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Based on the similarity theory, sandstone was taken as the prototype, and rock-like specimens were made with the strength ratio of
1 :1. Single “X” fracture and double “X” fractures were prefabricated in rock-like specimen, and crack propagation was studied
through the compressive test. An improved discontinuous deformation analysis method (DDARF) was adopted to simulate on the
cracking process. Further, other factors should not be ignored such as confining pressure and temperature, which were con-
sidered: rock’s crack propagations under loading and unloading with different confining pressures were studied; influences of
temperature from 20°C to 300°C on crack propagation were analyzed.

1. Introduction

Natural rock mass contains many discontinuities of different
shapes and sizes. *e existence of discontinuities greatly
affects the mechanical and strength properties of rock mass
[1–4]. Cross fracture is a common form of rock mass dis-
continuities in nature (see Figure 1). It is of great significance
for rock engineering to analyze the rock failure process
under compressive force [5–8]. Due to the limitation of
experimental conditions and research methods, current
studies are mainly focused on such discontinuities as single
fracture, parallel fractures, intermittent fractures, caverns, or
other holes in rock mass.

In recent years, some experts and scholars have gradually
begun to pay attention to studies on cross fractures’ crack
propagation, and their researches have important guiding
significance for rockmass engineering [9–13]. Li [14] studied
the failure rule of rock-like specimen with trident fractures
under uniaxial compression and analyzed its crack propa-
gation form. Liu [15] carried out an experimental study on
the crack propagation morphology of “T” fractures and
single “X” fracture in rock-like specimen. Cao [16] inves-
tigated the macromechanical behavior and energy release

mechanism of fractured rock-like specimens with cross
nonpersistent fractures under uniaxial loading based on
experimental tests and numerical simulation (PFC2D).
*ese cross fractures are disconnected in the middle. Zhang
[17–20] studied the failure mechanism by presetting the
main and the secondary fracture of single cross fracture and
analyzed the influence of anchorage position on the strength
of fractured rock mass. In addition, some scholars [21–24]
studied the migration of water flow in cross fractures and
analyzed the seepage characteristics of rock mass.

On the basis of existing results, firstly rock-like spec-
imens with cross fractures are made in this study, including
not only the single “X” fracture, but also double “X”
fractures. Secondly, the crack propagation of specimen’s
cross fracture is tested and studied under different con-
ditions. At the same time, an improved discontinuous
deformation analysis (DDARF) method is adopted to
simulate the crack propagation process. Last but not least,
influences of multi factors on the crack propagations of
rock mass are comprehensively analyzed, including dif-
ferent temperatures (from room temperature to relative
higher temperature) and different confining pressures
under loading and unloading conditions.
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2. Failure Law of Rock-Like Specimen with
Cross Fractures

*e rock prototype is sandstone. After several materials’
proportion optimization tests over and over again, sand,
cement, water reducer, and water are finally selected as the
rock-like materials with a mass ratio of 0.97 :1 : 0.03 : 0.3.
Among them, sand is the common river sand, using the four
particle gradations of 1.18mm, 0.6mm, 0.3mm, and
0.15mm with the mass ratio of 1.33 :1.11 :1 :1. *e cement
selected is the ordinary Portland cement (PO 42.5). Water
reducer can play a role in reducing the amount of water and
cement, reducing the setting time of cement mortar, and
improving the plasticity of cement mortar. “X” fractures
(cross fractures) are made by PVC sheet with a size of
0.5mm ∗ 15mm. After the rock-like specimens are made,
they will need to be cured in the curing box for about two
weeks, in order to get the steady physical and mechanical
properties, and all are done; and these rock-like specimens
can be loaded and analyzed as the real rock mass.

*e production mold for rock-like specimen and “X”
fracture is shown in Figure 2. Parts of the rock-like speci-
mens prepared with single “X” fracture are shown in
Figure 3.

Fifteen pieces of specimens are prepared for every “X”
fracture angle (30° & 45°, 45° & 45° and 45° & 60°), and a
conventional uniaxial loading test (GAW 2000) is carried
out to analyze the failure process of the rock-like specimen.
During the test, the specimen is firstly loaded by force until
the specimen is in contact with the press plate completely,
followed by displacement (0.1mm/min), and its whole
process is recorded in time. Failure mode of the rock-like
specimen with single “X” fracture is shown in Figure 4.

As shown in Figure 4, the red fracture is the main one to
crack, and it has the greater extent and scale of crack
propagation, and the green one is the secondary. When the
rock-like specimen has the “X” fracture angle of 45° & 45°,
after the compressive loading, the two fractures have almost
the same cracking extents, and their stress conditions are
also basically the same, and of course both have the syn-
chronized energy release, while when α≠ β, that is to say, the
two fracture angles of “X” fractures are not the same, such as
30° & 45° or 45° & 60°, the rock-like specimen’s original

equilibrium stress state is destroyed in the compressive
loading process, and then the crack propagation and energy
release will give priority to one of the two fractures. At the
same time, we can see that, under axial compressive pres-
sure, the cracking direction of rock-like specimen is almost
parallel with the direction of maximum principal stress.

In order to verify the test results, an improved discon-
tinuous deformation analysis (DDARF) method is adopted
to simulate the failure process of these rock-like specimens.
*e improved DDARF [25–28] is put forward based on
DDA (discontinuous deformation analysis method), and it
can satisfy the basic elastic principle and has both the rigor of
finite element method (FEM) and the calculation function of
blocks’ large displacement as discrete element method
(DEM) [29–34]. DDARF is used to simulate the whole
failure process for discontinuous rock mass, including crack
initiation, propagation, penetration, and crushing. It must
meet these three conditions: (1) displacement’s complete
first-order approximation; (2) equilibrium equation and
minimum potential energy principle; and (3) no embedding
and stretching blocks. *e cracking algorithm of DDARF is
that, firstly, lots of triangular blocks are generated by
Traveling Wave Method in the numerical model; secondly,
block’s contact is divided into three types, where springs are
used to ensure no stretching and no embedding (see Fig-
ure 5). *irdly, block boundary is divided into real joint and
virtual joint; when the virtual joint reaches its limit strength,
the contact springs will be damaged, and rock’s crack will
propagate along the virtual joint. *us, the virtual joint
becomes the true joint, and its parameters will be reduced to
real joint’s parameters accordingly.

Simulation on the failure mode of rock-like specimen
with single “X” fracture by DDARF is shown in Figure 6.

As shown in Figure 6, when the rock-like specimen has
the “X” fracture angle of 30° & 45°, after the compressive
loading, the crack propagation of fracture① (30° fracture) is
much slighter than that of fracture ② (45° fracture). When
the rock-like specimen has the “X” fracture angle of 45° &
45°, after the compressive loading, the crack propagation of
fracture① (45° fracture) is similar to that of fracture② (45°
fracture). When the rock-like specimen has the “X” fracture
angle of 45° & 60°, after the compressive loading, the crack
propagation of fracture ① (60° fracture) is much slighter
than that of fracture ② (45° fracture). So, the simulation
results are in good agreement with the experimental results.
When the two fractures have different angles, rock failure
process will give priority to only one of the two, while when
the two fractures have the same angles, they will propagate
synchronously. Under this condition, wing cracks are
generated and expanded firstly, and their sizes and numbers
are much greater than those of secondary cracks.

Parts of the rock-like specimens made with double “X”
fractures (their composition ratios and parameters are all the
same) and their failure modes after the compressive loading
are shown in Figure 7.

As seen from Figure 7(b), for specimens with double “X”
fractures, after the compressive loading, about half of the
specimens indicate that the upper set of “X” fracture plays the
controlling role in cracking propagation, and energy releases

Figure 1: Cross fractures in rock mass.
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mainly through the upper set’s cracking process, and thus to
obtain the rock-like specimens’ new equilibrium, just like
specimens in the first line in Figure 7(b). And the other half of
the specimens indicate that the lower set of “X” fracture plays

the controlling role. In a word, if there are no other influence
factors, for this kind of specimens, as long as one set of “X”
fracture is selected as the breakthrough to release energy, the
crack propagation will develop rapidly along this set. And, the

Preset fracture

(a) (b)

Figure 2: Production mold for rock-like specimen with (a) three-dimensional sketchy map and (b) finished mold.
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Figure 3: Parts of rock-like specimens prepared with (a) sketchy map of “X” fracture specimen with different angles and (b) parts of single
“X” fracture rock-like specimen prepared.

30° & 45° 45° & 45° 45° & 60°

Figure 4: Failure mode of single “X” fracture specimen with different angles.
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two sets of “X” fractures have the same opportunity to be
selected as the controlling one.

As seen from Figure 8, the numerical simulation result is
consistent with the experimental result. *ey all show that one
of the two sets of “X” fractures will crack as the breakthrough
point, and in the whole cracking process, it releases energy
more greatly than the other set. And similar to the single “X”
fractured specimen, here for two sets of “X” fractured speci-
men, wing cracks are also generated and expanded primarily.

3. Confining Pressure’s Influence on Failure
Law of Rock-Like Specimen

A triaxial loading machine developed by ourselves, with the
high-precision multiway ultra-high pressure stepping pro-
portional overflow valve hydraulic loading system, is used to

apply the triaxial loading on the rock-like specimen, as
shown in Figure 9. *e loading precision of the system is up
to 0.05MPa, which can achieve smooth pressurization or
decompression.

Using this self-developed loading machine, the influence
of confining pressure on crack propagation of rock-like
specimen is studied, and the test results are shown in
Figure 10.

As shown in Figure 10, even though the same vertical
load is applied on these rock-like specimens, the confining
pressure is different, yet the cracking extent is different.
Here, all the specimens are loaded with vertical force of
32MPa. When the confining pressure is 0MPa, the
specimens are damaged greatly, and they have reached
their peak strength. When the confining pressure is
5MPa, there are two obvious cracks, and they do not reach

Angle-angle
contact

Angle-edge
contact

Edge-edge
contact

(a) (b) (c)

Figure 5: Block’s contact of discontinuous deformation analysis for rock failure (DDARF). (a) Angle-angle contact. (b) Angle-edge contact.
(c) Edge-edge contact.
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Figure 6: DDARF simulation on the failure mode of single “X” fracture specimen with different angles.

4 Advances in Civil Engineering



their peak strength. When the confining pressure is
10MPa, there is only one obvious crack and by now, the
specimen still has high bearing capacity. When the
confining pressure is up to 15MPa, there is a smaller
crack. It demonstrates that the confining pressure can
enhance rock’s peak strength and inhibit the generation
and propagation of cracks.

Excavation disturbance of deep buried cavern leads to
the stress redistribution of surrounding rock mass, and its
stress state changes from three directions to a bidirec-
tional or even unidirectional state, which results in the
dissipation of elastic strain energy with rock masses’ crack
propagation and discontinuous deformation. In this
process, the stress-strain state of rock mass is very

complex, and it is difficult to analyze and judge the sta-
bility of the surrounding rock mass by only stress or strain
state [35–37]. So, on the basis of the above studies, tests on
rock masses’ unloading effect are analyzed. *e test step is
as follows: firstly, apply three-dimensional loads on the
rock-like specimen, then after all are stable, loading on the
larger face of specimen is unloaded to simulate the ex-
cavation effect qualitatively (see Figure 11). Test results of
specimen’s crack propagation pattern are shown in
Figure 12.

As seen from Figure 12, when the confining pressure
on one face of the specimen is unloaded, the stress on that
face is released, and the energy stored in the rock mass is
also released in the process of crack propagating.
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Figure 7: Tests on failure process of rock-like specimensmade with double “X” fractures. (a) Sketchymodel and parts of rock-like specimens
made with double “X” fractures. (b) Failure modes of specimens with double “X” fractures.
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Compared with the cracking state without unloading
(Figure 10), here, crack propagation is aggravated even
under the same confining pressure. At the same time, test
results show that crack propagation is mainly parallel to
the direction of the maximum principal stress, and this
just reveals the cause of the splitting failure in the cavern
excavation engineering.

4. Temperature’s Influence on Failure Law of
Rock-Like Specimen

In order to study the rock crack process at different tem-
peratures, 16 samples with stable sound velocity selected by
acoustic emission device are applied on axial compressive
loads, and every temperature with four pieces of specimens.

1

2

1

2

Figure 8: Comparison of test and discontinuous deformation simulation of rock-like specimen made with double “X” fractures.

Rock-like
specimen 

Figure 9: *e triaxial loading machine for rock-like specimen.

σ2 = σ3 = 0MPa σ2 = σ3 = 5MPa σ2 = σ3 = 10MPa σ2 = σ3 = 15MPa

Figure 10: Cracking of rock-like specimen with different confining pressures.
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*e typical crack morphology of the rock-like specimen after
the tests is shown in Figure 13, and their peak strength is
shown in Figure 14.

As seen from Figure 13, rock cracking extent increases
with the increase of temperature, and the high temperature
accelerates energy release stored in the rock and accelerates
the process of crack propagation. *erefore, the deeper the
rock, the higher the temperature, and it will be more prone
to cracking.

As can be seen from Figure 14, the increase of tem-
perature not only accelerates the cracking process of rock
mass, but also reduces its strength and bearing capacity
significantly. *e mean peak strength reduces from 32MPa
(20 degrees Celsius) to 20.4MPa (80 degrees Celsius), de-
creasing logarithmically.

In addition, to study relative higher temperature influence
on rock masses’ cracking, 15 pieces of specimens with similar
acoustic velocity are selected to be tested, with 5 pieces of 100°C,

5 pieces of 200°C, and 5 pieces of 300°C. In this compressive
test, all specimens of 100°C can be loaded normally until the
test is over, while three in five pieces of 200°C are crushed in the
loading process and four in five pieces of 300°C are crushed
directly in the loading process. *e ultimate typical cracking
morphologies of eight pieces of specimens can be loaded
normally and are shown in Figure 15.

As can be seen from Figure 15, the relative higher tem-
perature can not only reduce the strength of rock mass, but
also greatly affect the cracking characteristics. When the
temperature is lower, the rock strength is higher, and it has
certain compressive strength. As the temperature increases,
the peak strength of rock mass decreases (the mean peak
strength of rock-like specimen is 19.43MPa or so at tem-
perature 100°C, the mean peak strength of rock-like specimen
is 14.29MPa or so at temperature 200°C, and the mean peak
strength of rock-like specimen is 10.2MPa or so at tem-
perature 300°C), and it is more likely to crush, which indicates
that the disaster of rock burst is more prone to happening
under relative higher temperature conditions. *erefore, it is
more necessary to strengthen the rock mass under relative
higher temperature conditions in the rock engineering.

5. Discussion

Analysis and researches on crack extension have been done
preliminarily in this manuscript, including “X” cracks,
loading and unloading forces, and different confining
pressures and temperatures. Although we select the special
analysis points, yet compared with the research progresses
both at home and abroad, further studies are needed.
Considering the complexity of rock mass engineering, our
group will gradually study the hydraulic coupling effects, in
order to provide theoretical basis and guidance for rockmass
engineering that is rich in water.

σ2 = σ3 = 5MPa σ2 = σ3 = 10MPa σ2 = σ3 = 15MPa

Figure 12: Unloading cracking morphology of rock-like specimens
under different confining pressures.
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Figure 11: Loading and unloading sketchy diagram of rock-like specimen.
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Figure 13: Crack morphology of the rock-like specimen at different temperatures.
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Figure 14: Mean peak strength of the rock-like specimen at different temperatures.
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Figure 15: Crack morphology of specimens at different relative higher temperatures. (a) t� 100°C. (b) t� 200°C. (c) t� 300°C.
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6. Conclusions

(1) *rough experimental study and discontinuous de-
formation numerical analysis for rock failure, we can
get that one of the two fractures will be taken as the
breakthrough point and as the main cracking path for
releasing energy for the rock-like specimenwith single
“X” fracture. And in the same way, for the rock-like
specimen with double “X” fractures, one of the two
sets of “X” fractures will be selected as the break-
through set. *erefore, for the rock mass with “X”
fractures, in the process of crack propagation, a
breakthrough point will always be found, and then a
new balance can be reached.

(2) A self-developed hydraulic loading device is used to
analyze the confining pressure’s influence on rock
masses’ failure process. *is device can apply triaxial
loading and also can unload some face. Loading and
unloading tests show that the confining pressure can
improve the strength of rock mass and restrain the
crack propagation. And, the obvious splitting cracks
on the unloading surface give the reason why the
cave wall is prone to splitting and spalling after
excavation.

(3) *e higher the temperature, the lower the rock
strength, and the more obvious the crack propaga-
tion. Under relative higher temperature conditions,
rock mass is easier to burst, so, for the rock mass
engineering under relative higher temperature
condition, the prevention and control of rock burst
disaster should be focused on.
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