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Energy conversion and release occur through the entire deformation and failure process in jointed rock masses, and the ac-
cumulation and dissipation of rock mass energy in engineering can reveal the entire process of deformation and instability. This
study uses PFC2D to carry out numerical simulation tests on single-joint sandstone under uniaxial compression and biaxial
compression, respectively, and analyse the influence of joint inclination, length, and confining pressure on the meso-energy
conversion process and phase evolution of jointed sandstone. Through analysis, it is found that the input meso total strain energy
is transformed into meso dissipated energy and meso-elastic strain energy. Macroscopic and microscopic joint sandstone law is
consistent with the overall energy evolution; and the difference is reflected in two aspects: (1) the microlevel energy evolution has
no initial compaction energy consumption section and (2) the linear energy storage section before the macroenergy evolution
peak can be subdivided into two sections in the meso-level energy evolution. Under uniaxial compression, the energy values at the
characteristic points of the meso-level energy evolution phases first asymmetrically decrease and then increase with the increase of
the joint inclination. The initiation point of jointed sandstone is significantly affected by the length of the joint, and the
degradation effect of the meso-energy at the damage point and peak point weakens with the increase of the joint length.
Comparing the data obtained from the PFC numerical simulation with the experimental data, it is found that the error is small,
which shows the feasibility of the numerical model in this paper. Under biaxial compression, the accumulation rate of meso-elastic
strain at the peak point of the jointed sandstone first decreases and then increases with the joint inclination angle. After the peak of
jointed sandstone, the rate of sudden change of meso-energy change decreases with the increase of joint length. The conditions of
high confining pressure will promote the meso-accumulated damage degree of the jointed sandstone before the peak, while
inhibiting the meso-energy and the mutation degree of the damage after the peak. The higher the confining pressure, the more
obvious the joint length and inclination effect characteristics of the elastic strain energy at the peak point of the jointed sandstone.

1. Introduction Wang et al. [9] studied the energy mechanism of the strength

weakening of discontinuous jointed sandstone under uni-

The failure of rock is a process of energy conversion and
transfer involving the continuous exchange of matter and
energy with the outside world, and its final failure is a state
instability phenomenon driven by internal energy [1-3].
Many scholars have analysed the damage and destruction
processes of rocks from an energy perspective [4-6]. Chen
etal. [7, 8] studied the fracture evolution and energy damage
evolution mechanism of deeply buried carbonaceous slate.

axial compression with a dip of 45 through uniaxial
compression tests. The crack propagation and failure criteria
for a jointed rock mass were then constructed based on the
rate of change of the elastic energy consumption ratio.
Zhang and Gao [10] established a self-inhibited evolution
model of the energy conversion of loaded rock with axial
stress and analysed the energy evolution law of dry and wet
red sandstone. Peng et al. [11] established a damage


mailto:1319469487@qq.com
https://orcid.org/0000-0001-5115-1165
https://orcid.org/0000-0001-5970-780X
https://orcid.org/0000-0001-7306-3983
https://orcid.org/0000-0003-1510-4809
https://orcid.org/0000-0003-0228-7159
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5245402

evolution model based on conventional triaxial compression
tests. Li et al. [12] proposed an energy dissipation damage
constitutive model for a jointed rock mass based on the
energy principle. Peng et al. [13-15] investigated the energy
dissipation and fragment distribution of rock specimens
containing symmetrical and asymmetrical cross-fissures
under static and dynamic loadings and investigated the
energy characteristics of fissured specimens under coupled
static and dynamic loads with different loading parameters.
Liu et al. [16] revealed the influence of fatigue energy and
damage evolution parameters on the mechanical properties
of the jointed rock model.

It is difficult for laboratory tests to reveal the relationship
between the internal crack development process and the
energy change in a rock mass in real-time. The macroenergy
of the jointed rock mass is calculated as an integral of the
mechanical test data, and thus the accuracy of the results is
greatly restricted by the test conditions. The process of using
high-pressure water jet cutting to create jointed specimens is
generally difficult and expensive due to the influence of the
uniformity of the rock itself. Therefore, the establishment of
a multiscale mechanical model from a meso-scale per-
spective can provide a deeper understanding of the rock
deformation and failure processes [17, 18]. Xie et al. [19]
established a joint damage statistical constitutive model
based on the damage statistical mechanics theory and the
characteristics of deformation stages. Wong and Einstein
[20] studied the microscopic development of white patches
and their evolution into macroscopic tensile cracks and
shear cracks in marble and the microscopic initiation of
hair-line tensile cracks and their evolution into macroscopic
tensile cracks in gypsum. With the gradual deepening of the
rock energy evolution process, it has been found that nu-
merical simulations can provide significant advantages, such
as repeatability, real-time results, economic benefits, and
operability. Through the damage caused by the contact
between particles, the morphological evolution and crack
propagation evolution of the specimen can be accurately
captured throughout the entire process, and the fracture
mechanism of the medium can be deeply revealed. There-
fore, the particle flow method has gradually been applied to
the study of basic mechanical properties and fracture
characteristics of rock materials [21-25]. For example, the
dynamic progressive fracturing process of the cracked
chevron-notched Brazilian disc (CCNBD) specimen was
numerically assessed via discrete-element method [26]. Liu
and Wang [27] used the particle flow numerical method to
establish a rock sample with a single prefabricated fracture
and studied the effects of concentrated tensile stress and
shear stress on airfoil and secondary crack propagation
during quasi-static loading. Rashid and George [28] pro-
posed an elastic damage yield criterion algorithm based on
energy dissipation and embedded it in numerical software to
analyse the stability of the surrounding rock. Zhou [29]
studied the anisotropic characteristics of rocks using a tri-
axial experiment based on the strain energy density factor.
The numerical simulation of a particle flow has been per-
formed using the discrete-element method, which can
construct any rock shape as a particle assembly. Wang et al.
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[4] used numerical simulations to study rock bursts in deep
tunnels. Huang and Cen [17] used numerical simulations to
conduct an in-depth study of the meso-damage character-
istics and energy dissipation mechanism of single-joint
granite under successive static-dynamic loads. Zhang et al.
[18] used the particle flow method to study the relationship
between the rock deformation energy, microcrack evolution,
and damage from a meso-scale perspective. Potyondy and
Cundall [30] proposed a bonding model suitable for rocks in
PFEC, which greatly improved the accuracy of numerical
methods for simulating the macromechanical and meso-
mechanical properties of rocks and has been widely used.

The current research is mainly focused on the secondary
development of a complete rock energy model algorithm or
the exploration of the meso-damage and energy evolution
law of lower rock masses before the peak under a certain
load. However, in-depth investigations of the phase char-
acteristics of the meso-energy evolution mechanism of
jointed rock masses and the correlation between the meso-
energy and damage evolution during the entire loading
process under different stress states are still lacking. Nu-
merical simulations of particle flow characteristics can
overcome the shortcomings of analysing multicrack failure
in macromechanical tests and can allow the corresponding
relationship between the stress, cracks, and meso-energy
evolution of rock samples under loads to be monitored
directly. Therefore, this study uses PFC2D to carry out
numerical simulations of a single-joint sandstone under
uniaxial and biaxial compression. The data are compared
with uniaxial test data to analyse the causes of errors. The
relationship between the mechanical characteristics of sin-
gle-joint sandstone, microcrack initiation law, meso-dam-
age, and energy evolution mechanism is studied from a
meso-scale perspective, and the effects of the joint dip, joint
length, and confining pressure on the meso-energy damage
evolution of jointed sandstone are explored.

2. Test Program and Equipment

A rock sample was obtained from a fresh and complete
sandstone block located on a rocky slope on the bank of the
Three Gorges Reservoir. The selected sandstone is hard and
grey in texture, and it has a fine-grained sand-like structure
and massive structure. Fine grains of 0.25 to 0.125 mm are
dominant, followed by medium grains of 0.25 to 0.5 mm.
The sorting is general, and the rounding is medium. The
main mineral composition of the sandstone is as follows:
quartz (50.7%), plagioclase (19.4%), hematite (9.6%), calcite
(7.6%), potash feldspar (4.4%), anhydrite (2.7%), and clay
minerals (5.6%). According to indoor rock mass tests, the
density of the sandstone in its natural state is 2.27 g/cm”, the
water content is 0.85%, the cohesion is 19.1 MPa, and the
internal friction angle is 25.2".

The test piece is a standard cylindrical test piece
(D=50mm, H=100mm). The complete sandstone is pro-
cessed into joint samples with a water jet, and the pre-
fabricated joint is filled with gypsum. Testing indicated that
the peak strength of the gypsum is approximately 6.6 MPa,
and the elastic modulus is approximately 0.85 GPa.
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The width of the prefabricated joints in the sample is
I mm. When producing samples with different joint dip
angles, the joint length, 2a, is 1 cm. The centre of the joint
coincides with the centre of the cylindrical sandstone
sample, and the joint dip angles, a, are 0°, 15°, 30°, 45°, 60°,
75°, and 90°. The processed jointed sandstone samples with
different joint dip angles are shown in Figure 1(a); when
samples with different joint lengths are produced, the dip, «,
is 45°. The joint lengths, 24, in that case are 1, 1.5, 2, 2.5, and
3 cm. The processed jointed sandstone samples with dif-
ferent joint lengths are shown in Figure 1(b).

The load is applied using a WADJ-600 microcomputer-
controlled electro-hydraulic servo rock mass shear rheo-
logical testing machine. The uniaxial compression test
adopts vertical displacement control loading with a loading
rate of 0.1 mm/min until failure of the specimen. The digital
image correlation (DIC) equipment is an XT-DIC non-
contact strain and deformation measurement system. The
test equipment is shown in Figure 2.

The brittleness can be usually determined by the relation
between compressive strength and tensile strength; there-
fore, to better reflect the brittleness of the sample, we
conducted a tensile strength test. According to the recom-
mended standards of the International Society of Rock
Mechanics (ISRM), the sandstone was processed into
samples with a diameter D and a thickness ¢ of 50 mm and
25mm, respectively. The AG-IS precision electronic uni-
versal material testing machine was used to carry out the
Brazilian split test on the sandstone sample. The loading
method was displacement control. To ensure the static
loading condition, the loading rate was set to 1.67 x107®s™"
(0.1 mm/min), the test device is shown in the figure. The
formula for calculating the tensile strength of the complete
rock is

2P

= 1
It nDt M

In the formula, P is the failure load, D is the diameter of
the sample, t is the thickness of the sample, and ot is the
tensile strength of the rock. According to the results of the
Brazilian split test (the ultimate load is 9.343 kN), the tensile
strength of the rock sample can be calculated using the
formula to be 4.761 MPa (Figure 3).

3. Establishment of the Particle Flow
Numerical Model

Based on the results of laboratory tests, PEC2D is used to
perform numerical simulations of jointed sandstone under
uniaxial and biaxial compression to investigate the rela-
tionship between the mechanical characteristics of discon-
tinuous jointed sandstone, microcrack initiation,
microscopic damage, and the energy evolution mechanism
from a meso-scale perspective. This study aims to reveal the
meso-mechanical mechanism of discontinuous jointed
sandstone under compression.

PFC2D is a virtual particle flow simulation software
based on discrete-element theory and the mechanical be-
havior of materials from a meso-level perspective. The model

in PFC2D is composed of basic units, such as walls, disc
particles, bonding, and contact. There is no need to define
the macroscopic constitutive relationship and material when
applying PFC to calculate, but the microscopic and mac-
roscopic mechanical parameter characteristics of the ma-
terial need to be related to each other. The cementation
between rocks can be simulated by the contact constitutive
between particles, and Newton’s second motion can explain
the mechanical relationship between the particles. The
macroscopic morphology of the rock is the physical reaction
of the movement of the meso-mineral particles and the
bonding friction.

Potyondy and Cundall [30] proposed particle bonding
models suitable for simulating rock materials, including
contact bonding and parallel bonding. As the parallel
bonding model has the advantages of resisting stretching,
shearing, and moment effects, it can better simulate the
cementation between rock and mineral particles, as shown
in Figure 4. This model has been confirmed by many scholars
to more accurately simulate the meso-damage process of
brittle rocks. Therefore, this paper uses the parallel year
testival model for PFC numerical simulation.

Based on the medium, stress homogenisation assump-
tion and one-dimensional assumption, a two-dimensional
model is used to study the microcracks and meso-energy
evolution law of jointed sandstones during the deformation
process. The parallel bonding model [30] is used to establish
a sandstone sample with dimensions of 50 mm x 100 mm,
and the method of assigning weaker meso-cohesion pa-
rameters to particles in a certain range is used to simulate
weak fillings. The numerical model contains 13,645 particles
and 29,350 contacts, with a minimum radius of 0.25 mm and
a maximum radius of 0.375mm. The specific numerical
model types of the jointed sandstone are listed in Table 1.

For the numerical simulation of the uniaxial compres-
sion experiment, the lateral left and right walls are deleted,
and the same speed in opposite directions is applied to the
upper and lower walls to control the axial displacement. The
speed of the upper and lower walls is 0.05 m/s, as shown in
Figure 5(a).

For the numerical simulation of the biaxial compression
experiment, a certain speed is applied to the surrounding
four walls to maintain a constant confining pressure of the
lateral wall; at the same time, the same speed in opposite
directions is applied to the vertical walls to simulate axial
displacement control loading, as shown in Figure 5(b). The
biaxial compression tests considered three different con-
fining pressures of 5 MPa, 10 MPa, and 15 MPa.

To simulate the deformation process of jointed sand-
stone filled with gypsum under uniaxial and biaxial com-
pression, the particles are divided into two groups. The
macromechanical parameters of intact sandstone and gyp-
sum were measured based on the indoor uniaxial com-
pression test and calibrated, and then a two-dimensional
particle flow numerical model of jointed sandstone with
gypsum filling was established. The calibration of intact
sandstone and gypsum meso-parameters is carried out as
follows: first, the meso-parallel bonding modulus and
contact modulus between the particles of the numerical
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FIGURE 1: Sandstone specimens and joint position (length unit: mm): (a) sandstone specimens with different dip angles of the joint and

(b) sandstone specimens with different joint lengths.

Rock -sample

FIGURE 2: WADJ-600 testing machine and DIC instrument.

model are repeatedly and synchronously adjusted, so that
the slope of the stress-strain curve obtained by the numerical
simulation is compared with the indoor uniaxial com-
pression, similar or the same as the test result; then adjust the
meso-stiffness ratio of the numerical model simultaneously
to make Poisson’s ratio and failure mode obtained by the
numerical model consistent with the test results; then the
normal strength and tangential direction of the parallel
bonding are adjusted proportionally, so that the peak

FIGURE 3: AG-IS precision electronic universal material testing
machine.

intensity of numerical simulation is similar to that of the ex-
periment test. Finally, through the “trial and error method,” the
meso-parameters are uniformly calibrated, and finally, a set of
meso-parameters similar to the results of the indoor uniaxial
compression test are obtained. (The stiffness of the wall is
considered infinite), as shown in Table 2. Although the nu-
merical test results are affected by the uniformity of the model
particles and cannot reflect the initial compaction stage of the
complete sandstone, the particle flow numerical simulation can
still show the other stages of sandstone deformation. The
macromechanical parameters in the experimental tests and
numerical simulations are listed in Table 3.
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F1GURE 4: Parallel bond model in discrete-element method [31].
TaBLE 1: Joint form of the particle flow numerical model of jointed sandstone.
Joint form Model size Joint dip (°) Joint length (cm) Joint width (cm) Joint location
(mm x mm)
Joint dip 0, 15, 30, 45, 60, 75, 90 1 . .
Joint length 50 x 100 45 115, 2,25, 3 0.1 Joint centre and rock sample centre coincide

(a)

()

FiGure 5: Loading modes in the particle flow numerical simulations: (a) uniaxial compression simulation and (b) biaxial compression

simulation.

4. Meso-Energy Theory of Jointed Sandstone

Assuming that there is no heat exchange between the rock
mass and the outside under load, then according to the first
law of thermodynamics, the work, G, performed by the
external load on the jointed sandstone is as follows:

G=G,+G,, (2)

where G, is the dissipated energy of the jointed sandstone
and G, is the elastic strain energy of the jointed sandstone.

According to the energy tracking theory in discrete el-
ements [32], the total energy absorbed by the discrete-
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TaBLE 3: Comparison of the calibration results for macroscopic mechanical parameters.

Material type Test condition

Peak intensity (MPa)

Elastic modulus (GPa) Poisson’s ratio

Rock Laboratory test 66.25 7.01 0.26
Numerical simulation 66.63 6.90 0.25
Plaster Laboratory test 6.6 0.85 0.30
Numerical simulation 6.7 0.84 0.29

element model under load, E,; parallel bonding strain en-
ergy, E; linear contact strain energy, E.; and dissipated
energy, E;, are calculated as follows:

E, = ) (F,AU, + M;A6;),
N,

w

=5 Y ([EPI(AR") + [P I(AR )+ [M1,/(1E") ),

N

E

pb

B =3 Y([F[K +[F[F),
N,

c

—

E; = Z(Fzs (AUf)ShP)>
N,

c

s(t+At) st
(1 - )

1

(AU = AU, + - :

(3)

where N, is the number of walls; F; is the contact force
between round particles; AU is the displacement of round
particles; M is the resultant moment of round particles; A6,
is the angle of round particles; N, is the total number of
parallel bonds between partlcles, A is the bonding area
between particles; k' and k* are the average stiffness of the
normal and tangential contact, respectively; M, is the av-
erage resultant moment; I is the particle moment of inertia;
N is the number of particles in contact; F, and F; are the
average normal contact force and tangential contact force of
the particles, respectively; F; is the tangential contact force
between particles; (AUS)Shp is the sliding displacement in-
crement; and k° is the particle tangential contact stiffness.
PFC2D can monitor the entire meso-scale particle model
in real-time, including the boundary energy, E,; friction
energy, E,; damping energy, Ey; parallel bonding strain
energy, pr; particle strain energy, E_; and kinetic energy, E,.
The total meso-strain energy, E, of the particle model is the
boundary energy, E;, and the elastic meso-strain energy, E,,
is composed of E, and E_. The dissipated meso-energy, E;,
is calculated indirectly from the difference between E and E,.
According to thermodynamic theory, the expression for the
meso-energy relationship of jointed sandstone is as follows:

EzEb=E6+Ed’Ee=pr+Ec’Ed=Ey+Eﬁ’ (4)

where E, E,, and E; are three types of meso-energy that are
divided by the area of the two-dimensional particle flow
model to obtain the total meso-strain energy density, M,
elastic meso-strain energy density, M,, and dissipated meso-
energy density, M, respectively.

Based on the strain-hardening mechanism of intact rock
before the peak presented by Zheng [33] and considering
that the jointed sandstone is dominated by energy accu-
mulation before the peak, the elastic strain energy is used as
an example to establish the relationship between the elastic
strain energy and the strain of the prepeak jointed sandstone.
The nonlinear model is as follows:

m

Ue = 1+e—n£—mc’ (5)

5. Macroenergy and Meso-Energy Damage
Evolution Mechanism of Sandstone with
Different Joint Forms under
Uniaxial Compression

The deformation and failure processes of jointed sandstone
under uniaxial compression are accompanied by the
transformation of various meso-energies. The evolution of
the meso-energy can reflect the degradation process of the
macroscopic rock mass structure and the final failure mode.
A model sample with a joint dip angle a« =45° (joint length
2a=1cm) is taken as an example to illustrate the meso-
energy conversion process of jointed sandstone.

As shown in Figure 6, the boundary energy increases
exponentially before the peak. After reaching the peak point,
the slope of the boundary energy curve decreases due to the
rapid loss of rock mass structure strength. In the initial stage,
almost all of the boundary energy is transformed into grain
strain energy and parallel bonding strain energy. With
continued loading, deformation and misalignment occur
between the model particles. The increase in the particle
strain energy and parallel bonding strain energy gradually
becomes smaller than the increase in the boundary energy.
The boundary energy is gradually transformed into friction
energy, damping energy, and a small amount of kinetic
energy between the particles. After reaching the peak point,
the strain energy is rapidly released in the form of sound,
heat, friction energy, and kinetic energy.

The microenergy conversion process of jointed sand-
stone is accompanied by the initiation and propagation of
microcracks. During the loading process, the ratio of the
number of microcracks, C, to the total number of bonds, C0,
in the model is the microscopic damage variable, D [17]. As
Co has a certain value, the change in the number of
microcracks can be used to characterise the damage of the
rock sample. A model sample with « =45" and 2a=1cm is
used to demonstrate the law.

As shown in Figure 7, as the load increases, the number
of microcracks exhibits a horizontal development near zero
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FIGURE 7: Meso-damage and energy evolution law in a single-jointed sandstone.

(OA section), a linear increase with a small slope (AB
section), a sudden increase of different degrees (BC section),
a concave increase (CD section), and a sudden increase
during which the slope approaches infinity (DE section).

Compared with the macroscopic energy evolution
process (Figure 8), the overall law is similar in the meso-level
energy evolution process, with two key differences: (1) the
meso-scale energy evolution process has no initial com-
paction energy dissipation period (O’A’) and (2) the prepeak
linear energy storage section (A'B’) of the macroscopic
energy evolution can be divided into a prepeak nondamage
energy storage section (OA section) and stable damage
energy low consumption section (AB section) in the meso-
scale energy evolution process.

Based on the stage characteristics of the meso-energy
evolution of jointed sandstones, the characteristic values of

the boundary points of the meso-energy evolution of jointed
sandstones with different joint dip angles are calculated. As
the occurrence of catastrophic damage in the BC section is a
relatively short process, there is no need to consider the
energy of point C. The relationship between the simulation
results for different joint dip angles and the boundary points
is shown in Figure 9.

The meso-energy values at the initiation, damage, and
peak points of the jointed sandstone can reflect the energy
accumulation during the entire loading process from no
damage to initial damage, from no damage to sudden
damage, and prepeak, respectively. As shown in Figure 9, as
o increases, the meso-energy and characteristic stresses at
the crack initiation point, damage point, peak point, and
failure point all initially decrease and then increase. The
moderately inclined jointed sandstone reaches the meso-
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energy characteristic point first. The corresponding postpeak
mutation damage is relatively slight, followed by progressive
damage after the peak; the jointed sandstone with a gradual
dip is the second-best, and the jointed sandstone with a steep
dip exhibits the most severe damage. From the crack ini-
tiation point to the damage point and then the peak point,
the difference between the total meso-strain energy and the
elastic meso-strain energy gradually increases. The dissi-
pated meso-energy range at the crack initiation point is
between 0.49 and 1.74kJ-m™2, at the damage point, it is
between 3.12 and 6.74kJ-m >, and at the peak point, it is
between 7.53 and 11.46k]-m~2. In other words, as the load
increases, the input energy is gradually transformed into
dissipated meso-energy, and the rock structure gradually
produces cumulative damage. To study the severity of the
failure of jointed sandstone during the loading process, the
failure mode, and effect of the joint dip angle of the meso-
damage situation, the numerical simulation results at the
failure point (where the peak point and postpeak stress level
are 70% of the peak stress) are analysed, as shown in
Figure 10.

As shown in Figure 10(a), as « increases, the sudden
increase in the dissipated energy of postpeak jointed
sandstone and the sudden decrease in elastic strain energy all
show an asymmetric V-shape characterised by an initial
decrease followed by an increase; the greater the magnitude
of the meso-energy mutation after the peak of the jointed
sandstone is, the more severe the damage after the peak will
be. As shown in Figure 10(b), as « increases, the prepeak
cumulative meso-damage level initially increases and then
decreases. As shown in Figure 11, the number of tensile
cracks at the characteristic energy point of the jointed
sandstone is significantly greater than the number of shear
cracks. As « increases, the number of shear cracks initially
decreases and then increases. In Figure 12, red colour in-
dicates the joint, yellow indicates tensile cracks, and purple
indicates shear cracks. The number of microcracks in the
jointed sandstone increases with an increase in the load. The
microcracks in the sandstone with a=0° initiate from the
inside of the joint, gradually expand to the middle, and
expand from the top and bottom of the left tip of the joint to
the top and bottom of the right tip, resulting in a nearly
X-shaped tensile-shear mixed failure. The microcracks in the
sandstone with « =45’ start from the inside of the joint and
gradually expand to the joint tip in the direction of ap-
proximately 45°, resulting in shear failure. The microcracks
in the sandstone with a=90" are less affected by the pre-
fabricated joints. The microcracks are distributed more
uniformly after initiation and then gradually expand at the
upper left of the joint; in addition, secondary microcracks
initiate at the lower right of the joint, causing splitting
failure.

Figure 13 shows the maximum principal strain cloud
diagram of jointed sandstone filled with gypsum under three
joint dip angles obtained by DIC, it can be seen from the
figure that it is basically consistent with the microcrack
distribution characteristics at the peak point of the nu-
merical simulation. This result further explains the ratio-
nality of the numerical model.
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The change in each energy index value at the peak point
with varying joint dip angles obtained from the test data is
shown in Figure 14. The PFC numerical simulation results
can better reflect the variation trend of the test data.
Comparing the data obtained from the PFC numerical
simulation with the experimental data, the error analysis
results are summarised in Table 4.

As indicated in Table 4, the relative error between the
uniaxial compressive strength obtained by the test and the
uniaxial compressive strength obtained by the PFC is small,
indicating that the PFC numerical simulation can better
reflect the test situation and has a higher reliability.

To investigate the effect of the joint length at each meso-
energy characteristic point of the jointed sandstone, based
on the numerical simulation results, the eigenvalues of the
boundary points are calculated at each stage of the meso-
energy evolution of the jointed sandstone with different joint
lengths. The relationship between the meso-energy and the
characteristic stress of the sandstone energy characteristic
points with varying joint lengths is shown in Figure 15.

As shown in Figure 15, as the joint length, 24, increases,
the meso-energy and stress at the initiation point decrease
approximately linearly, whereas the meso-energy, damage
stress, and peak stress at the damage point and peak point
decrease exponentially with a decreasing slope. In other
words, the degradation effect decreases with an increase in
2a. The characteristic energy of the crack initiation point and
the degradation of the stress are significantly affected by the
joint length.

The characteristic curves of the meso-damage and
postpeak failure of sandstones with different joint lengths
are shown in Figure 16. The sudden increase in postpeak
dissipated meso-energy and sudden decrease in elastic
meso-strain energy decrease exponentially with the in-
crease in joint length. The prepeak cumulative meso-
damage level increases with an increase in 2a, and the
postpeak mutation meso-damage level exhibits the oppo-
site trend. The larger 2a is, the greater the initial damage
degree is and the smaller the corresponding postpeak
energy mutation amplitude will be; the final degree of
cracking is determined by the cumulative damage before
the peak. It can be seen from Figure 17 that the proportion
of tensile cracks at the time of failure is 59.04% to 62.49%,
indicating that the length of the joint does not significantly
affect the final failure mode of the sandstone. It can be seen
from Figure 18 that sandstone cracks with different joint
lengths all expand outward from the prefabricated cracks,
there are secondary shear cracks locally, and final shear
failure is dominant. The larger the value of 2a, the smaller
the expansion range of the crack initiation point is (smaller
energy required for initiation), the larger the crack prop-
agation range at the peak point will be (faster crack de-
velopment process), and the smaller the crack mutation
after the peak will be (slower failure after the peak).

Figure 19 shows the maximum principal strain cloud
diagram of the sandstone filled with gypsum under three joint
dip angles obtained by DIC. It can be seen from the figure that
the distribution of microcracks at the peak point of the
numerical simulation is basically consistent.
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The variation in each energy index at the peak point
with the length of the joint obtained from the experimental
data is shown in Figure 20. From the figure, it can be seen
that the variation in the energy density with the joint length
obtained in the experiments is consistent with that ob-
tained in the PFC numerical simulation. Comparing the
data obtained from the PFC numerical simulation with the
experimental data, the error analysis results are summar-
ised in Table 5.

From the error analysis results in Table 5, although the
PFC numerical simulation results and the test results have a
large error when the joint length is 3cm, overall, the
remaining errors are still small, which also shows that PFC
can more accurately reflect the test situation.

6. Meso-Energy Damage Evolution
Mechanism of Jointed Sandstone under
Biaxial Compression

Based on the results of the laboratory uniaxial compression
tests and the meso-parameter calibration for jointed sand-
stone, PFC is used to carry out numerical simulations of
jointed sandstone under biaxial compression. The stress-
strain curves for jointed sandstones with a joint dip of 60
(2a=1cm) and a joint length of 1.5cm (a=45°) under
different confining pressures are shown in Figure 21 as an
example for analysis.

As shown in Figure 21, the stress-strain curves of the
jointed sandstones under different confining pressures are
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(c)

FIGURE 12: Microcrack distribution characteristics of jointed sandstone at energy feature points with different a: (a) a=0°, (b) a=45",
(c) «=90° (A is the initiation point, B is the damage point, D is the peak point, and E is the failure point).
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F1Gure 13: Maximum principal strain field of jointed sandstone peaks with different joint dip angles: (a) a=0°, (b) a=45", and (c) a=90".

approximately coincident in the elastic deformation stage,
which indicates that the average elastic modulus of jointed
sandstone in the elastic stage is not affected by o3; this result
is consistent with the test results reported by You [34]. As 05
increases, there is no obvious stress drop before the peak in
the jointed sandstone, the yield weakening stage gradually
becomes obvious, and the peak strength and peak strain
gradually increase. In other words, a larger o3 will cause the
prepeak deformation and damage process of the jointed

sandstone to be more stable, and the toughness and strength
of the jointed sandstone will be significantly enhanced. The
postpeak stress drop of the jointed sandstone gradually slows
with the increase in 03, and the larger the o3 is, the higher the
residual strength will be. The meso-energy evolution curves
of sandstone with « =60° and 2a=1 cm under different o3
conditions are used as an example to further discuss the
meso-energy evolution characteristics of jointed sandstone
under different confining pressures, as shown in Figure 22.
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TaBLE 4: Comparison of PFC numerical simulation results and test results of uniaxial compressive strength varying with inclination angle.

Joint dip («(°))  Uniaxial compressive strength of test (MPa)

Uniaxial compressive strength of PFC (MPa)

Relative error (%)

0 50.86
15 48.72
30 46.22
45 44.93
60 50.62
75 55.32
90 57.71

50.7 0.314589
48.5 0.45156
45.5 1.557767
44.5 0.957044
49.9 1.422363
55.2 0.21692
57.5 0.363888

As shown in Figure 22, the meso-energy conversion
processes of jointed sandstone under different confining
pressures have a certain similarity. When the stress is in the
elastic deformation stage, the meso-energy increases, the
total meso-strain energy absorbed by the jointed sandstone
is mainly transformed into elastic meso-strain energy, and
the dissipated energy is relatively small. When the stress
transitions from the weakening stage to the peak strength,
the dissipation energy curve increases in a concave shape.
During the process from the peak point to the failure point,
the jointed sandstone begins to fail internally, resulting in an
obvious macroscopic fracture surface. At this time, the
elastic strain energy decreases rapidly, the dissipation energy
increases, and more energy is converted into dissipation
energy. Based on the numerical simulation results, the peak
strengths of sandstone with different joint dip angles and
lengths under varying o5 are analysed, as shown in Figure 23.

As shown in Figure 23, as « increases, the peak strengths
of jointed sandstones with different o5 exhibit a U-shaped
change, which is consistent with the experimental results
reported by Chen et al. [35]. As 2a increases, the peak
strengths of sandstones with different o5 gradually decrease.
This reveals that the joint dip angle and joint length still
affect the mechanical anisotropy of jointed sandstones under
different confining pressures. Therefore, it is necessary to
investigate the characteristics of the joint dip effect and joint

length effect on the meso-energy evolution mechanism of
jointed sandstones under different confining pressures. The
meso-energy evolution characteristics at the peak points for
sandstones with different joint dip angles under varying o5
are shown in Figure 24.

As shown in Figure 24, as 03 increases, the meso-energy
at the peak points gradually increase for sandstones with
different «, and the proportion of elastic energy gradually
decreases. That is, when o3 is greater, more energy needs to
be input from the outside before the peak of the jointed
sandstone. The increase in the energy storage limit of the
rock mass is accompanied by an increase in the energy
consumption mechanism. The elastic meso-strain energy
can effectively characterise the energy storage capacity of
jointed sandstones in the prepeak stage; therefore, the re-
lationship between o3 at the peak point and the elastic meso-
strain energy of sandstones at each joint dip angle is fitted
using the equation y = a + bos; the fitting results are shown in
Figure 25. As shown in Figure 25, 03 has a good linear
correlation with the elastic meso-strain energy of jointed
sandstone, which is consistent with the results reported by
Wen et al. [36]. Here, y represents the elastic meso-strain
energy accumulated at the peak point, and a represents the
meso-elastic strain energy at the peak point under uniaxial
compression. The meso-elastic strain energy at the peak
point initially decreases and then increases as « increases,
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FIGURE 15: Characteristic point meso-energies with varying joint lengths: (a) initiation point, (b) damage point, (c) peak point, and (d) break
point.

FIGURE 16: Variation in the amplitude of the abrupt change in the meso-energy after the peak and meso-damage level before and after the
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FIGURE 18: Distribution characteristics of microcracks at energy characteristic points of jointed sandstones with varying joint lengths:
(a) 2a=1cm, (b) 2a=2cm, and (c) 2a =3 cm (A is the initiation point, B is the damage point, D is the peak point, and E is the failure point).

and the larger the 03 is, the more obvious the anisotropy of
the effect of 2a on the elastic strain energy at the peak
point of the jointed sandstone will be. In the fitting
equation, b represents the degree of influence of g5 on the
accumulation of elastic strain energy at the peak point.
The larger the b is, the faster the accumulation of elastic
meso-strain energy will be when o3 is constant. As «
increases, b initially decreases and then increases, and b is
greater for the steeply inclined sandstone than the gently
inclined sandstone.

The postpeak energy evolution of jointed sandstone can
reflect its deformation and failure characteristics. For ex-
ample, Song et al. [37] considered both the prepeak energy
accumulation and postpeak energy release to evaluate rock
brittleness. Figure 26 shows the meso-energy mutation after
the sandstone peak with different values of « under varying
03.

As shown in Figure 26, as o3 increases, the postpeak
meso-energy at the failure points gradually increases for
sandstones with different «, which indicates that the
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FIGURE 19: Maximum principal strain field at peak points of jointed sandstones with different joint lengths: (a) 2a =1 cm, (b) 2a =2 cm, and
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TaBLE 5: Comparison of PFC numerical simulation results and experimental results of uniaxial compressive strength varying with joint
length.

Joint length (a(°))  Uniaxial compressive strength of test (MPa) Uniaxial compressive strength of PFC (MPa) Relative error (%)

1 44.41 44.5 0.202247
1.5 30.09 30.2 0.364238
2 26.97 25.5 5.450501
2.5 20.98 20.8 0.85796
3 16.88 19.3 12.53886

inhibition of o3 will significantly increase the energy at the  suddenly increases; with an increase in 03, the magnitude of
failure point of the jointed sandstone; this is consistent with ~ the sudden change in the meso-energy after the peak de-
the test results reported by Zhang and Gao [10]. It can be  creases for sandstones with different a. The relationship
seen from the figure that the elastic meso-strain energy = between the sudden decrease in the elastic meso-strain
suddenly decreases, and the dissipated meso-energy  energy and the sudden increase in the dissipated meso-
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FIGURE 22: Meso-energy evolution curves for jointed sandstone under different 03: (a) 63 =0MPa, (b) 03 =5MPa, (c) 03 =10 MPa, and

(d) 63=15MPa.
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FiGure 23: Evolution of the peak strength of jointed sandstone under different os.

energy with o5 after the peak of the jointed sandstone at each
dip angle is fitted using the equation y=a+ bos; the fitting
results are shown in Figure 27.

As shown in Figure 27, the fitting correlation is between
0.94 and 0.99. In the fitting equation, a represents the sudden
decrease in the elastic meso-strain energy or the sudden
increase in the dissipated meso-energy of the jointed
sandstone under uniaxial compression, and b represents the
rate of the sudden decrease in the elastic meso-strain energy
or the sudden increase in the dissipated meso-energy after
the peak of the jointed sandstone under ¢;. The smaller the
value of b, the greater the rate of the sudden change in the
meso-energy will be. As « increases, b initially decreases and
then increases. That is, the rate of the abrupt change in the
meso-energy after the peak first increases and then decreases
for jointed sandstone; the rate of the abrupt change in the
meso-energy after the peak is greater for the sandstone with
a gentle dip than that with a steep dip. To investigate the
mesoscopic damage of sandstones with different « under
varying o3, the mesoscopic damage level is used to analyse
the cumulative meso-damage before the peak and the
mutation meso-damage after the peak, as shown in
Figure 28.

As shown in Figure 28, as « increases, the cumulative
mesoscopic damage level of jointed sandstone before the
peak initially increases and then decreases, and the postpeak
mutation meso-damage level initially decreases and then
increases. The greater the o3, the greater the cumulative
damage before the peak is, and the smaller the damage after
the peak will be. As shown in Figure 29 with the increase in
03, the distribution density of microcracks inside sandstones
with different « increases; that is, the cumulative damage
becomes more severe. When o3 is constant, the accumulated
meso-damage of the jointed sandstone with a moderate dip
is the largest before the peak, and the mutation meso-
damage is the smallest after the peak. The jointed sandstone
with a steep dip exhibits the opposite trend, and the char-
acteristics of the sandstone with a gentle dip are in between.

In addition, it can also be seen that under the action of 05, the
failure mode of the jointed sandstone is not controlled by «
but is mainly controlled by ;. Generally, X-type shear
failures or tensile-shear mixed failures are dominant.

Similar to the postpeak meso-energy evolution charac-
teristics of jointed sandstones with different joint dip angles,
based on the results of the numerical simulations, the meso-
energy evolution characteristics at the peak points of
sandstones with different joint lengths under varying con-
fining pressures are shown in Figure 30.

As shown in Figure 30, with an increase in o3, the meso-
energy at the peak point of the sandstones with different
joint lengths increases, the proportion of elastic energy
decreases, and the proportion of dissipated energy increases.
The relationship between o5 at the peak point and the elastic
meso-strain energy of sandstones with different joint lengths
is fitted using the equation y =a + bos, where a, b, and 03 at
the peak point have the same meaning as the parameters in
the fitting relationship for the elastic meso-strain energy of
sandstones with different joint dip angles. The fitting results
are shown in Figure 31. As 24 increases, b initially increases
and then decreases, but the increase is not large. When 2a
increases from 2.5cm to 3.0 cm, b decreases significantly;
that is, when o5 is constant, the elastic meso-strain energy
accumulation rate of jointed sandstone is not affected within
a certain range of 2a. When 2a exceeds a certain value, the
elastic meso-strain energy accumulation rate decreases as 2a
increases. The larger the o3 is, the more obvious the an-
isotropy of effect of the joint length on the elastic strain
energy at the peak point will be for jointed sandstone.

Figure 32 shows the sudden change in the meso-energy
of sandstones with different joint lengths under varying o5
from the peak point to the failure point.

It can be seen from Figure 32 that o5 increases the re-
sidual meso-energy at the failure point for sandstones with
different joint lengths and suppresses the sudden change in
the meso-energy after the peak. The relationship between the
postpeak meso-energy mutation amplitude with o3 is fitted
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FIGURE 24: Mesoscopic energy at the peak point for sandstones with different « under varying o5: (a) elastic strain energy, (b) dissipated
energy, (c) percentage of elastic strain energy, and (d) percentage of dissipated energy.

for sandstones with different values of 2a, and the fitting
results are shown in Figure 33.

As shown in Figure 33, the amplitude of the abrupt
change in the meso-energy has a linearly decreasing rela-
tionship with o5 for sandstones with different 2a, and the
fitting correlations are between 0.94 and 0.99. In the fitting
equation, a and b have the same meaning as the parameters
in the fitting relationship for the energy mutation amplitude
after the peak in sandstones with different joint dip angles.
With an increase in 24, b gradually increases, and the rate of
decrease of the meso-energy mutation amplitude after the
peak gradually decreases in the jointed sandstones. In other
words, when o3 is constant, the magnitude of the meso-
energy mutation after the peak in the jointed sandstone is
inhibited by o3 and decreases with an increase in 2a. Here, a

can reflect the joint length effect on the meso-energy mu-
tation amplitude after the peak in jointed sandstone under a
certain 0;. With an increase in 24, a gradually decreases and
the meso-energy mutation amplitude after the peak grad-
ually decreases. The larger the o3, the less obvious the effect
of the joint length on the meso-energy mutation amplitude
after the peak will be. The mesoscopic damage of sandstones
with different 2a under varying o3 is shown in Figure 34.
As shown in Figure 34, with an increase in 24, the cu-
mulative mesoscopic damage level of the jointed sandstone
before the peak gradually increases, and the mutational
meso-damage after the peak gradually decreases. Moreover,
a larger o3 will increase the degree of accumulated meso-
damage before the peak in sandstones with different 24,
while inhibiting the degree of mutation meso-damage after
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the peak. Figure 35 shows that with an increase in o3 in
sandstones with different 24, the distribution density of
microcracks in the sandstones increases. The greater the
value of 2a, the greater the prepeak cumulative meso-
damage of the sandstone will be, and the smaller the
postpeak mutational meso-damage will be. The final degree
of cracking in the jointed sandstone is consistent with the
regular change in the prepeak cumulative damage level.
Under the action of 03, the final failure mode of sandstones
having different 24 is mainly controlled by 5. The larger the
05 is, the more obvious the X-type shear failure will be.

7. Discussion

Based on laboratory experiments, this study uses a PFC
numerical simulation to investigate the meso-energy con-
version process and phase evolution characteristics of single-
joint sandstones under uniaxial compression. The effect of

the joint dip angle and length on the meso-energy damage
evolution of jointed sandstones under uniaxial and biaxial
compression is analysed, and the effect of the confining
pressure under biaxial compression is examined. The main
conclusions are as follows:

(1) The total meso-strain energy input during the de-
formation and failure process of jointed sandstone is
transformed into dissipated meso-energy and elastic
meso-strain energy. The evolution of the meso-en-
ergy can be divided into five stages. These stages are
consistent with the overall law of the macroscale
energy evolution, with differences reflected in two
aspects.

(2) Under uniaxial compression, as the joint dip in-
creases, the energy at the characteristic points of the
meso-energy evolution will asymmetrically first
decrease and then increase. The ability to accumulate
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energy before the peak is weak in the sandstone with
the medium dip angle, the corresponding postpeak
mutation damage is slight, and progressive shear
failure occurs. The sandstone with a gradual dip
angle has a more severe near-X-shaped tensile-shear
mixed failure, whereas the sandstone with a steep dip
exhibits splitting failure.

(3) Under uniaxial compression, the crack initiation

point is significantly affected by the joint length, and
the meso-energy degradation at the damage point
and peak point decreases with an increase in the joint
length. The cumulative damage level before the peak
increases with an increase in the joint length. The
final failure mode is not affected by the length of the
joint and is basically shear failure. The longer the

joint, the faster the crack development process before
the peak will be after initiation. In addition, the
cumulative damage before the peak will be more
severe, and the failure process after the peak will be
slower.

(4) After comparing the experimental and PFC nu-

merical simulation results for sandstones with dif-
ferent joint dip angles and joint lengths, the reasons
for the errors are analysed. The PFC*” numerical
simulation method is directly related to its calcula-
tion assumptions. There are many irregular weak
structural surfaces and tiny cracks in real specimens,
and the numerical simulation method cannot ac-
curately simulate these internal conditions. There-
fore, there is a large relative error.
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(5) Under a certain confining pressure, the elastic meso- sandstone with a medium dip has the slowest rate.
strain accumulation rate at the peak point is the The reduction rate of the sudden change in the meso-
fastest for the jointed sandstone with steep dip, energy amplitude after the peak follows the same

followed by the sandstone with a gentle dip; the pattern. The postpeak abrupt meso-damage level
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determines the final cracking situation of sandstones
with different dip angles.

(6) Under a certain confining pressure, the rate of de-
crease of the sudden change in the meso-energy
amplitude after the peak decreases with an increase
in the joint length. The accumulation rate of the
elastic meso-strain energy at the peak point is not
affected within a certain joint length. When the joint
length exceeds a certain value, the accumulation rate
of the elastic meso-strain energy decreases. The
cumulative damage level before the peak determines
the final cracking of the sandstone with different
joint lengths. High confining pressure conditions
promote the accumulation of damage in the prepeak
region and inhibit the meso-energy and damage
mutation degree after the peak. The failure mode is
mainly controlled by the confining pressure. The
higher the confining pressure, the more obvious the
effects of the joint length and dip angle on the elastic
strain energy at the peak point will be.
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