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ABSTRACT

The fissures and rock bridges with different dips had different contributions to crack’s initiation,
propagation, convergence and penetration. In this paper, based on the rock fracture theory, the
crack's propagation and evolution process on rock specimen with double fissures under uniaxial
compression was simulated. As a result, the crack propagation and evolution law of rocks with
different fissure dips (« = 0°, 15°, 30°, 45°, 60°, 75°, 90°; @ = 45°) and different rock bridge dips
(B = 0°, 30°, 45°, 60°, 90°; a = 45°) was obtained by numerical tests. Meanwhile, the fissure and
rock bridge dips influence on the macro mechanical properties of rock was analyzed. Besides, the
paper investigated the influences of different fissure dips and different rock bridge dips on the
bridge transfixion. The study is of great significance to reveal the impact of different dips on the
mechanical mechanism of multiple-fissures rock under specific conditions, and it also has impor-
tant theoretical significance for the research on multiple-fissure rock.

Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Under the effect of complex geological structure and after a
long geological evolution, initial structure defects such as fis-
sures, joints usually exist within the rock. In the actual projects,
the rock with those defects is one of the most common engi-
neering medium. Many studies showed [1—7] that the geomet-
rical morphology of fissures and joints contained in engineering
rock mass had significantly impacts on its mechanical properties
and the evolution feature of fissures under the effect of the
external load. Therefore, further research in this field had
important theoretical and practical significance to ensure the
stability and safety of rock engineering.
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Many scholars at home and abroad had carried out a lot of
experimental studies on the mechanics properties of rock mass
with initial defects. For example, Sagong, Bobet, Shen et al. [1,4,8]
investigated the initiation, propagation and transfixion process
of cracks under compression loading on the gypsum specimens
which contained two inclined fissures. They analyzed the
transfixion mode between the fissures, as well as the charac-
teristics of breaking load. Germanovich, Dyskin, Sahouryeh,
Jewell et al. [9—11] studied the extension law of three dimen-
sional crack under the conditions of uniaxial compression by
experiment. Changa, Li Yin-Ping, Backers, Yang et al. [12—15]
researched crack growth law in the rock specimens and the
damage characteristics of rock mass by acoustic emission
method. Wong, Tang et al. [2,3,6,16,17] conducted compression
experiment on the specimens with lots of fissures. They analyzed
the transfixion mode of the friction-type fissures and the law of
the peak intensity of the specimens. Liyun Li et al. [18,19] carried
out large amount of multiple-crack experiments by using of
gypsum and white cement. They investigated the macroscopic
mechanical properties of rock and the relationship between the
fissures. Peng Lin, Shimin Wang et al. [7,20] conducted uniaxial
compression test and numerical simulation on granite materials
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Fig. 1. Fracture mechanical analysis under the uniaxial compression.

with different size of the fissures. They found that the fissure
angle and length are the important factors that affect cracks
propagation and damage forms of the rock. Bohu Zhang etal
[21].analyzed the propagation mode of single “I” crack under the
action of the pore pressure. Leyong Chen et al. [22] investigated
the strength characteristics of sandstone samples failure with
single fissure under the uniaxial compression. At present, most of
the studies are indoor experimental research, and the specimens
are mainly artificial samples. The study period is long and the
cost is high, and sometimes the results may differ with the
actual. With the improvement of computer level, the targeted
engineering software are developed, the numerical simulations
are widely used for the lower cost and the moderate accuracy of
the results.

From the above results of previous scholars' studies, the au-
thors know that the geometry morphology of fissure is one of the
main factors influencing the crack propagation and evolution. In
this paper, we take prefabricated double-fissure rock as the ob-
ject of the research, for a given value of fissure length and rock
bridge length, simulation and analysis of crack propagation were
performed on the rock with different fissure or rock bridge
inclination and its influence on the mechanical characteristics of
the rock mass. The results help to reveal the effects of different
inclined fissures on rock mass mechanical mechanism under
certain conditions, and this research is of great theoretical sig-
nificance for the study of multiple-fissure rock.

2. Fracture theory

For the rock material with prefabricated fissures, as shown in
Fig. 1, the author establish a Cartesian coordinate system,

assuming that the x-axis is parallel to the direction of fissure and
the y-axis is parallel to the normal direction of fissure [23]. Based
on the coordinate changes of stress component, it can be known
that:

ayy = Choy cos?a 1)
Tyx = Cr0q Sin « €OS «

In the formula: o1 represents the maximum principal stress; «
is the dip of prefabricated fissures; C, represents the normal
stress transmission coefficient of fissure surface; C; is the shear
stress transmission coefficient of fissure surface; and:

a wa
C‘r = E, ;
wa + T—K,

Cn = E, )
wa + T—K,

K, and K; is the normal stiffness and tangential stiffness of
fracture surface; a represents the half length of prefabricated
fracture; v is the poisson's ration; Ey is the elasticity modulus of
rock mass.

Assuming that the angle between the direction of crack
propagation in crack tips and prefabricated fissures direction is 6,
as shown in the enlarged portion of fissure in Fig. 1, it can be
drawn that:

009:%,/%rsin0cosg (2)

In the formula: 7 represents the driving force of the rock
shearing slip; 7 = Tyx—foyy, and fis the friction coefficient.

Table 1
Simulation table.
Rock sample Coefficient of Fissure length Length of rock Dips of Dip of rock
homogeneity m 2a/mm bridge 2b/mm fissure a/° bridge 6/°
1#* 2 10 10 0 45
2# 2 10 10 15 45
3% 2 10 10 30 45
4* 2 10 10 45 45
5% 2 10 10 60 45
6% 2 10 10 75 45
7% 2 10 10 90 45
8# 2 10 10 45 0
9# 2 10 10 45 30
10* 2 10 10 45 60
11* 2 10 10 45 90
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Table 2
Mechanical parameters of rock samples.

Elasticity Strength g/MPa Poisson's ratio u Friction angle ¥ T/C ratio Maximum strain coefficient Maximum strain coefficient
modulus Eg/MPa of the tensile of the compressive
60,000 200 0.25 30° 1/10 15 200

Table 3 method and the model was defined as plane strain state. Each

Mechanical parameters of fissure.

Elasticity modulus Eo/MPa Strength ¢/MPa Coefficient of homogeneity m
1200 4 3

3. Numerical simulation
3.1. Model size and mechanical parameters
The size of the model was 100 mm x 50 mm, which was

divided into 400 x 200 units. According to the actual situation,
the whole simulation process adopted the displacement loading

incremental 4s = 0.001 mm, the initial displacement was
0.001 mm, total 100 step was loaded and the loading rate was
0.001 mm/step. The dips of prefabricated double parallel fissures
were proposed as follows: 0°, 15°, 30°, 45°, 60°, 75° and 90°, the
dip in rock bridge between the inner tips of the pre-existing
fissures were proposed as follows: 0°, 30°, 45°, 60° and 90°,
two parallel prefabricated fissures length and the length of rock
bridge was set to 10 mm, specific simulation data were shown in
Table 1. Each group of mechanical parameters of rock samples
were the same (as shown in Table 2). In the numerical simula-
tion, the assuming that the fissures in rock were filled with filler
and they were processed for finite thickness of medium, the
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Fig. 3. The propagation of cracks when « = 15°.
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Fig. 4. The propagation of cracks when « = 30°.
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Fig. 5. The propagation of cracks when « = 45°.

Penetration

Fig. 6. The propagation of cracks when « = 60°.
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Fig. 7. The propagation of cracks when «a = 75°.

authors reduced its deformation modulus and strength param-
eters relative to the rock mass (as shown in Table 3).

Mechanical properties of rock sample were different with
fissure material properties in the elasticity modulus, the strength
and the coefficient of homogeneity, assuming that other condi-
tions were the same.

The structure inside the rock were heterogeneity and
anisotropy, assuming that mechanical properties of rock and
fissure (elastic modulus and strength properties of unit et al.)
obeyed the Weibull distribution ¢(m,u) during the process of
loading. Shown in formula (3):

o(muw) = () e (_) (3)

Mo

where: u represents the mechanical parameters of inhomoge-
neous medium, such as Elastic Modulus, Strength and Poisson's
Ratio, etc., reflecting the average property of rock material; ug is
the average of mechanical parameters of inhomogeneous

medium; m represents the property parameters of the distri-
bution function, whose physical meaning reflecting the hetero-
geneity of inhomogeneous medium, and which is defined as the
coefficient of homogeneity by reflecting the heterogeneity of
material, which means the smaller the m, the material property
is more inhomogeneous; ¢(m,u) is the statistical distribution
density function of mechanical parameters u.

3.2. The simulation results and analysis

Through the analysis of numerical calculation results, the
uniaxial compressive strength and crack propagation law of
rocks with different fissure dips (« = 0°, 15°, 30°, 45°, 60°, 75°,
90°; 8 = 45°) and different rock bridge dips (8 = 0°, 30°, 45°, 60°,
90°; a = 45°) were obtained. Meanwhile, the paper investigated
the influences of different fissure dips and different rock bridge
dips on the bridge transfixion. With the increase of load on the
sample, the rock mass around prefabricated fissures was com-
pacted, and the fissures started to turn up closure. Thus, the re-
gion around fissures would form obvious stress concentration
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Fig. 8. The propagation of cracks when « = 90°.
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Fig. 9. The propagation of cracks when § = 0°.

until when it reached the strength of rock, the cracks began to
expand.

1) The numerical simulation results of rock specimen with
the fissure dips differing from 0° to 90° under seven kinds
of working condition (2a = 2b = 10 mm, § = 45°) were
shown in Figs. 2—8 respectively.

In Figs. 2—8, the crack propagation of the rock specimens
under different fissure dips (dip of rock bridge 8 = 45°) were
analyzed. (1) For 1¥ sample (as shown in Fig. 2), the fine crack b
and e appeared in the middle of the two fabricated fissures, and it
could be seen that the two new fine cracks traversed across the
fabricated fissures under the uniaxial compression. Along with
the increase of load, the micro crack b and e did not continue to
expand, while in two prefabricated fissures tip respectively four
main crack a, ¢, d and f developed. With might lead to instability
and failure of rock, then the crack ¢ and d inverged together,
which generated secondary micro cracks. From the figure, the up
and down surface of prefabricated fissures occurred obvious

dislocation, finally, the rock sample destroyed because of shear
slip. (2) For 2* sample (as shown in Fig. 3), the rock sample
generated multiple cracks in the tips of two prefabricated fis-
sures. With further increases in load, crack a, ¢, d and g continued
to expand and evolve new secondary cracks. Finally, the crack a
and g extended to the border of the rock, which led to instability
and failure of the specimen, At the same time, the crack appeared
multistage bifurcation characteristics. (3) For 3% 4% and 5*
samples (as shown in Figs. 4—6), the crack a and b which
generated in the tips near to the rock boundary of prefabricated
fissures would both expand to the boundary, and the rock bridge
penetrated the fissures, which leaded to the transfixion of rock.
Afterward, the specimen resulted in instability and failure. The
crack that penetrated the rock appeared friction-sliding charac-
teristics. (4) For 6% sample (as shown in Fig. 7), multiple cracks
appeared in the tips of pre-existing fissures and the rock bridge
was transfixed because of the concurrent of crack ¢ and d. During
the process of propagation, the crack b converged with f and
continued to evolve in the direction of f. Finally, the crack a and f
extended to the boundary, which would form a crack throughout
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Fig. 10. The propagation of cracks when § = 30°.
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Fig. 11. The propagation of cracks when § = 60°.

the entire sample and lead to the failure of it. (5) For 7* sample
(as shown in Fig. 8), several cracks generated in the tips of two
prefabricated fissures. Most of the new born cracks would extend
to the top or bottom form the sides of the two pre-existing fis-
sures and generate secondary cracks. From the picture, it could
be seen that only one crack (e) emerged which connected the
two tops of the two prefabricated fissures. With the further in-
crease of load, all these cracks joined together gradually, such as
J—8—h crack, which leaded to the splitting of the specimen. (6)
For the convenience of analysis, this paper introduced a
dimensionless parameter A (A = «/8). When 1 = 0, 1/3 or 2, rock
bridge was not penetrated; And when A = 2/3,1,4/3 or5/3, rock
bridge was transfixed. The rock bridge penetrated straightly
when 4 = 2/3,1 or 4/3, while 1 = 5/3, causing by the connection
of two cracks.

2) The numerical simulation results of rock specimen with
the rock bridge dips differing from 0° to 90° under five
kinds of working condition (2a = 2b = 10 mm, « = 45°)
were shown in Figs. 5 and 9—12 respectively.

The crack propagation results of rock specimens with
different dip of rock bridge (fissure dips « = 45°) was analyzed in
Figs. 9—12, the crack propagation shown in Fig. 5 had been
analyzed above. (1) For rock sample 8* (as shown in Fig. 9), the
rock bridge between the two prefabricated fissures did not
generate new cracks because that the rock bridge direction was
vertical to loading direction (direction of maximum principal
stress) and the cracks would not extend along the direction of
minimum principal stress. Rock sample damaged just because
that one of the two prefabricated fissures expanded firstly and
then developed through all the rock. Similar to the extension
type of single fissure, the two prefabricated fissures had no
interaction between each other. (2) For rock sample 9% (as shown
in Fig. 10), four new cracks from prefabricated fissure tips were
formed. Meanwhile, crack a, b, d gradually extended to the
border of rock specimen with the increase of load. Besides, the
crack b produced more secondary cracks near the rock bridge
which meant that the rock bridge had a tendency to penetrate.
But the specimen was damaged before rock bridge was trans-
fixed, due to the crack a, b, respectively penetrated through the

Fig. 12. The propagation of cracks when § = 90°.
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Fig. 13. Relations between failure strength and the dips.

rock sample at the top and left border. (3) For rock sample 10¥ (as
shown in Fig. 11), the crack a and c generated in tips of pre-
fabricated fissures. With the further increase of load, the crack a
and ¢ propagated to the direction of lower left corner and upper
right corner, during which the cracks had no obvious bifurcation.
In addition, the rock bridge was penetrated because of the gen-
eration and evolution of crack b. Finally, the rock specimen was
destroyed due to the transfixion of crack a—b—c. (4) As to rock
sample 11% (as shown in Fig. 12), the crack a and ¢ did not appear
multistage bifurcation characteristic and interruption during the
process of crack a and ¢ from generation to the instability of rock.
What's more, the rock bridge was transfixed by crack b because
that the rock bridge inclination was the same as the loading di-
rection. After that, the rock sample was wrecked due to the
penetration of crack a—b—c.

3.3. Analysis on the strength of rock fracture

The relationship curves of ‘c—a’ and ‘c—@’ were shown in
Fig. 13. From the picture, the uniaxial compression strength of
rock increased with the raise of fissure dips, on condition that
prefabricated fissure length, rock bridge length and dips was
certain values (2« = 2b = 10 mm,( = 45°). However the uniaxial
compression strength had no significant change with the in-
crease of rock bridge dips, when the pre-existing fissure length
and dips, length of rock bridge were constant
(2a = 2b = 10 mm,« = 45°). Consequently, the azimuth of pre-
fabricated fissures played a more important role in the security of
engineering rock mass than the rock bridge azimuth. In addition,
the general mathematical expressions were obtained under
certain conditions with the curve fitting of ‘c—a’and ‘c—f".

4. Conclusions

Through a large number of numerical experiments and using
a two-dimensional rock realistic failure process analysis system,
the uniaxial compression simulation of rock specimens with
double fissures and different dips of fissure and rock bridges was
researched, and the conclusions were as follows:

(1) When the fissure dips were in the range [30°,60°], the rock
did not generate more secondary cracks in the propagating of
crack. Instead, a few cracks germinating firstly expanded

along a certain direction until to form a throughout crack in
rock, which leaded to the shear failure of the samples.

(2) When the fissure dips were in the range [0°,15°] and
[75°,90°], the rock produced more secondary crack in the
propagating of crack. In addition, the path of cracks that
along the direction of maximum principle stress tended to be
longer when « was 0°, 15° or 90°. All of the laws mentioned
above played a crucial role in mass failure.

(3) When the brittle rock samples with prefabricated fissures
was tested under uniaxial compression, the new cracks
mostly occurred in tensile stress concentration region near
to the crack tip, and the crack propagation turned to the main
load direction of axial compression. Along with the load
increasing to a certain extent, the rock would be destroyed.

(4) When the prefabricated fissures and rock bridge length were
fixed values (2a = 2b = 10 mm), the rock bridge was more
likely to be penetrated on condition that « was less than (3; on
the other hand, the rock bridge was difficult to be transfixed.

(5) Prefabricated fissure azimuth had a more significant influ-
ence on the safety and stability of rock mass than the rock
bridge azimuth, on condition that the prefabricated crack
and rock bridge length were fixed values.
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