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Micro-mechanical behaviors of rock masses with structure planes can provide information
regarding precursory characteristics of macro-fracture of strata and rock bursts. Hence,
numerical simulation with uniaxial compression test is conducted using Realistic Failure Process
Analysis (RFPA). Then, mechanical properties and progressive failure processes for rock masses
with different dip angle structure planes are studied, and the macroscopic fractures, mechanical
responses, and acoustic emission (AE) responses of rock masses are analyzed. Moreover, the
strength weakening and interface slipping effects with different dip angle structure planes are
revealed. The results show that rocks with different dip angle structure planes show significant
strength and interface slipping effects. A small dip angle structure plane has little influence on
the rock strength and interface slipping, which mainly manifests as failure in rock interiors. For
medium dip angle structure plane, the rock strength decreases obviously, and interface slipping is
notable along the structure plane. The effects caused by the weak plane are more prominent with
rising dip angles. Compared to rocks with small dip angle structure planes, those with medium
dip angle structure planes are more easily broken. However, the total energy released and total

AE counts are smaller, indicating less serious bursting liability from rock failure.

1. INTRODUCTION

Because of the joints, cracks, or faults that
universally occur in natural rock masses, the strength
effect on their mechanical properties is notable.
Specifically, when a fault occurs, the rock masses on
two fault walls may slip along the fault plane, which
can instantaneously release a large amount of elastic
strain energy, thereby inducing serious dynamic
disasters (i.e., rock bursts, shock bumps) (Jiang et al.,
2018; Jiang et al., 2017). Figure 1 depicts several field
images of the sites after accidents. This indicates that
a rock burst caused by fault occurrence is closely
related to the strength and interface slipping effects of
the rock mass. Moreover, the aforementioned
structure surfaces can show significant discontinuity
and inhomogeneity for the rocks, which also has
notable effect on rock bursts (Tang et al., 2010).

Regarding the structure plane mechanical
properties for a rock mass, laboratory tests (Cao et al.,
2018; Lee et al., 2017; Day et al., 2017; Feng et al.,
2017; Moayed et al., 2016; Jiang et al., 2013) or
numerical simulations (Bahaaddini et al., 2017; Wang
et al., 2017; Kim et al., 2016; Bahaaddinig et al.,

2016; Cao et al., 2015) were commonly performed,
including tests of direct shear and triaxial stress, and
bi-directional and double-sided shear friction (Wang,
2012), as shown in Figure 2. However, laboratory
tests have the disadvantage of tedious production and
heavy work. For instance, usually a drilling machine
is required to retrieve the specimens and polish them;
then, the specimens must be handled according to the
test scheme. Moreover, the theoretical calculations do
not accurately and intuitively reflect the
characteristics of macroscopic rupture, mechanical
responses, and acoustic emission (AE) responses.
Therefore, in this paper, according to the study
targets and considering the heterogeneity of rock
material, a numerical simulation with uniaxial
compression test using Realistic Failure Process
Analysis (RFPA), which obeys Weibull distribution
and is usually used to effectively consider the
inhomogeneity of a brittle material, is conducted.
Then, mechanical properties and progressive failure
processes for rock masses with different dip angle
structure planes are studied, and the macroscopic
fracture, mechanical responses, and AE responses of
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Fig. 1 Field images of sites captured after accidents.
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Fig.2 Study methods of mechanical properties for rock mass structure plane (Reproduced with permission
from Wang T. 2012, Mechanism of coal bumps induced by fault reactivation. Ph.D. thesis, China
University of Mining and Technology, Beijing, China).

rock masses are analyzed. Moreover, the strength
weakening and interface slipping effects with different
dip angle structure planes are revealed. The results
presented here form a solid foundation for the study of
rock bursts in the vicinity of faults.

2. MECHANICAL EFFECT OF FAULT PLANE

Figure 3 depicts a fault which is described by
Anderson (Cai, 2015). A mechanical model is
established and analyzed by choosing a microunit
from a fault plane. The length of AB as /, the normal
stress, and shear stress of fault plane in the Cartesian
coordinate system can be expressed based on the
mechanical equilibrium, as shown in Eq. (1).

o +0, 0 -0
:%+¥cos2a

0,—0;

n

(M

Tn= sin2¢

where o, and 7, are the normal and shear stresses of
the fault plane, respectively, MPa; o, and o3 are the
maximum and minimum principal stresses, MPa; a is
the fault dip angle measured in degrees (°).

When a rock mass with a structural plane is
destroyed along the weak plane, the shear stress acting
on the plane (z,) should exceed its ultimate shear
stress (7;) caused by the normal stress. Hence, the
critical condition of rock slipping along the weak
plane can be shown in Eq. (2) based on the relation
Ty =1,

2(0‘3 -tan @, +c)

0,-0;=

@

l1-tang, -cotr)sin 2«
(1-tang, -cota)

where 7, is the ultimate shear stress caused by the
normal stress, MPa. It satisfies the Mohr—
Coulomb strength criterion and can be expressed by

7, =0,tan@, +c, (Hubbert and Rubey, 1961). ¢, is
the internal friction angle of the fault plane, in

degrees, and ¢, is the cohesive strength of the fault
plane, MPa.

From Eq. (2), when a=90" or ¢ —> ¢, , the
expression (0, —0;) —> o is established. Hence, the

range of fault dip angles for rock breaks along the
fault planes are given by Eq. (3) (Shen and Chen,
2006).
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Fig.3 Mechanical model of fault.

@, <a<90° 3)

The relationship between the fault dip angle and
its internal friction angle is obtained by finding the
first derivative of a and equating to zero. Thus, Eq. (4)
is given as follows.

a:%+45° @)

The critical condition of rock failure along the
fault plane (i.e., fault slipping) is obtained as shown in
Eq. (5), by substituting Eq. (4) into Eq. (2).
1-sing,

cos @,

®)

(0,-0,). :2(0'3 ‘tan g, +c)-

From Egs. (4) and (5), we can see that the critical
condition of rock failure along a fault plane is related
to the fault dip angle a and the confining pressure o;.
Hence, to intuitively study the problem, Eq. (5) is
solved by selecting ¢, =30° and ¢ = 04 MPa

(Sainoki and Mitri, 2014). Figure 4 shows the
relationship among fault-slipping, fault dip angle (a),
and confining stress (o3).

As shown in Figure 4, regardless of the
magnitude of confining pressure applied, the curves

are symmetrical about the straight line o = %+ 45°in

the range of ((/)/,90) ; moreover, the minimum value

of the principal stress difference is at the point
o= %+45°, which indicates that it is most likely to
slip along the fault plane. When the fault dip angle is
close to gy or 90°, the principal stress difference tends
to infinity; however, if it reaches or exceeds its
corresponding ultimate failure strength, the rock will
no longer slip along the fault plane, but will be
destroyed from inside.
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Fig. 4 Relationship among fault-slipping, fault dip
angle (a), and confining stress (o3).

3. NUMERICAL ANALYSIS OF EFFECTS ON
STRENGTH AND INTERFACE SLIPPING FOR
ROCK MASS

3.1. ESTABLISHMENT OF RFPA MODEL

Considering the rock heterogeneity, rock models
with different dip angle structure planes are
established using RFPA numerical software.
According to the analysis in Section 2, regardless of
the amount of confining pressure applied, the
relationship between fault slipping and fault dip angle
is consistent; hence, in this section, the relationship
with no confining pressure (i.e., o3= 0 MPa) is chosen
and studied. Then, the macroscopic fracture
appearance, mechanical responses, and AE responses
of the rock specimen are simulated and analyzed by
the uniaxial compression displacement loading
method.

The lithology of rock specimen is selected as
sandstone, and the preset structure plane is in the
middle of the specimen, running through the whole
rock. The size of the specimen is designed to be
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Table 1 Mechanical parameters of coal and rocks (Zhao et al., 2013).

Media Type Modulus of elasticity Average strength Poisson ratio Homogeneity
(MPa) (MPa) index
Sandstone 13500 40 0.22 2.5
Structure plane 2000 18 0.3 2

Displacement loading

==t

Rock block 7

T

Fig. 5 Calculation model of RFPA.

50 mm (width) x100 mm (height), and the division
units are 50 x 100=5000. Considering the symmetry
analysis of fault slipping in section 2 and the model
sizes, the dip angle of structure plane is preset to 10°,
20°, 30°, 40°, 50°, and 60°, and its width is set to
1 mm. The model calculation adopts the plane stress
model and uniaxial compression axial displacement
loading. Figure 5 shows the calculation model of
RFPA. The initial displacement value applied on the
model sets to 0.002 mm, and the displacement
increment at each loading-step is 0.003 mm, until it is
destroyed. The mechanical parameters of the meso
unit of the rock are shown in Table 1 (Zhao et al.,
2013; Ma et al., 2007).

Table 2 Loading test of intact rock.

3.2. RESULTS OF RFPA SIMULATION

3.2.1. FAILURE PROCESS OF ROCK MASS WITH
DIFFERENT DIP ANGLE STRUCTURE PLANES

The wuniaxial compression tests of rock
specimens with different dip angle structure planes
and the intact specimen without a preset structure
plane in Figure 5 are carried out. The failure process
of the specimens is shown in Tables 2—4. The failure
patterns of rock specimens with different dip angle
structure planes are different.

As shown in Table 2, regarding the intact rock
specimen, at the 20th step, the upper part of the
specimen presents obvious instability units, while the
lower part is relatively unobvious. At 31 steps, the
number of instability units rises notably and with
arandom distribution; moreover, they spread
throughout the whole rock, but no cracks are formed.
At the 37th step, the instability units continue to
increase and interconnect, and then many local
microcracks occur. At the 40th step, microcracks
expand significantly, while the concentrated stress at
the crack tip further causes the crack to expand,
thereby interconnecting and forming an obvious
macroscopic fracture; then, the rock specimen may be
destroyed along the fracture plane.

In Table 3, when the rock specimen has a small
dip angle (i.e., 10°, 20°, and 30°) of the preset fracture
plane, its failure process is similar to that of the intact
rock specimen. At the initial loading stage, with the
compacting of the structure plane having a certain
width, prominent instability units only occur in the
upper part of rock and near the weak plane, while the
lower part of rock has no instability units. With
continuous loading, the failure process is same as that
of the intact specimen. This indicates that the interface

Specimen

Intact rock
specimen

Failure process
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Table 3 Loading tests of rock with small dip angle structure planes (10°, 20°, and 30°).

Specimens

Rock specimen
with a structure
plane of 10°

Rock specimen
with a structure
plane of 20°

Rock specimen
with a structure
plane of 30°

Step 22 Step 34

Failure process

R
2

Step 46

Step 42

Step 38

slipping effect of rock specimen with small dip angle
structure planes is not obvious.

As shown in Table 4, when the rock specimen
has a medium dip angle (i.e., 40°, 50°, and 60°) of the
preset fracture plane, the failure of the rock block does
not occur anymore on both sides of the plane, but it is
prominently slipping along the plane. For instance,
when the rock specimen has a structure plane with dip
angle of 50°, at the 16th step, many instability units
occur near the weak plane and in the upper part of
rock. At the 25th step, instability units rise notably
and the microfracture plane at the preset plane is
formed; however, microcracks are not formed in the
two sides of the rock. At the 28th step, the cracks at
the preset plane extend into a macrofracture plane, and
the macrocracks still not occur in the two sides of the
rock. At the 35th step, slipping failure of rock
specimen occurs along the macro failure plane at the
preset plane. This indicates that the interface slipping
effect of rock specimen with medium dip angle
structure planes is notable. Moreover, as the dip angle
of the structure plane increases, the slipping failure
occurs more easily (i.e., loading steps are 45, 35, and
30 in turn), which shows that the slipping effect is
enhanced with the dip angle of structure planes
increasing.

3.2.2. STRESS-STRAIN CHARACTERISTIC OF ROCK
MASS WITH DIFFERENT DIP ANGLE
STRUCTURE PLANES

As shown in Figure 6, at the initial loading stage,
rock specimens with different dip angles are
compacted, and the stress—strain curves coincide,
showing a high degree of consistency. When the peak
load is reached, the peak stress of intact rock
specimen is 10.69 MPa, while that of with small dip
angle structure planes (that is less than 30°) is in the
range of 10.35-10.60 MPa. Moreover, the loading
steps with the rock failure have little difference, which
indicates that the small dip angle structure planes has
little effect on the strength of rock specimens. With
the rise in the dip angle of structure plane, the slipping
effect of the plane gradually increases, and the
strength of the rock specimen is significantly reduced.

For instance, the peak stress with a dip angle of 40° is

8.60 MPa, which is much less than that of a dip angle

of 30° (i.e., 10.35 MPa); moreover, with the rising dip

angle, the failure strength of the rock specimen with
50° and 60° is 7.58 MPa and 6.85 MPa, respectively.

As the dip angle of the structure plane increases,
the total strain prior to the peak stress decreases, and
the total strain energy decreases, resulting in the
reduction of bursting liability caused by internal
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Table 4 Loading tests of rock with medium dip angle structure planes (40°, 50°, and 60°).

Specimens

Rock specimen with
a structure plane of
400

Rock specimen with
a structure plane of
50°

Rock specimen with
a structure plane of
60°

Failure process

12
= ln'tact rock . 1.0 v —a&— Peak stress/MPa 40
+D¥p angle of 10 10.5 + (57<.\ — Step wit peak stress/N[- 38
10 {—a— Dip angle of 20° \ WZ
—v— Dip angle of 30° 10.0 | " 4 Dip angle 36
g |~ Dip angle of 40° 05 Step 38 Step 39 of 50° 34 Z
—<— Dip angle of 50° g ] [ E
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g 6 = 9.0 \ 32 %
5 2 85+ F30 &
6 2 ks
z 4+ ";‘B 8.0 Step 27 128
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0+ 65 +—+———+———————————+22
T T T T T T T 0 10 20 30 40 50 60
0.00 0.03 0.06 009 0.12 0.15 0.18 Fault dip angle/°
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(a) Variation of stress-stain

(b) Peak stress and its corresponding loading step

Fig. 6 Variation curves of stress—strain with different dip angle of structural plane.

destruction of rock specimen. After the point of peak
stress, softening characteristics of the stress—strain for
rock specimen with medium dip angle structure plane
are noticeable, and the slipping effect along the plane
is obvious; this indicates that the strain energy
accumulated prior to the peak stress does not
completely act on the rock mass, but it is also released

through the structure plane. Hence, the bursting
liability of rock specimen decreases with the rising of
the dip angle of the structure plane, but the possibility
of slipping instability along the plane increases.
Hence, the rock mass with different dip angle
structure planes loading displays notable strength
effect and interface slipping effect. The small dip
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Table S AE Evolution of typical rock specimens.
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Specimens

Intact rock
specimen

Rock
specimen
with structure
plane of 20°

Rock
specimen
with structure
plane of 50°

Step 9 ep 13 '

AE evolution

ep 20 »

Step 28

Step 34

angle structure plane has little effect on the rock
strength, and the interface slipping effect is not
obvious, which mainly manifests as failure in the
interior of rock. Meanwhile, the rock strength with
medium dip angle structure plane is decreased
prominently, and the interface slipping effect is
notable, which is easy to slip along the structure
plane; moreover, the strength weakening effect and
the interface slipping effect are more obvious with the
increasing of dip angle. The result agrees with the
analysis results of the relationship between the fault
slipping and fault dip angle with o3 = 0 MPa in
Section 2.

3.2.3. AE GENERATION OF ROCK MASS WITH
DIFFERENT DIP ANGLE STRUCTURE PLANES
As a typical brittle material, rock can accumulate
a large amount of elastic strain energy before failure,
and this energy will be released in elastic wave mode
and will create AE signals when the rock is destroyed.
According to the aforementioned analysis, typical
rock specimens, including an intact rock specimen,
arock specimen with small dip angle structure plane
(20°), and a rock specimen with medium dip angle
structure plane (50°), are chosen, and then the

temporal-spatial distribution and evolution of AE
signals are obtained, as shown in Table 5. Among
them, the circle diameter represents the AE intensity,
the white circles are the AE signals generated by the
compression shear failure, and the red circles are the
AE signals produced by the tensile failure (Zhang and
Li, 2017).

As shown in Table 5, when the rock specimen
has a structure plane with dip angle of 20°, at the 11th
step, many AE signals occur randomly in the upper
part of the rock specimen while only a few of them in
the lower part; at the 16th step, AE signals increase
obviously and spread in the whole rock, but they are
still randomly distributed; at the 30th step, the AE
signals begin to develop orderly, and multiple AE
accumulating points occur in the upper part of rock.
Then, AE accumulation is more obvious at 37 steps,
which indicates large amount strain energy releases; at
the 45th step, the AE signals are mainly accumulated
near the fracture plane caused by cracks
interconnection, and the rock specimen undergoes
failure. As to the rock specimen having a structure
plane with dip angle of 50°, at the 9th step, many AE
signals accumulate on the local structure plane,
forming a AE accumulating zone at 13 steps; at the
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(b) Stress—strain curve and AE counts

Fig. 7 AE characteristics of the rock specimen with a structure plane of 20°.
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Fig. 8 AE characteristics of rock specimen with a structure plane of 50°.

28th step, AE signals are mainly accumulated near the
preset structure plane, and the counts and energy of
AE are still small in both sides of preset plane.

3.2.4. AE CHARACTERISTICS OF ROCK MASS WITH
DIFFERENT DIP ANGLE STRUCTURE PLANES

Several parameters, including the counts, the
cumulative counts and the release energy of AE
signals, are used to describe the characteristic of AE.
Figures 7 and 8 show the AE characteristics of rock
loading with dip angle structure planes of 20° and 50°.
Through analysis of the spatial-temporal distribution,
the counts and energy release intensity of AE during
rock failure, and the damage characteristics of rock
mass with different dip angle structure planes, are
studied.

However, as shown in Figures 7 and 8, when the
rock specimen has a small dip angle or a medium dip
angle structure plane, the counts and release energy of
AE have notable stage characteristics with the
loading on the rock. Prior to the peak stress, the rock
specimen is in compaction stage and elastic stage, and
the AE counts and release energy are small; hence, the
AE counts and the release energy rise slowly at these
stages, which indicates that the rock damage is small.

Near the peak stress point, the AE signals are active,
and the counts are larger, which indicates that
microcracks occur in the interior of rock. After
reaching peak stress, the microcracks inside the rock
converge and form macro fracture plane, thereby
resulting in the stress decreasing and the elastic strain
energy being released rapidly; hence, the AE counts
and total counts rapidly rise to the peak values. Then,
with the stress adjustment, AE counts are small, the
total counts tend to be stable, and the release energy is
less. However, it should be noted that for the rock
with the dip angle structure plane of 50°, at 48 steps
the release energy of AE increases rapidly, which may
be caused by the collapse of the rock mass at the right
side of the structure, thereby raising the bursting
liability.

Figure 9 shows the maximum energy, total
energy and total counts of AE signals from rock
loading with different dip angle structure planes.
Regardless of the maximum energy, total energy or
total counts of AE signals, these three values are much
higher in small dip angle structure planes than in
medium dip angle structure planes; moreover, these
three parameters drop with the dip angle of the plane
increasing. For instance, the maximum AE energy of
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Fig. 9 Energy and total counts of AE with different
dip angle structure plane.

rock with small dip angle structure plane is in the
range of 0.097 J-0.152 J, while that of with medium
dip angle structure plane falls within 0.017 J-0.065 J.
The total AE count number of rock with small dip
angle structure plane is about 5000, while that of with
medium dip angle structure plane is 1044—1850, much
less than the former. Hence, it can be concluded that
rock burst caused by internal failure with small dip
angle structure plane is much more serious than that
of with medium dip angle structure plane, where the
rock easily slips along the preset plane.

4. CONCLUSIONS

In this study, using mechanical analysis and
numerical simulation, the strength weakening and
interface slipping effects of rock masses with different
dip angle structure planes are studied and revealed.
We can obtain several conclusions as follows.

® The rock with a different dip angle structure plane
shows a significant strength effect. The strength
of rock with small dip angle structure plane is
almost the same as that of intact rock, which
indicates that the small dip angle structure has
little effect on rock strength; on the other hand,
the strength of rock with medium dip angle
structure drops notably, and the strength
weakening effect is more significant with a rising
dip angle.

e The rock with a different dip angle structure plane
shows a notable interface slipping effect. The
interface slipping effect of rock with small dip
angle structure is not obvious, and mainly
manifests as failure inside the rock; meanwhile,
the effect for a medium dip angle structure is
notable and will be enhance with the dip angle
rising, which is easy to slip along the structure
plane.

® The bursting liability of rock with different dip
angle structure planes is different. Compared to

337

the rock with small dip angle structure plane, the
rock with medium dip angle structural plane is
more easily to be broken and its failure steps are
less; however, the release total energy and total
AE counts are smaller, which indicates that the
rock burst caused by rock failure may be less
serious.

Studying the micromechanical behaviors of rock
mass with a structure plane can provide the basis for
the precursory characteristics of macro-fracture and
lay a solid foundation for the study of the rock bursts
near faults.
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