
As loading continues, the number of microcracks increases gradu-
ally, shear microcracks start to emerge, and their quantity rapidly
increases near the peak strength. Ultimately, shear microcracks

Fig. 25. Schematic diagram of numerical simulation model establishment.
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Fig. 26. Comparison of the mechanical curves and failure modes between the numerical simulations and laboratory tests.

become dominant, forming an inclined shear failure band that tra-
verses the joint plane in the model.

Fig. 27b displays the stress-strain curve and crack evolution
process for the model with a joint dip angle of 45°. At the initial
loading stage, cracks are mainly concentrated around the joint sur-
face, primarily as shear cracks with a relatively uniform distribu-
tion. In this early stage, the joint surface guides crack initiation,
with crack propagation directions coinciding with the joint plane,
indicating shear-dominated failure. As loading progresses, the
number of shear cracks increases gradually, especially near the
peak strength. Significant sliding failure occurs along the joint sur-
face, and shear cracks extend along the joint into the matrix, even-
tually forming a shear failure band penetrating through the joint.

When the joint dip angle is 90° (Fig. 27c), tensile cracks initiate
from the joint region during the early loading stage. However,
since the joint surface is parallel to the loading direction, stress
transfer is ineffective, significantly limiting crack propagation
and preventing further development. Subsequently, numerous
cracks initiate within the matrix, with the crack density on the
weaker matrix side noticeably higher than that on the stronger
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side, indicating asymmetric damage characteristics between the
strong and weak matrices. As loading approaches the peak
strength, shear cracks emerge in large quantities and gradually
dominate. In the late loading stage, shear cracks form a through-
going shear failure band on the weaker matrix side. In contrast,
the crack distribution on the stronger matrix side remains sparse
without forming a continuous failure band. The crack evolution
process indicates that although microcracks initiate first in the
joint area, the shear crack band formed in the matrix is the main
cause of model failure.

4.4. Microscopic damage analysis

(1) Microcrack distribution

The spatial distribution of microcracks can be classified into
four types: joint shear cracks, joint tensile cracks, matrix shear
cracks, and matrix tensile cracks. Fig. 28 shows the distribution
of microcracks inside the matrix and joints of the composite joint
model with a JRC of 10.


move_f0145

Y. Bai, Z. Xu, H. Dou et al.

International Journal of Mining Science and Technology 35 (2025) 1731-1751

100 - iz d - 1400 - 7000 80 - Stress 41400 -+ 6000
—=— Total crack 70 |- —=— Total crack P
g0 —=— Tensile microcrack 11200 6000 —e— Tensile microcrack < 12000 L 5000
—*— Shear microcrack 60 - —A— Shear microcrack -
_ 1 5000 , b 41000 2
= I Crack growth rate g 4 50 B Crack growth rate 4 1 4000%
< —~ [ -]
S ooy 1800 140005 £ 800 3 g
s 3 g S Z4of et 30007
i P B
&40 600 %1 3000 _ég Sl 600 —g 2000§
5 2 ¢ Ot z
400 © 120002 ° - 400
20 1000
0

a b c d
(a) f=0°
—— Stress
80+ —=— Total crack
—&— Tensile microcrack
—A— Shear microcrack
60 [ Crack growth rate
5
2
|6"40 -
Ny
20
0
0 2

() p=

90°

a b c d
(b) p=45°
41400 + 7000
d
c J41200 1+ 6000
11000g 1 5000
<
-4 800 '§ + 40002
<] ©
& 5
1600 % + 30003
g g
@]
{400 ~ 4 2000%
4200 1+ 1000
0 1L 0
10

Shear micro - cracks

Tensile micro - cracks

Fig. 27. Microscopic evolution process of the joint model.

In terms of joint crack distribution characteristics, the propor-
tion of joint tensile cracks first decreases and then increases as
the joint dip angle increases, whereas the proportion of joint shear
cracks first increases but then decreasing. Regarding matrix crack
distribution, the proportion of matrix tensile cracks continuously
increases with increasing joint dip angle, whereas the proportion
of matrix shear cracks continuously decreases.

This reveals the regulatory effect of the joint dip angle on the
crack evolution mechanism inside the jointed rock mass. Under
low dip angles (0°-30°), damage within the matrix is dominated
by shear cracks controlled by shear stress, whereas the joint sur-
faces mainly develop tensile cracks due to tensile stress. When
the joint dip angle ranges from 45° to 60°, the matrix cracks tran-
sition gradually from shear-dominated to tension-dominated, and
the proportion of shear cracks inside the joints significantly
increases, shifting the failure mode from tension-controlled to
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shear-controlled. At a dip angle of 90°, the proportions of tensile
cracks in both the matrix and the joint surface increase markedly,
dominating the matrix failure and enhancing the tensile stress
effect.

Figs. 29a and b illustrate the influence of joint roughness on the
proportion of microcrack types inside the matrix and the joint,
respectively. The proportion of shear cracks inside both the matrix
and the joint gradually increases with increasing joint roughness,
which suppresses the initiation of tensile cracks. For the matrix,
this is because the rough joint surface enhances the interaction
between the matrix and the joint, increasing the resistance of the
joint surface against shear, thereby promoting the formation of
shear cracks. This trend indicates that increasing joint roughness
strengthens the coupling effect between the joint surface and the
matrix, making the shear failure characteristics in the matrix more
pronounced. For the joint itself, the higher roughness enhances the


move_f0150

Y. Bai, Z. Xu, H. Dou et al.

=100 Joint shear crack [__| Joint tensile crack
00

1Z]

2 ) »
Q

= 60

2,

S 40 .

g 7% 2% 68% 72%
£ 20 58%

g VL

2

&0 9 30 45 60 90 B ()L
<) T T T T T

2 2ok | 20%

§ 20 ® 47% 50% 52% 58%
]

‘E 40

<

£

B 60 //

g %

5 80[ / /
[=%

g

100~

Matrix shear crack [___| Matrix tensile crack

Fig. 28. Evolution trends of the proportions of microcrack types inside the matrix
and joints with joint dip angle (JRC = 10, 63=8 MPa).

interlocking effect, allowing shear stress to accumulate more easily
along the joint surface, which promotes shear failure.

(2) Local damage coefficient.

To investigate the influence of the joint roughness and joint dip

angle on the mesoscopic damage characteristics of the specimen,
the damage coefficients Z of the matrix and joint under different
conditions were calculated via Eq. (18):
Z= % x 100% (18)
where M represents the number of microcracks within the matrix or
joint region; and C the total number of contacts in the matrix or
joint region.

Fig. 30 illustrates the variation of the matrix damage coefficient
and joint damage coefficient with joint dip angle when the JRC is
10. As shown in the figure, the matrix and joint damage coefficients
exhibit opposite trends as the joint dip angle increases. The matrix
damage coefficient first decreases and then increases with increas-
ing joint dip angle, indicating that the degree of matrix damage ini-
tially decreases and subsequently intensifies. Conversely, the joint
damage coefficient initially increases but then decreases with
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increasing joint dip angle. The increase in joint roughness enhances
the shear resistance of the joint surface, thereby strengthening the
constraint on crack propagation and, to some extent, reducing the
joint damage coefficient. However, higher roughness can also lead
to stress concentrations at contact interfaces, potentially resulting
in higher microcrack density in localized regions, which increases
the matrix damage coefficient.

5. Discussion

Previous studies have predominantly focused on jointed rock
masses composed of homogeneous materials, and numerous
mechanical experiments have been conducted to examine the
influence of joint dip angle and joint roughness on failure modes.
However, these studies have largely neglected the complex cou-
pling mechanisms arising from the strength heterogeneity
between the materials on either side of the joint—particularly in
cases where the weaker matrix does not exhibit markedly low
strength.

In this study, anisotropic composite specimens with differing
matrix strengths and regularly serrated joints were designed to
systematically investigate the influence of joint geometry on fail-
ure mode evolution, energy response, and microcrack damage
mechanisms under triaxial stress conditions. Based on experimen-
tal results, the PFC2D discrete element method was introduced to
simulate the evolution of microcracks, thereby establishing an
integrated research framework that links macroscopic responses
to microscopic mechanisms. Compared with existing studies, this
work offers significant advantages in revealing the transition of
failure modes, the evolution of dominant crack types, and energy
dissipation mechanisms under the coupled control of joints and
matrix materials.

Despite these meaningful findings, several limitations should be
acknowledged:

(1) Material simulation: Cement mortar was used to simulate
natural rock. Although it ensured consistency in specimen
preparation and parameter control, it differs from natural
rock in terms of long-term loading behavior, water satura-
tion, and chemical erosion resistance.

(2) Single confining pressure: The triaxial tests were conducted
under a constant confining pressure of 8 MPa, without con-
sidering the influence of varying burial depths or in-situ
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Fig. 29. Variation trends in the proportions of crack types within the matrix and joint under different joint roughness conditions.
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stress states. Future studies should expand the range of con-
fining pressures to increase the generalizability of the
results.

(3) Simplified joint modeling: Both the 3D-printed molds used
in physical testing and the idealized serrated joint model
used in numerical simulations oversimplify the irregular
morphology and multiscale roughness of natural joints.

(4) Limited damage indicators: This study primarily focuses on
mesoscopic damage analysis based on statistical evaluations
of crack quantity and type, and does not yet incorporate
multi-physical field coupling factors such as acoustic emis-
sion, stress redistribution, and seepage evolution.

These limitations may affect the direct applicability of the
results to field-scale engineering problems. Nevertheless, within
the controlled parameter range of this study, the key trends
observed demonstrate strong generality and provide valuable
insights. Future research should consider incorporating more com-
plex joint geometries, multiscale matrix heterogeneity, and envi-
ronmental coupling factors to enhance the engineering relevance
and predictive capability of the proposed model.

6. Conclusions

(1) Three typical failure modes were observed in the specimens:
joint failure, mixed failure, and matrix shear failure. The
joint dip angle is the dominant factor controlling the failure
mode, whereas the joint roughness plays a regulatory role.
The joint dip angle influences the stress state along the joint
plane, thereby affecting the overall failure behavior of the
specimen. A clear correlation was found between the failure
mode and the peak strength of the specimen: when the fail-
ure mode transitions from joint failure to mixed failure and
then to matrix shear failure, the corresponding peak
strength decreases accordingly.

(2) The mechanical parameters of the specimens exhibit pro-
nounced anisotropy. Increasing the joint roughness not only
significantly reduces the degree of anisotropy but also
enhances the crack initiation stress and dilatancy stress. This
results in a reduced proportion of the post-peak unstable
development phase, thereby reducing the brittleness of the
specimen.

(3) A greater joint roughness markedly improves the energy
storage capacity of the specimen and prolongs the failure
process. The peak elastic energy is strongly influenced by
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the joint dip angle, with the lowest peak elastic energy
observed at a dip angle of 60°. A clear linear relationship
exists between the elastic energy and the peak deviatoric
stress, validating the applicability of the linear energy stor-
age law.

(4) The discrete element results indicate that the joint dip angle
significantly influences the initiation, propagation, and accu-
mulation of microcracks, as well as the overall failure mode.
With increasing joint dip angle, the concentration zone of
microcracks shifts from the matrix to the joint, and the dom-
inant microcrack type transitions from tensile to shear and
then back to tensile cracks. In contrast, increasing the joint
roughness reduces damage along the joint and notably
weakens the influence of the joint on the spatial location
of the specimen’s failure surface.
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