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Uniaxial compression tests were conducted on marble specimens containing two flaws..ere are coplanar flaws and noncoplanar
flaws. .e inclination angle and spacing of flaws were considered of the coplanar flaws model, and the step angle and spacing of
flaws were considered of the noncoplanar flaws model. Strength failure and crack coalescence behaviour were analysed in the
paper. .e crack evolution process containing microcrack initiation, coalescence, and failure is focused on the rock bridge
coalescence and the extent of the pre-existing flaws. .ere are four forms of rock bridge coalescence: tensile crack coalescence,
shear crack coalescence, mixed tensile and shear crack coalescence, and no coalescence. Also, there are four forms of the rock
failure mode: tensile failure, shear failure, mixed tensile and shear failure, and split fracture. .e outer end of the critical stress
values were used to compare with the crack initiation strengths, and the crack initiation strengths were slightly larger than the
critical stress. In addition, energy dissipation laws were analysed during the model fracturing process. .e crack evolution
mechanisms around the pre-existing flaw in the model were revealed by the distribution of microcrack and energy dissipation.

1. Introduction

With the rapid development of civil and traffic engineering
and the exhaustion of shallow resources and energy, many
rock projects have entered deep environment; therefore,
crack evolution lead to frequent instability failure accidents
of rock mass underground engineering. .e Jinping II
Hydropower Station is located on the main stream of the
Yalong River in the Liangshan Yi Autonomous Prefecture in
Sichuan Province and is one of the backbone hydropower
stations developed by the lower reaches of the Yalong River.
Marble is the main surrounding rock of the Jinping II
Hydropower Station. .e fracture evolution process of the
crack in the rock mass is an urgent scientific problem to be
solved in deep underground rock engineering..erefore, we
consider the pre-existing flaws in the model, and fracture
mechanics and crack coalescence behaviour of the marble
containing pre-existing flaws are researched.

To better understand fundamental cracking processes,
precracked samples under compression have been exten-
sively studied in experiments on different natural rocks
[10, 11, 20–22] and rock-like materials [2, 16–18].

.e experimental study is based on the rocks with
natural flaws and rock-like materials with man-made pre-
existing flaws. In addition to physical experimental studies,
numerical simulation also plays a major role in crack coa-
lescence research. Over the last two decades, the discrete
element method (DEM) has emerged as a powerful tool for
exploring the mechanical behaviour of intact and jointed
rock masses at both the laboratory field scales [1, 8]. DEM
numerical investigations are carried out for several rock
materials containing different fissure geometries, such as a
single flaw, two flaws, and three flaws [25–28]. Recently, the
synthetic rock mass (SRM) approach has been employed for
a more realistic simulation of jointed rock masses [12]. In
this approach, intact rock is represented by Bonded Particle
Model (BPM), which has been extensively used for rock
failure analyses over the past decade [3, 14]. .e pre-existing
flaws are represented by SJM, which simulates the behaviour
of a smooth interface created by a joint plane and reflects the
predominant influence of joint orientation and inclination
on the joint, and hence, the whole rock mass behaviour, by
neglecting the local particle contact geometry surrounding
the joint plane [15]..e author has proposed a detailed study
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on the capabilities and limitations of SJM for producing
realistic rock behaviour, particularly for the effects of the
various microparameters of the model on simulated mac-
roproperties and the associated failure modes of rock masses
[5].

Crack coalescence of the two flaws and the rock bridge
coalescence model was important for the cracking pro-
cesses in the rock mass. Bobet and Einstein [2] proposed
five coalescence categories in a uniaxial compressive test
and two additional coalescence categories in a biaxial
compressive test. Sagong and Bobet [18] classified crack
types into tensile cracks, quasicoplanar shear cracks, and
oblique shear cracks. Wong [24] did the gypsum and
marble specimens for the one or two flaws and summa-
rized the coalescence behavior. Nine coalescence cate-
gories were classified by Wong and Einstein [20] based on
the various combinations of these cracks. .e classification
of coalescence mode on the DEM was based on the
morphology of crack development at the failure stage or on
the lab test based on the real time of photographic
monitoring on the model surface. .e advantage of this
paper is combining the DEM simulation and fracture
mechanics to analyse the cracking process.

Based on the DEM, the stress distribution status of the
model in the process of loading at a different stage can be
used to validation the real-time cracking evolution anal-
ysis. .e author has proposed this method and describes it
in detail in the article [5]. In addition to determining the
crack initiation stress and crack damage stress, peak
strength based on numerical calculation, the stress in-
tensity factor, outer side critical stress, and internal side
critical of flaws based on the fracture mechanics were used
in this article. .e analytical solutions of coplanar flaws
were given by Erdogan [7]; interaction between flaws and
the stress intensity factor at outer and internal tips of flaws
was listed. Fracture energy was an important aspect to
observe the cracking process [25, 30]; thus, the fracture
energy was used to analyse the law of energy change during
the samples loading.

Crack coalescence behaviour and fracture mechanics
analysis are the research objective of this paper. Intact rock
specimen and rock specimen containing two flaws are
constructed, the strength and crack evolution behaviour
are discussed, the stress redistribution is used to analyze
rock bridge coalescence behaviour, and the rock bridge
coalescence mode and rock failure mode are summarised.
.e critical stress based on the fracture mechanics was
obtained, and fracture energy analysis was studied in this
article.

2. Model Construction

2.1. Intact Rock Specimen and Microparameters. In this re-
search, particle flow code (PFC) based on DEM, was used to
simulate the mechanical behaviour of the marble specimens
containing pre-existing flaws under uniaxial compression.
.e BPM has a demonstrated ability to reproduce many
features of rock behaviour, including elasticity, fracturing,
acoustic emission, damage accumulation that produces

material anisotropy, hysteresis, dilation, postpeak softening,
and strength increase with confinement, which can be found
in [9, 13, 14]. .e generation of BPM is roughly divided into
the following five steps as shown in Figure 1. As a result, the
flaws are created by the smooth-joint model, which provides
the macroscopic behaviour of a linear elastic and either
bonded or frictional interface with dilation.

A 50mm× 100mm rectangular numerical model was
constructed, which was of the same scale as the experimental
marble specimen..e particle sizes distribution of the model
was from 2.0mm to 3.32mm..e BPMwas constructed and
calibrated against the laboratory test results from the marble
samples extracted from the Jinping II hydropower station
site located at the Yalong River of Sichuan, see [4]. .e
model is calibrated by the “trial and error method.”
Mesoscopic numerical simulation makes the macroscopic
mechanical response of the model close to the actual ma-
terial by changing the mesoscopic parameters of the particle
and interparticle contact model. In the whole process, ap-
proximating the elastic modulus of rock by changing the
elastic modulus of the particle and the elastic modulus of the
parallel bond, the two are positively correlated; changing the
particle stiffness ratio and the parallel bond stiffness ratio to
obtain a similar Poisson’s ratio, which is a positive corre-
lation and changing the parallel bond normal strengths and
tangential strengths to approximate the peak intensity, the
two are positively correlated.

Table 1 lists the microparameters for the marble specimen
used in the PFC2D modelling. Table 2 lists the laboratory
measurements and model predictions of macroproperties of
Jinping marble.

Figure 2 shows the comparison of the stress-strain curves
and ultimate failure modes obtained from the experiment
and PFC2D simulation. As seen in Figure 2, the DEMmethod
can accurately reflect the mechanical properties of rock in
the compression test; the numerical curve reproduced the
elastic deformation, peak strength, nonlinear deformation,
and brittle failure of the experiment, but did not reproduce
the initial deformation stage. In addition, the numerical
model produced a splitting failure mode, which was also
similar to the experimental result.

2.2. Rock Specimen Containing Two Flaws. .e sketch of
rock containing two flaws and the numerical model
containing one flaw is shown in Figure 3. .e model is in a
50mm × 100mm rectangular numerical mode, and two
pre-existing flaws are represented by the inclination angle
α (same as dip angle), stepped angle β, spacing D, and the
flaw length L. .e particle is represented by the yellow ball,
the flaw plane is represented by the blue disk, and the
smooth joint contact is represented by the black disk. .e
microparameter properties of the smooth joint model are
listed in Table 3. .e uniaxial compression test was taken
for the sample with two flaws. .e micro-parameter ge-
ometries of the test are listed in Table 4. .ere are five
series of the uniaxial compression test: series 1 and 2 are
coplanar two flaws and series 3, 4, and 5 are noncoplanar
two flaws.

2 Advances in Civil Engineering



3. Strength and Crack Evolution Behaviour

3.1. Peak Strength. Figure 4(a) shows the relationship be-
tween the peak strength and flaw inclination angle of the
specimens containing coplanar flaws of the model series 1,
and Figure 4(b) show the relationship between the peak
strength and flaw spacing of the specimens containing co-
planar flaws of the model series 2. As seen in Figure 4(a), the

peak strength increases with the increase in the flaw incli-
nation angle, the sample containing the inclination angle α
of 75° and 90° has the higher peak strength. As seen in
Figure 4(b), the peak strength has very little change with
increases of the flaw spacing. .e sample containing the
spacing L of 10mm has the highest peak strength.

Figure 5 shows the relationship between step angle β and
peak strength of the model with noncoplanar flaws of the

(a) (b) (c) (d) (e)

Figure 1: Generation steps of BPM. (a) Randomly generated, (b) particle balance, (c) floater particle, (d) contact well, and (e) parallel bond.

Table 1: .e microparameters of the BPM numerical model.

Particle parameters Parallel bond parameters
Ec(GPa) 35 Ec(GPa) 35
ks/kn 0.4 kn/ks 0.4
μ 0.5 σc(MPa) 124± 24.8
Rmax/Rmin 1.66 τc(MPa) 124± 24.8
Rmin(mm) 1 λ 1.0

Table 2: Laboratory measurements and model predictions of macroproperties of Jinping marble.

Macroproperties Rc (MPa) E (GPa) v (%)
Laboratory measurement 140 31.6 0.24
Model prediction 136.8 33.1 0.22
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Figure 2: (a) Axial stress-stain curves and (b) failure mode [4].
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Figure 3: (a) Sketch of rock containing noncoplanar two flaws; (b) sketch of rock containing coplanar two flaws; and (c) rock model
containing two flaws.

Table 3: .e properties microparameters of the smooth joint model.

kn (GPa) ks (GPa) σj (MPa) τj (MPa) μ Φ (°)

2.0 2.0 0 0 0.5 35

Table 4: .e microparameter geometries of the two flaws in the test.

Relationship Inclination angle α (°) Stepped angle β (°) Spacing D(mm) Flaw length L(mm)
Series 1 Coplanar 0, 15, 30, 45, 60, 75, 90 45 10 10
Series 2 Coplanar 45 45 5, 10, 15, 20, 30 10
Series 3 Noncoplanar 45 0, 15, 30, 45, 60, 90, 120 10 10
Series 4 Noncoplanar 45 0, 15, 30, 45, 60, 90, 120 15 10
Series 5 Noncoplanar 45 0, 15, 30, 45, 60, 90, 120 20 10
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Figure 4: (a) .e relationship between flaw inclination angle and peak strength and (b) the relationship between flaw spacing and peak
strength.
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model series 3, 4, and 5. It can be seen that the peak strength
has very little change with the increases in the step angle.

3.2. Crack Initiation Stress and Crack Damage Stress. .e
crack initiation stress and crack damage stress were obtained
from the numerical simulation. .e crack initiation stress is
defined as the axial stress that initiated the first cracks in the
preflaw samples, and the crack damage stress is defined as
the axial stress when the crack begins to grow unsteadily in
the preflaw samples. .e crack damage stress is defined
based upon the shape of the microcrack. Two methods of
microcrack fitting and microcrack azimuth principal com-
ponent analysis are used to judge the penetration condition
of microcracks observed during the uniaxial compression
test, and the damage of the sample was determined when the
rough surface was formed. .e author had used this ap-
proach to analyze the crack initiation stress and the crack
damage stress in the intact marble samples [6].

Figure 6 presents the characteristic stress ratio of marble
specimen containing coplanar two flaws under the uniaxial
compression test. As seen in Figure 6(a), with the increase in
the flaw inclination angle, the ratio of the crack initiation
stress to peak strength ranged from 0.5 to 0.7, and the ratio of
the crack damage stress to peak strength ranged from 0.8 to
0.9. As seen in Figure 6(b), with the increase in flaw spacing,
the ratio of the crack initiation stress to peak strength ranged
from 0.45 to 0.55, and the ratio of crack damage stress to
peak strength is about 0.9.

Figure 7 presents the characteristic stress ratio of the
marble specimen containing noncoplanar two flaws under
the uniaxial compression test. As seen in Figure 7, with the
increase in the stepped angle, the ratio of the characteristic
stress to peak strength has no big change. .e ratio of the
crack initiation stress to peak strength ranged from 0.4 to
0.6, and the ratio of the crack damage stress to peak strength
range d from 0.7 to 0.95.

3.3. Fracture Evolution Behaviour. In order to research the
rock stress distribution status in the process of loading, the
model with coplanar flaws (α � 45°, β � 0°, D � 10mm, and
L � 10mm) is used as an example to understand the rela-
tionship between the stress redistribution and microcrack
appearance. Figure 8 shows the microcrack distribution and
axial stress contour at different stages, and the stress values,
strain value, and number of microcracks (Ncm) were listed
below the picture. Point a is located before the peak strength
and the stress is 50.5MPa. .ere is no microcrack, and the
stress concentration area is the region between two cracks
and the crack tip. Point b is located before the peak strength,
and the stress reached to 76.8MPa. .e number of
microcracks is 8, and the microcracks appear in the outer
side of the tips. .e stress concentration area is the region
between two cracks and the crack tip, and the stress is in-
creased. Point c is the close to the peak strength and the
stress reaches to 156MPa, the number of microcracks is 156,
the microcracks appear in the inner side of the tips, and
growth is observed in the outer tips..e stress concentration
area is still the region between the two crevasses and the
crack tip, and the stress value increases, indicating that the
crack tip and rock bridge are more vulnerable to failure.
Point d is located after the peak strength and close to the
peak strength, and the number of microcracks is 632. .e
microcracks between the rock bridges are coalescence, and the
microcracks at the outer tips are extended along the loading
direction. .e stress concentration area is still the region
between the two crevasses and the crack tip. Point e is located
after the peak strength. .e stress is decreased to 73.2MPa.
.e number of microcracks is 864, and the microcracks at the
outer tips are continuing to grow along the loading direction.
Because of the appearance of the microcracks, the stress
concentration area is at the rock bridge and left and right side
of the samples. Point f is located at the final failure. .e stress
is down to 22.8MPa. .e number of microcracks is 1275, the
microcracks at the outer tips grow along the loading direction
and reach to the top and bottom side of the sample, and the
sample is broken. .e stress in the rock is between 20 and 40,
indicating that there is still a certain residual stress at the
failure stage. In the process of stress redistribution in rock, the
development of cracks can be roughly judged..e stress of the
model decreases in areas where microcracks have appeared.
.e stress value of the model is the maximum in the area
where the microcrack appears.

Figure 9 shows the microcrack evolution of the model
with noncoplanar flaws and inclination angle of 45° rock
bridge inclination angle of 90° spacing of 20mm at different
stages, and points a, b, c, and d are shown in the figure. Point
a is before the peak strength, and several microcracks appear
from the outer tips of two flaws. Point b is near the peak
strength. .e microcracks at the outer tips grow vertical to
the flaws. Point c lies after the peak strength and near the
peak strength, and the microcracks grow at the internal tips
of flaws and a pair of microcracks grows along the loading
direction at the outer tips of flaws. Point d is at the failure
stage, the microcracks at the internal tips are coalescence,
and the crack at the outer tips of the flaws grows to the top
and the bottom of the model.

Pe
ak

 st
re

ng
th

 (M
Pa

)

D = 10mm
D = 15mm
D = 20mm

30 60 90 1200
Step angle β (°)

0

40

80

120

160
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3.4. Rock Bridge Coalescences Mode and Rock Failure Mode.
.emicrocrack distribution pictures of different models at the
failure stage are selected, and the failure mode of the rock and
the coalescences status of the rock bridge are classified as
shown in Table 5. .ere are four forms of rock bridge coa-
lescences: tensile crack coalescence; shear crack coalescence;
mixed tensile and shear crack coalescence; and no coalescence.
.ere are four forms of the rock failure mode: tensile failure;
shear failure; mixed tensile and shear failure; and split failure.

3.5. Comparison with the Experiments and the Simulation.
.e comparison with the experiments and the simulation of
a marble with two coplanar flaws is shown in Figure 10. .e

experiment was conducted on Carrara marble specimens
containing two coplanar flaws, the inclination angle of the
marble was 0°, 30°, 45°, 60°, and 75°, the length of flaw was
about 13mm, and the spacing of flaw was about 13mm,
which is similar to the simulation of this paper [24]. It can be
seen that the failure mode of simulation was similar to the
experiment. When the dip angle was 30° or 45°, the coa-
lescence was achieved in an indirect manner by linkage of
two pre-existing flaws, and the wing crack is appeared at the
same time. When the dip angle was 60°, the coalescence was
achieved in a direct manner by linking up directly with a
continuous crack, and the wing crack is appeared at the same
time.

4. Discussion

4.1. Fracture Mechanics Analysis. For the constant length
coplanar flaw crack, the loading stress is p1. .e far-field
boundary condition for the crack under uniaxial pressure is

σ∞x � − p1sin2 a,

σ∞y � − p1cos2 a,

τ∞xy � − p1 sin a cos a.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

.e effect of σ∞y on the model makes the crack surface
close and generates positive pressure on each other, so
there is σN � σ∞y . When the flaw surface closes under
pressure, the stress intensity factor at the crack tip KI � 0.
Friction exists on the closed flaws surface τf � fσN � fσ∞y .
.e boundary conditions of the flaw surface are τe � τc

xy �

τ∞xy − fσ∞y .
.e stress intensity factor at the outer tip of flaw is

KII(o) �
τe

��
π

√
· a2

��
a

√
·

������
a2 − b2

√ 1 −
E(k)

K(k)
 . (2)
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Figure 6: Characteristic stress ratio of the marble specimen containing coplanar two flaws. (a) Different flaw inclination angle and
(b) different spacing.
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.e critical stress at the outer tip of the flaw is

σ(o) �
2KII(o) ·

���������
a a2 − b2( )



sin 2 α + 2f cos2 α( [1 − (E(k)/K(k))] ·
��
π

√
· a2. (3)

.e stress intensity factor at the internal tip of the flaw is

KII(i) �
τe

��
π

√

�
b

√
·

������
a2 − b2

√ a
2E(k)

K(k)
− b

2
 . (4)

Nmc = 0
σ = 50.5MPa
ε = 1.2E – 03

(a)

Nmc = 8
σ = 76.8MPa
ε = 1.82E – 03

(b)

Nmc = 156
σ = 114MPa
ε = 2.78E – 03

(c)

Nmc = 632
σ = 94.0MPa
ε = 2.79E – 03

(d)

Nmc = 864
σ = 73.2MPa
ε = 2.8E – 03

(e)

Nmc = 1275
σ = 22.8MPa
ε = 2.81E – 03

(f )

Figure 8: .e microcrack distribution and axial stress contour at different stages.
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Figure 9: .e microcrack evolution of the model with noncoplanar flaws (α � 45°, β � 90°, D � 20mm, L � 10mm) at different stages.
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Table 5: .e microcrack distribution at failure of all models.

Failure
mode

Microcrack coalescence
mode

Flaws parameter
(co/non-α-β-D)

Microcrack distribution
at failure

Tensile failure

Tensile crack coalescence

Co-0°-0°-10mm
Co-15°-15°-10mm
Co-30°-30°-10mm
Co-45°-45°-15mm

Tensile crack coalescence

Non-45°-0°-10mm
Non-45°-0°-15mm
Non-45°-0°-20mm
Non-45°-15°-15mm

Shear failure

Shear crack coalescence
Co-45°-45°-5mm
Co-45°-45°-10mm
Co-60°-60°-10mm

Shear crack coalescence
Non-45°-60°-10mm
Non-45°-60°-15mm
Non-45°-60°-20mm
Non-45°-90°-10mm
Non-45°-90°-15mm

Mix tensile and shear
failure

Mix tensile and shear crack
coalescence

Co-45°-45°-20mm
Co-45°-45°-30mm

Mix tensile and shear crack
coalescence

Non-45°-15°-10mm
Non-45°-30°-10mm
Non-45°-30°-15mm
Non-45°-30°-20mm
Non-45°-90°-20mm
Non-45°-120°-10mm

Split fracture

No coalescence Co-75°-75°-10mm
Co-90°-90°-10mm

No coalescence Non-45°-15°-20mm
Non-45°-120°-15mm
Non-45°-120°-20mm
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.e critical stress at the internal tip of the flaw is

σ(i) �
2KII(i) ·

���������
b a2 − b2( )



sin 2 α + 2f cos2 α(  a2 · (E(k)/K(k)) − b2[ ] ·
��
π

√ , (5)

where K(k) and E(k) are the first type and second type of
complete elliptic integrals.

k2 � 1 −
b2

a2,

K(k) � 
π/2

0

dφ
����������

1 − k2sin2 φ
 ,

E(k) � 
π/2

0

����������

1 − k2sin2 φ


dφ.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

Under the condition b/a< 1, there is always |KII(i)|<
|KII(o)|, so there is always σ(i)> σ(o) .erefore, the outer
tip expands earlier than the inner tip, and therefore only the
critical stress of the outer tip is calculated.

.e relationship between the stress intensity factor of
Pure I type crack and pure II type crack is as follows:

KIIc

KIc
≈ 1.39. (7)

According to [29], when KIc � 1.36MPa·
��
m

√
, KIIc �

1.89MPa·
��
m

√
.

For the coplanar flaws, the relationship between the
critical stress and crack initiation stress with the increase in
inclination angle of coplanar flaws (series 1) is shown in
Figure 11. .e critical stress was calculated according to

(a) (b) (c)

Figure 10: Comparison between experiment and simulation of themodel with coplanar flaws with the same dip angle. (a) α� 30°. (b) α� 45°.
(c) α� 60°.
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formula (3), and the crack initiation stress is the same as
before. Figure 11(a) shows the values of two kinds of stress;
the crack initiation stress is bigger than the critical stress, but
the variation tend of the two stresses is the same. .e crack
initiation stress is approximately 1.28 times larger than the
critical stress. Figure 11(b) showsthe linear fitting of the
critical stress and crack initiation stress, and the correlation
coefficient R2 is equal to 0.991, which means the two kinds of
stress have strong linear correlation. .e physical meaning
of the critical stress and the crack initiation stress is the same,
but the values of crack initiation stress are bigger than the
critical stress. .at is because when the particle flow

simulation effects are associated with the fatigue effect of
rock mass, the simulated experiment shows that, with the
increase in load, the microcracks slowly extend to form a
fracture zone and fracture and continue to increase until the
process load fails. But, because of fatigue, stress corrosion
crack, and creep, the actual bearing capacity of rock mass is
lower than this value.

For the coplanar flaws, the relationship between the
critical stress and crack initiation stress with increase in
spacing of coplanar flaws (series 2) is shown in Figure 12.
.e critical stress was calculated according to formula (3),
and the crack initiation stress is the same as before. Figure 12
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Figure 11: .e relationship between the critical stress and crack initiation stress with increase in inclination angle of coplanar flaws (series 1).
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Figure 12: .e relationship between the critical stress and crack initiation stress with increase in spacing of coplanar flaws (series 2).
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shows the values of two kinds of stress, and the crack ini-
tiation stress is bigger than the critical stress. When the
spacing of coplanar flaws is 5mm or 20mm, the critical
stress and crack initiation stress are the closest. However, the
variation tend of the two stresses is not the same, and two
stress are not linearly correlated..is means that the fracture
energy formula in the two coplanar flaws has some suitable
conditions that require further correction.

4.2. Fracture Energy Analysis. To investigate the evolution
of energy input/dissipation behaviour throughout the
compression process, different energy terms are presented
in an incremental form for each simulation. .ese energy
terms include boundary work dW, body work dWg per-
formed by the gravity force, elastic energy dEe stored at
particle contacts upon particle deformation (containing
bond strain energy dEpb and strain energy dEs), kinetic
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Figure 13: Energy dissipation laws during the model fracturing process with different dip angles (series 1).
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energy dEk, interparticle friction dissipation dEf,
damping dissipation dEd, and particle break energy dEb by
[19, 30]. In the PFC simulation, the formulae of these
energies are as follows:
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+
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����
����
2

ks
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1
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F
l
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o
+ F

l
s  · Δδμs , (10)

Ed ≔ Ed − F
d

· (δ
·

Δt). (11)

At any stage of compression, there is energy conserva-
tion, and the law of energy conservation gives

dW + dWg � dEe + dEk + dEf + dEd + dEb. (12)

In the current study, body work dWg is equal to zero, as
the rock gravity was set to zero.
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Figure 14: Energy dissipation laws during the model fracturing process with different step angle (series 4).
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Due to the quasistatic loading condition, the kinetic
energy of the particle set is negligible. So, format (9) can also
be expressed as

dW � dEe + dEf + dEd + dEb. (13)

Figure 13 recorded dEe/dW dEf/dW, dEd/dW, and
dEb/dW along with the development of axial strain in the
axial strain increment of 0.1% in the model of coplanar flaws
containing different inclination angles (series 1). As shown
in Figure 13, the sum of four energy increment ratios is
approximately equal to 1 at any time, which is consistent
with the law of conservation of energy.

(1) It can be seen from Figure 13(a), dEe/dW stays
near 0.97 in the compression process with the
increase in axial strain and then rapidly reduces in
the near the peak intensity. When the inclination
angle is 75° and 90°, it does not form the mac-
roscopic crack before peak strength, and the
elastic energy is larger. .e strengths decrease
rapidly after peak strength, and the elastic energy
decreases rapidly.

(2) It can be seen from Figure 13(b), dEf/dW stays near
0.035 in the compression process with the increase in
axial strain and then rapidly increases near the peak
intensity. After reaching the peak strength, the
microcracks developed rapidly and the friction
surface area increased, resulting in a rapid increase in
friction consumption.

(3) It can be seen from Figure 13(c), dEd/dW stays near
0 initially with the development of axial strain, and
the damping energy can increase rapidly after the
model reaches the peak strength. .is energy dis-
sipation is caused by the damping force of particle
motion in quasistatic loading and is also the energy
dissipation part of the system.

(4) It can be seen from Figure 13(d), dEb/dW stays near
0 initially with the development of axial strain. .e
break energy increases rapidly after the model
reaches the peak strength, and the break energy is
greater than the particle energy and damping en-
ergy. .e evolution law of dEb/dW also explains the
evolution process of particle fragmentation on the
microscale, and the number of microcracks and the
particle crushing energy increases. When the
fracture angle is different, the energy dissipation
law is basically the same, and the particle breaks
when the fracture zone is formed, resulting in a
sharp increase in energy consumption, and the
particle breakage rate in the fracture zone is slowed
down.

Figure 14 recorded dEe/dW, dEf/dW, dEd/dW, and
dEb/dW along with the development of axial strain in the
axial strain increment of 0.1% in the model of noncoplanar
flaws containing stepped inclination angle (series 4). .e
four parts of energy evolution have the same rule, and the
step angle has no obvious effect on the energy dissipation
rule.

In general, the energy of the sample distribution
mechanism from microscopic scales explains the rock
particles in the process of compression fabric and fracture
behaviour of evolution. .e particle breakage mainly in-
fluences the stage of the small strain energy distribution
difference, and the development of the entire process of
compression crushing energy differs.

.e flaws are common in the jointed rock mass;
therefore, it is more relevant to investigate the failure
mechanical behavior of rock material containing pre-
existing flaws under the uniaxial compression test. .e
influence of dip angle, step angle, and spacing distance of
two flaws on the strength and deformation of rock mass is
investigated. .e values of crack initiation stress and crack
damage stress could contribute to the development of
support measures for Jinping II Hydropower Station, and
from the process of microcrack initiation, coalescence, and
failure of the jointed rock mass could be judged the crack
propagation and penetration in the rock mass Jinping II
Hydropower Station.

5. Conclusions

.e flaws are common in the jointed rock mass; therefore,
it is more relevant to investigate the failure of mechanical
behavior of rock material containing pre-existing flaws
under the uniaxial compression test. .e influence of dip
angle, step angle, and spacing distance of two flaws on the
strength and deformation of rock mass is investigated.
.e values of crack initiation stress and crack damage
stress could contribute to the development of support
measures for Jinping II Hydropower Station, and from
the process of microcrack initiation, coalescence, and
failure of the jointed rock mass could be judged the crack
propagation and penetration in the rock mass Jinping
II Hydropower Station. .e main conclusions are as
follows:

(1) For the model with the coplanar flaws, the higher the
inclination angle of coplanar flaws, the greater the
peak strength of the model; and the spacing of the
coplanar flaws has little effect on the peak strength.
For the model with the noncoplanar flaws, when the
spacing of two flaws is 10mm, there is a rise and fall
with the step angle, and when the spacing of two
flaws is 15mm or 20mm, there is almost no change
with the step angle.

(2) In the process of stress redistribution in rock, the
development of cracks can be roughly judged. As
the stress increases, the microstress increases and
the microcracks are appeared, and then the
microstress redistributes to the next stage. Sum-
marizing the rock bridge coalescence mode, there
are four forms of rock bridge coalescences: tensile
crack coalescence, shear crack coalescence, mixed
tensile and shear crack coalescence, and no coa-
lescence. Summarizing the rock failure mode, there
are four forms of rock failure mode: tensile failure,
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shear failure, mixed tensile and shear failure, and
splitting failure.

(3) .e critical stress values and four energy ratios were
obtained which use the fracture mechanics method
at the different specimens. For the model with the
coplanar flaws with the fixed spacing, the crack
initiation stress is approximately 1.28 times larger
than the critical stress, and the higher the inclination
angle, the higher the particle break energy and the
changing point of energy component when the
microcrack grows quickly. For the model with the
noncoplanar flaws with different step angles, the
crack initiation stress is closest the critical stress
when the spacing at 5mm or 20mm, the four parts of
energy evolution have the same rule, and the step
angle has no obvious effect on the energy dissipation
rule [23].
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