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The uniaxial compression tests were conducted on granite samples with different joint dip angles to more favorably explore the influences
of the nonconsecutive joint on mechanical properties and deformation characteristics of the rock mass. The stress-strain curves, de-
formation and strength characteristics, and energy evolution process of the samples were analyzed. Numerical simulation using particle
flow code (PFC) is employed to study the crack propagation process. The mode of jointed and fractured rock was investigated. The
research results showed a significant reduction in both the peak strength and elastic modulus of jointed samples compared with intact
ones: the peak strength and elastic modulus drop to the minimum at the joint dip angle of about 45°, especially for the peak strength, which
takes up about 55% of the intact samples. The fractured samples’ total energy, elastic strain energy, and dissipated energy during the
uniaxial compression drop significantly relative to intact samples. The proportion of the fracture modes varies with different joint dip
angles, in which the ratio of shear cracks grows at first and then declines, with the highest balance at the dip angle of 45°. The damage
stress’s sensitivity to the dip angle change is greater than that of the peak stress, with reduction amplitude more extensive than the latter.

1. Introduction

Various structural planes such as fractures, interlayers, and
faults generally occur in engineering rock, so such rock has
quite complex structures. Numerous engineering practices
show that the instability of rock structures (e.g., rock slopes
and underground caverns) is related to joints developed in
rock [1, 2]. The presence of fractures greatly influences
various characteristics (such as deformation and strength) of
rock [3-5]. Therefore, the investigation on the initiation,
propagation, and coalescence processes of cracks in jointed
rock shows great significance [6, 7].

Rock fracture is accompanied by the initiation, propagation,
and coalescence of microfractures in rock. The macroscopic
mechanical properties of the rock are highly associated with the
development and evolution of microfractures [5, 8-11]. Thus,

initial microfractures present a vital influence on the physical
and mechanical properties of rock. At present, the related re-
search mainly focuses on two aspects. On the one hand,
simulation tests or numerical simulations are carried out to
explore the influences of the occurrence, length, and opening of
fractures on mechanical properties. For example, Gehle and
Kutter [12] surveyed the effects of geometric parameters of
discontinuous joints and loading conditions on the shear
strength of rock. Fan et al. [12-14] explored the dip angle and
length of microfractures and loading direction influences on the
rocK’s crack initiation strength and deformation characteristics.
Zhao et al. [15] investigated the shear behaviors of rock con-
taining four joints with different occurrences based on nu-
merical simulation. On the other hand, the relationship between
the density of microfractures and the mechanical properties of
specific rock is surveyed. For example, Moore and Lockner [16]
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explored the influence of the thickness of microfractures in
granite on the shear strength of the rock. Kou and Alm [17]
performed a Brazilian disc test on granite samples thermally
treated at different temperatures. In addition, they also estab-
lished the relationship between the tensile strength and the
density of microfractures by analyzing microscopic and mac-
roscopic mechanical properties of fractures. Feng [18] explored
the influence of fractures in a variety of rock, including syenite,
basalt, and gabbro, on the uniaxial compressive strength and
tensile strength of the rock. By studying the relationship be-
tween microfractures and mechanical properties of marble in
Yuen Long District, Hong Kong, China, Wang et al. [19] found
that the density of microfractures is remarkably correlated with
the compressive strength of brittle marble while hardly related
to that of ductile marble. Wong et al. [20] explored the in-
fluences of the initial density of microfractures and mineral
particle size on the uniaxial compressive strength of Yuen Long
marble. Through numerical analysis, Pu et al. [21] revealed the
effects of fractures’ distribution density and dip angle on the
failure strength of rock-like materials. Li [22] discussed the
relationships of the strength, elastic modulus, Poisson’s ratio,
acoustic emission (AE) evolution laws, and failure character-
istics with the development level of fractures in dolomite.
Moreover, the researcher also revealed the influence of primary
microfractures on the mechanical properties under uniaxial
compression conditions. According to reciprocal energy the-
orem and fracture mechanics theory, Xu [23] discussed the
changes of effective elastic modulus, shear modulus, and bulk
modulus of fractured rock with the changing fracture density.
Wang et al. [24] showed that correlations of the effective dy-
namic elastic parameters and elastic wave velocity with the
fracture density in fractured rock approximate a nonlinear
reciprocal function. Walsh [25] surveyed the influence of
microfractures on Young’s modulus through the uniaxial
compression test. The research results reflect that the density of
microfractures dramatically influences the mechanical prop-
erties of rock. Although some laws are drawn, whether the laws
are suitable for rock with different densities of microfractures
remains unclear.

Granite is selected as the surrounding rock or foundation in
many major engineering projects due to its high strength and
wide distribution. By taking granite from Bayu Tunnel in Lhasa-
Linzhi Railway as the example, the rock samples without joints
and with joint dip angles of 0° (horizontal direction), 30°, 45°,
60°, and 90° at the coalescence rate of 50% were processed. In
this way, the influence of the joint dip angle on mechanical
parameters and fracture energy evolution during failure of rock
samples was explored by performing the uniaxial compression
test. Finally, the microscopic evolution of cracks was investi-
gated according to numerical simulation using the PFC.

2. Fracture and Energy Evolution Processes of
Granite Samples with Different Joint
Dip Angles

2.1. The Uniaxial Compressive Strength Test on Granite with
Different Joint Dip Angles. The rock samples were taken
from Bayu Tunnel in Lhasa-Linzhi Railway. According to the
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test standard recommended by the International Society for
Rock Mechanics (ISRM), the granite was prepared into
standard cylindrical samples with an aspect ratio of 2:1 and
a diameter of 50 mm. The samples’ upper and lower end
faces were repeatedly ground to make their evenness within
+0.05 mm. The rock samples without joints and with the
joint dip angles of 0° (horizontal direction), 30°, 45°, 60° and
90° at the coalescence rate of 50% were processed and then
placed for 5 weeks to be naturally air-dried. The rock samples
present the average density of 2.20 g/cm’, the porosity of
0.12%, and the average longitudinal wave velocity of
3,370 m/s. The uniaxial compression test was carried out on
standard cylindrical rock samples (50 mm x 100 mm) by
using the MTS815 electric hydraulic serve testing machine.
The failure characteristics and stress-strain curves of the rock
samples are shown in Figure 1.

As shown in Figure 1, the complete stress-strain curve of
the granite can be divided into five phases: fracture com-
paction, elastic deformation, stable fracture propagation,
accelerated fracture propagation, and post-peak strain
softening.

Figure 2 shows the changes of the peak stress ratio (the
ratio of the peak stress on fractured rock samples to that on
intact ones) and elastic modulus ratio (the ratio of the elastic
modulus of fractured rock samples to that of intact ones)
with the joint dip angle.

It can be seen from Figure 2 that both the peak strength
and elastic modulus of jointed samples are significantly
reduced compared with the intact samples, especially for the
peak strength. The peak strength declines at first and then
increases with the growing dip angle of microfractures, and
the strength of rock samples is the lowest at the fracture dip
angle of about 45°. The compressive strength of the samples
at the dip angle of 45" takes up about 55% that of the intact
samples, indicating that prefabricated fractures’ presence
leads to great initial damage to the samples. The peak
strength significantly grows when the dip angle exceeds 45°.
Specifically, the peak strengths at the joint dip angles of 60
and 90° separately account for 77.6% and 93.9% of rock
without joints. The elastic modulus also drops at first and
then grows with constantly increasing fracture dip angle. The
elastic modulus reaches the minimum at a =45°, taking up
about 84% of intact samples. It reveals that the samples
deliver the tremendous initial damage on this condition;
when the secondary fracture is perpendicular to the primary
fracture (that is, a = 90°), the initial damage in the samples is
the least significant. The elastic modulus accounts for about
93% that of intact samples.

2.2. Analysis of the Energy Evolution Process. The failure of
rock materials is attributable to energy transfer according to
the theory of thermodynamics. It is supposed that rock
materials of unit volume are deformed under external forces
in a closed system. The energy transfer can be defined as
follows according to the first law of thermodynamics:

U=U%+U", (1)
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FIGURE 2: Peak stress ratio and elastic modulus ratio of cracked
specimens.

where U, U,, and Uy refer to the total input strain energy,
elastic strain energy, and dissipated energy, respectively.

During the conventional triaxial test, the specific for-
mulas are displayed as follows [26]:

£ &
U= J o,de; +2 J 0,de; + U, (2)
0 0

Ut = [0} + 263 - (0103 + )] (3)

where 0; and 05 separately represent the first and third
principal stresses of rock units; o, and o3 denote the
principal strains corresponding to the principal stresses on
rock units, respectively; and y and U° separately stand for
Poisson’s ratio and the elastic strain energy accumulated
under the hydrostatic pressure.

:3(1—2;4)

U°
2E

. (4)

Moreover, 0,=03=0 exists under the uniaxial com-
pression load, and therefore formulas (2) and (3) can be
expressed as follows:

&
U= Jo o,dey,
(5)
2
ve=2L
2F

Figure 3 displays the changing relationship between the
elastic strain energy and the dissipated energy in rock
samples under the uniaxial compression. The blank area
below the stress-strain curve represents the dissipated en-
ergy U, caused by the internal damage and irreversible
plastic deformation of rock; the triangular shadow area
stands for the storable elastic strain energy U, in rock
samples.

The energy evolution of granite samples under the
uniaxial compression is shown in Figure 3. As shown in the
figure, the primary fractures in the samples are gradually
compressed and closed with the increasing stress in the
initial compaction stage I. In this context, the total input
energy nonlinearly grows with the deformation, and a
majority of energy is consumed due to the microcrack
closure and friction in rock. Therefore, the dissipated energy
is generally slightly higher than the elastic deformation
energy while a small portion of elastic strain energy is still
accumulated in this phase. In the elastic deformation stage,
the total energy and elastic strain energy approximately
linearly grow with the increase in the strain. In this case, the
compacted samples are elastic, and new cracks have not been
initiated. The energy input by external forces is constantly
transformed into the samples’ elastic strain energy, and the
dissipated energy remains the same and even drops. The
dissipated energy in intact rock samples is about 10 kJ/m”,
generally higher than that in rock samples with fractures.

Moreover, the change of the dissipated energy is closely
related to the fracture dip angle. At the dip angles of 0° and
30°, the dissipated energies in the elastic deformation stage
are about 3 and 7 kJ/m”, respectively. On this condition, the
energy is insignificantly dissipated. At the dip angles of 45°,
60°, and 90°, the samples are subjected to brittle failure even
after minor deformation. Therefore, the elastic deformation
stage lasts for a short time, and the dissipated energy drops.
It indicates that the cracks or fractures in rock samples are
further compacted, and the proportion of the elastic strain
energy further increases. In the plastic weakening stage, the
applied load gradually approximates the peak stress. In this
case, the samples are subjected to plastic deformation, and
microfractures constantly develop to form regional damage
and friction between cracks gradually. Part of the externally
input energy is dissipated due to the change of the internal
structure, and thus the dissipated energy starts to increase.
The intact samples without prefabricated fractures exhibit
strong brittleness, and they are rapidly damaged after
reaching the peak strength when new cracks initiate.
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FIGURE 3: Energy evolution of intact specimens: (a) =0 (b) a=30% (c) a=45% (d) a=60% (e) a=90".

Therefore, the plastic weakening stage almost hardly exists
for the intact samples without prefabricated fractures. For
the samples with prefabricated fractures, new cracks firstly
initiate and then the prefabricated fractures further prop-
agate and coalesce. This process causes the significant growth
of dissipated energy. At the dip angles of 0%, 30°, 60°, and 90°,
the constantly accumulated elastic strain is suddenly re-
leased with the growing deformation. The curve of elastic
strain energy drops in a step manner while the dissipated
energy curve suddenly rises in a step manner. At the dip
angle of 45°, the dissipated energy gradually increases. At the
same time, it does not grow in a step manner, which implies
that the fractures with a dip angle of 45° do not trigger the
initiation and propagation of cracks in advance. In the brittle
failure stage IV, the failure of the rock samples starts after
reaching the peak strength. The elastic strain energy accu-
mulated in the rock samples is rapidly released on this
condition while the plastic deformation dramatically in-
creases. As the microfractures in rock samples constantly
develop, the cracks quickly propagate and coalesce, and the
rock samples start to lose the bearing capacity, showing
significant brittle characteristics. In the brittle failure stage,
the dissipated energy sharply grows while the elastic strain
energy rapidly reduces with the growth of the strain. The
curves of the dissipated energy and elastic strain energy are
intersected.

3. Establishment of the Discrete Element Model

3.1. Analysis of the Fracture Process. The biaxial compression
test was carried out on rock materials using the PFC2D. The
simulation =~ model  shows the dimensions of
50 mm % 100 mm, and the loading equipment was simulated
with walls. The mesoscopic parameters of the model were
obtained (Table 1) through inversion analysis based on the

parameter sensitivity analysis. As shown in Figure 4, the
simulated curve favors the test curve, which provides a basis
for numerical analysis research during rock failure. The rock
models with a single joint on different working conditions
were designed by changing the joint dip angle (a=0°, 30°,
45°,60°, and 90°), in which the joint with the length of 25 mm
is noncoalescent.

It can be seen from Figure 5 that the number of cracks
(total cracks, tensile cracks, and shear cracks) generally
increases in an S shape at any joint dip angle during the
uniaxial compression loading test. The cracks experience
four processes, i.e., without cracks, slow initiation, rapid
growth, and gradually decreasing growth rate, showing a
significant regularity. On this basis, the crack propagation
process of the samples is divided into the elastic stage
without cracks, crack initiation stage, rapid crack propa-
gation stage, and slow crack development stage. The fracture
mode shows different proportions at different dip angles.
Figure 5 displays the curve of the cumulative number of
cracks in the samples, and Figure 5 shows the spatial dis-
tribution of cracks within four stages.

As shown in Figure 5, in elastic stage without cracks, the
samples are subjected to elastic deformation, and no cracks
appear therein. The stress-strain curve approximately line-
arly develops.

In crack initiation stage, cracks initiate and propagate,
and the crack growth curve is nonlinearly concaved. In this
case, the crack initiation strength is 52.1 MPa, which takes up
64.88% in the compressive strength of intact samples; the
cracks are distributed stochastically, and the number of
shear cracks approximately equals that of tensile cracks.

In rapid crack propagation stage, the number of cracks
linearly rapidly grows, and the tensile cracks more quickly
increase than shear cracks when approaching the peak stress.
The interaction and interference among cracks become more
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TaBLE 1: Model parameters of rock.

Types of materials Particle size (m) Density (kg/m3 ) Emod (GPa) Krat Pb_ten (MPa) Pb_coh (MPa) Pb_fa ()
Granite 0.3¢7>-0.5¢> 2950 48.57 1.7 24.6 12.5 35

Note. Krat: stiffness ratio; Pb_ten: tensile strength; Pb_coh: cohesion; Pb_fa: friction angle.
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apparent, and cracks constantly develop, agglomerate, and
nucleate owing to the increase in density of cracks drasti-
cally. On this condition, the growth of the density of
mesoscopic cracks improves the nonlinear characteristics of
the mechanical properties of rock.

In slow crack development stage, the number of cracks
slowly rises, and 3,837 cracks are finally generated, in which
the tensile and shear cracks separately account for about
75.3% and 24.7%. The samples are subjected to tensile failure
under the leading role of tensile fractures, thus forming
macroscopic cracks developing nearly along the axial
direction.

3.2. Law of Characteristic Failure Strength of the Model.
As shown in Figure 6, the microfractures in rock start to
initiate and propagate when the loading stress is higher
than the crack initiation stress of rock. If the loading stress
is higher than the damage stress of rock, numerous in-
ternal microfractures are connected and then coalesced.
The cracks further propagate and coalesce without the
need to increase the external force. In this context, the
number of cracks rapidly grows and the curve of the
volumetric strain is bent and rock is subjected to volume
expansion. Therefore, the corresponding axial stress at the
point where cracks initiate is taken as the crack initiation
stress. The damage stress can be determined by taking the
related axial stress at the point where cracks rapidly in-
crease or the corresponding axial stress at the point where
the curve of the volumetric strain of rock is bent. During
the uniaxial compression simulation test on rock using
PFC, microcracks are monitored, and the volumetric
strain of rock is monitored by setting the measuring
circles. Therefore, the corresponding axial stress at the
point where microcracks initiate is taken as the crack
initiation stress of jointed granite during the simulation;
the damage stress can be determined according to the
number of microcracks or the volumetric strain.
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Figure 7 shows the strength eigenvalue under different
fracture dip angles. The crack initiation stress gradually de-
clines at 0° < < 45°. The crack initiation stress is the lowest at
a=45" while it slowly rises at 45°=a <90°. Additionally,
cracks are hard to initiate, and there is relatively high crack
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initiation stress at a = 0%; that is, the joint direction is parallel
to the loading direction. It is easy for cracks to initiate, and the
crack initiation stress is relatively low at o =90°; that is, the
joint direction is perpendicular to the loading direction. It can
be seen through the above analysis that the crack initiation
stress gradually reduces at first and then gradually grows with
the increasing a. The crack initiation stress declines at o = 90",
and it reaches the minimum at & = 45". It can be seen from the
figure that the damage stress declines at first and then
gradually increases with the growing a. The damage stress
gradually reduces with the growth of « within the range of
0°~30°. There is the lowest damage stress at a =30°. Then, the
damage stress gradually grows with the increase in o within
the range of 30°~90".

4. Conclusions

The uniaxial compression tests were conducted on granite
samples with different joint dip angles to explore the effect of
the nonconsecutive joint on mechanical characteristics. The
main conclusions are as follows:

(1) Both the peak strength and elastic modulus of jointed
samples drop obviously compared with intact
samples, especially for the peak strength. The
compressive strength and elastic modulus are the
minima in the samples at the dip angle of 45°. The
uniaxial strength accounts for about 55% of the
compressive strength, while the elastic modulus
takes up about 84% of intact samples.

(2) A comparison is made on the crack initiation stresses
and damage stresses obtained through uniaxial
compression simulation using PFC and laboratory
tests on intact granites. Furthermore, the method of
acquiring the crack initiation stress and damage
stress on jointed granite by monitoring micro-
fractures is determined. The determined crack ini-
tiation stress and the damage stress coincided with
the results attained through the laboratory test.

(3) The crack initiation stress gradually reduces at the
joint dip angle of 0°~45°, and it reaches the minimum
at a=45" moreover, the crack initiation stress
gradually increases at the joint dip angle of 45°~90°".
The damage stress declines at first and then grows
with the increasing joint dip angle. The damage stress
gradually reduces with the rising joint dip angle
within the range of 0°~30°, and it reaches the lowest
at a =30"; the damage stress gradually rises with the
growing joint dip angle within the range of 30°~90".
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