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Abstract: To study the combined action of joints and bedding plane on crack evolution of flawed layered rock masses,
uniaxial compression tests and digital image correlation (DIC) tests were carried out on double-layer composite
rock-like specimens with multi-inclination two coplanar joints under different bedding angles. Based on the
experimental results, the existence of bedding plane and joints performs a significant effect on characteristics of
stress—strain curves and strength parameters. The failure modes are divided into four different types. The existence of
bedding plane inhibits the coalescence of cracks in rock bridge area, and the variation of bedding angle affects the crack
propagation path and failure mode transition greatly. For specimens with bedding angle of 30° and 45°, the larger the
joint angle, the less the influence of bedding plane on failure characteristics. Besides, a new tensile crack type which
initiates from the bedding plane and is easier to propagate in the upper layer was observed.
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1 Introduction

Layered composite rock mass is a common
engineering rock mass. The differences in the
mechanical properties between adjacent layers,
which determine the mechanical behavior of
layered composite rock mass will be more complex
than that of single lithologic rock mass.
Investigating the mechanical properties and crack
evolution behavior of composite rock is very
meaningful to geotechnical engineering [1,2]. Up
till now, many scholars have published research on
transversely isotropic rocks through theoretical
derivation [3,4], physical experiments [5,6]
and numerical simulation [7,8]. ALIABADIAN

et al [9,10], VERVOORT et al [11], XU et al [12],
TAN et al [13], LI et al [14], and SHANG et al [15]
studied the tensile behavior of transversely isotropic
rocks by laboratory test or numerical simulation,
and the results show that the change of transversely
isotropic angle performs a great influence on the
peak loading force and the failure mode. YANG
et al [16], DOUMA et al [17], and WEN et al [18]
studied the loading parameters on crack evolution
behavior and mechanical properties of layered rock.
XIE et al [19], XU et al [20], YANG et al [21],
and WANG et al [22] investigated the influence of
layered rock characteristics (layer thickness, layer
dip angle, bedding plane properties and difference
of adjacent layers) on mechanical characteristics of
layered rock by means of numerical simulation and
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physical experiments. The researches mentioned
above systematically and deeply studied the
mechanical properties of layered composite rock,
but they regarded complete composite rock as the
research object and the effect of original flaws on
mechanical properties of composite rock were not
considered.

In fact, there are a large number of
discontinuities in natural rock masses [23—25]. On
the one hand, the existence of discontinuities
weakens the mechanical parameters of the rock
mass [26,27]. On the other hand, under loading
conditions, new cracks often occur near the original
discontinuities [28,29]. The initiation, propagation
and coalescence of cracks will further weaken the
mechanical parameters and possibly even lead to
the failure of rock mass [30,31]. At present, the
study on mechanical parameters and crack
evolution of fractured rock mainly concentrated on
fractured single lithologic rock [32—35]. About
single lithologic rock with two joints, WONG
et al [36,37], ZHANG and WONG [38], and
YANG [39] systematically studied the influence of
joint relative position (coplanar or parallel), joint
angle, rock bridge angle and bridge length on the
mechanical properties and crack coalescence of
fractured rock through different means. In addition,
scholars also adopted a variety of advanced technical
methods to analyze the mechanical properties of
fractured single lithologic rock [40—42].

Up till now, there are relatively few studies
involving fractured composite rock masses [43,44].
However, due to the difference of mechanical
properties between two adjacent layers, the
mechanical behavior of fractured composite rock
masses is very different from that of fractured

single-lithologic rock masses [45,46]. Considering
that fractured composite rock masses are very
common in rock engineering, it is of great
importance to study the mechanical characteristics
of fractured composite rock masses. Therefore, in
order to figure out the combined influence of joint
angle and bedding angle on the mechanical
characteristics and failure process of fractured
double-layer composite rock-like specimens under
uniaxial loading, a series of axial compression tests
were carried out on double-layer composite
rock-like specimens with two coplanar joints. The
CCD camera was also adopted to track and collect
the displacement information of specimens during
the whole loading process. Firstly, the influence of
bedding angle and joint angle on the mechanical
characteristics of specimens is analyzed. Based on
the influence degree of prefabricated joints and
bedding plane on the final failure of specimens,
several classic failure modes are summarized and
analyzed based on crack evolution process and stain
field nephogram. The effects of joint angle and
bedding angle on crack evolution characteristics
and transition of failure modes are analyzed and the
research results can provide reference for crack
evolution of flawed bedded rock slopes.

2 Experimental

2.1 Specimen preparation

Flawed layered composite rock masses are
often encountered in geotechnical engineering, as
shown in Fig. 1(a). The model of composite rock
specimen with two coplanar joints in this
experiment is obtained by simplifying the actual
engineering rock masses, which is illustrated in

Fig. 1 Typical flawed composite rock mass (a); Model of flawed rock-like specimen with two dissimilar layers (a is

bedding angle, f is joint angle (ligament angle), 2a represents fissure length, and 25 represents ligament length) (b)
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Fig. I(b). According to the suggestion of
International Society for Rock Mechanics and Rock
Engineering (ISRM) [47], the aspect ratio of
specimens is 2.0, and the sizes of specimens are
140 mm (height), 70 mm (width) and 30 mm
(thickness). Each specimen is assigned a unique
number, S-a-f. In this experiment, four bedding
angles are selected, which are 0°, 30°, 45° and 60°
respectively. Joint angle ranges from 0° to 150°
with 30° as an interval. Furthermore, other joint
geometric information remains unchanged, with joint
length of 15 mm and rock bridge length of 30 mm.

In this experiment, cement mortar specimens
were used to simulate double-layer composite rock
masses. The upper layer (Layer-1) was made of
white cement mortar mixed with P32.5 white
cement, fine sand and water. The lower layer
(Layer-2) was made of black cement mortar, which
is composed of P42.5 black cement, fine sand and
water. The volume ratio of cement (white cement
and black cement), fine sand and water is 8:8:5. In
Fig. 2(a), several slots were cut at the designated
position inside the mold and the mold can be
divided into two parts after inserting the thin iron
sheets into the slots. The specimen was formed by
pouring white cement mortar and black cement
mortar into the upper and lower parts of the mold,
respectively. Half an hour after pouring, the thin
iron sheet was pulled out smoothly.

(a) Bedding plane

(b) Fissure geometry

2817

The coplanar joints were fabricated by
inserting mica sheets at designated positions, and
the sizes of mica sheets are 15 mm (length) and
0.5 mm (thickness). To ensure accuracy, several
transparent acrylic plates recorded with joint
geometric information were customized, which are
shown in Fig. 2(b). The plates were put on top of
the molds and mica sheets were inserted at the
openings. After 24 h, specimens were demolded and
cured following the standard method for 28 d
before the experiment. Specimens with bedding
angle of 30° are shown in Fig. 2(c). In addition, to
obtain the basic mechanical parameters of intact
specimens, a number of standard cylindrical
specimens used for uniaxial compression tests and
Brazilian splitting tests were made following the
recommendation of ISRM [48]. The IDs of intact
specimens are [-B, I-W and I-BW, representing
intact black cement specimen, intact white cement
specimen and Intact double-layer composite
specimen. The basic mechanical parameters of
intact specimens are listed in Table 1.

2.2 DIC method

The principle of DIC method is to mesh the
speckle surface of the specimen and divide it into
several subsets. By comparing and analyzing the
images of subsets before and after deformation, the
coordinate difference of each pixel in the subset can

|
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) i it

S-30-90  S-30-120 S-30-150
(c) Specimens (a=30°)

Fig. 2 Preparation of double-layer composite rock-like specimens with two coplanar joints

Table 1 Basic mechanical parameters of intact specimens

Uniaxial compressive

Uniaxial tensile

Specimen ID strength/MPa strength/MPa Peak strain/10  Elastic modulus/GPa
I-B 41.771 5.671 14.806 4.576
I-w 35.295 7.171 14.478 4.330
I-BW 36.501 - 14.343 4.233
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be obtained and the displacement of every subset
can be then calculated. Using this method, the
displacement field can be obtained through
calculating the displacement of each sunset, and the
strain field can be further calculated by Cauchy
equation [49]. To fulfill the requirements of the DIC
experiment, specimens should be speckled before
the test. Firstly, the specimen was polished and the
dust was removed. A layer of white paint was then
sprayed on the specimen surface to improve the
smoothness and viscosity, which is convenient for
speckling. After the primer was dried, black paint
was sprayed on the primer evenly and randomly.

2.3 Experimental setup

Figure 3 describes the layout of the
experimental setup in this study, which consists of a
test system, a data collection system and a DIC
system. The test system is an electro-hydraulic
servo testing machine, which is composed of
loading equipment, servo equipment and control
system. Two loading methods, displacement control
and force control, are provided. Displacement
control mode is adopted in this experiment and the
loading rate is 0.01lmm/min. Data collection system
consists of a computer (collecting force—
displacement data from the testing system) and a
Canon high-speed camera (synchronously recording
crack evolution behavior during loading). The DIC
system consists of a charge coupled device
camera, two white lights and a computer used for
controlling and recording. Before testing, high-
speed camera and CCD camera were respectively
arranged on the front and back of the specimen and
adjusted to ensure the center of the specimen and
the camera lens on the same horizontal line. Then,

the aperture size and focal length were adjusted to
make the speckle image clearly. Finally, the
photographic speed was set to15 frames per second.

3 Results

3.1 Complete stress—strain curves

According to the difference of bedding angle,
the original data are processed to draw the whole
stress—strain curves of double-layer composite
specimens with two coplanar joints under uniaxial
loading. As shown in Fig. 4, the changes of bedding
angle and joint angle have certain effects on the
characteristics of stress—strain curves. Although
there are some differences in each curve, they all
contain four classic stages, which are stage-1
(microcrack compaction stage), stage-2 (elastic
deformation stage), stage-3 (microcrack
propagation stage) and stage-4 (post-peak stage), as
shown in Fig. 4(d). In the early stages of loading,
all curves show a concave upward shape, that is, the
strain increases greatly and the stress increases little.
This is mainly due to the closure of the original
cracks in specimens. With an increase in force, the
curves enter the elastic deformation stage. In this
stage, there is a linear relationship between stress
and strain. Before the curve reaches the peak, it is
not difficult to find that some curves show stress
drop, such as S-30-150 and S-45-120, which is
mainly caused by the appearance of macroscopic
cracks in the pre-peak stage. The characteristics of
stress—strain curves in the post-peak stage are also
different. Some curves show a large stress drop
rapidly after entering the post-peak stage, and other
curves have to go through several small stress drops.
The effect of bedding angle on the characteristics of

S8
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Computer

Testing system

Data collection system

Fig. 3 Sketch of experiment setup

DIC system
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Fig. 4 Complete stress—strain curves of double-layer composite rock-like specimens with two coplanar joints: (a) a=0°;

(b) 6=30°; (c) a=45°; (d, e) a=60°

the stress—strain curve is mainly reflected in the
post-peak stage. With increased bedding angle, the
proportion of a large stress drop appearing in the
post-peak stage is also rising.

3.2 Mechanical parameters

To better understand the influence of bedding
angle and joint angle on the strength parameters of
flawed double-layer composite specimens, the

experimental data are processed to obtain the basic
mechanical parameters of specimens, including peak
stress and peak strain. Mechanical parameter curves
of flawed double-layer composite specimens
varying with joint angle are shown in Fig. 5.
Compared with the mechanical parameters of the
intact specimen, it is obvious that the existence of
joints and inclined bedding plane weakens the
mechanical parameters of the specimen.
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Fig. 5 Mechanical parameter curves of double-layer
composite rock-like specimens with two coplanar joints
under uniaxial loading: (a) Peak strength versus joint
angle; (b) Peak strain versus joint angle

In Fig. 5(a), it can be seen that the variation in
joint angle appears to have a great influence on the
peak strength of specimens, and the influence law is
obvious. All curves show a “W” shape. No matter
how the bedding angle changes, each curve reaches
its minimum when the joint angle is 30° and its
maximum when the joint angle equals 90°. In
addition, though the peak strength curve is not “W”
shape when the bedding angle is 0°, the variation
trend in the interval of [0,90] shows a good
consistency with other curves. When bedding angle
is 60° and joint angle is 30°, the peak strength of
flawed double-layer composite specimen reaches a
minimum of 13.086 MPa, which is 64.15% lower
than that of the intact double-layer composite
specimen. When bedding angle is 45° and joint
angle is 90°, the peak strength of flawed
double-layer composite specimen reaches a
maximum of 27.851 MPa, which is 23.70% lower
than that of the intact double-layer composite

specimen.

In Fig. 5(b), all peak strain curves show a trend
of decreasing first, then increasing and finally
decreasing with the variation of joint angle (the
variation law of curves with bedding angle of 0° is
consistent with that of other curves from 0° to 90°).
Except that when the bedding angle is 60°, the
curve reaches the minimum when joint angle is
equal to 30°, other curves reach the minimum when
joint angle is 150° and the maximum when the joint
angle equals 90°. The peak strain of the intact
double-layer composite specimen is 14.343x107,
By comparison, the peak strain of flawed specimens
decreases in various degrees. When the bedding
angle is 30° and the joint angle is 150°, the peak
strain of flawed double-layer composite specimen
reaches the minimum of 4.673x1073, which is
67.42% lower than that of the intact double-layer
composite specimen. When the bedding angle is 30°
and the joint angle is 90°, the peak strain of flawed
double-layer composite specimen reaches the
minimum of 12.981x1073, which is 9.50% lower
than that of the intact double-layer composite
specimen.

4 Analysis and discussion

High-speed camera and CCD camera were
adopted to record the successive crack evolution
behavior and speckle images with displacement
information respectively. Speckle images were
processed by GOM Correlate software to observe
the strain field evolution during the whole loading
process. Based on crack propagation behavior and
principal strain field, crack evolution processes of
double-layer composite specimens with two
coplanar joints were analyzed. Besides, the
influence of joint angle and bedding angle on
failure characteristics of flawed specimens was also
studied.

4.1 Classic failure modes

Based on the analysis of crack evolution
process and strain field nephogram, failure modes
of double-layer composite specimens with two
coplanar joints can be divided into four types
depending on the contribution of joints and bedding
plane to the ultimate failure of specimens. These
four failure modes are single-joint dominant failure
mode, double-joint dominant failure mode, mixed
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mode, and bedding plane dominant failure mode, as
shown in Figs. 6—9. All stages (a) and (a’) in Fig. 6
to Fig. 9 are taken as reference pictures.
4.1.1 Single-joint dominant failure mode

Figure 6 shows the crack propagation process
and the principal strain field corresponding to
single-joint dominant failure mode. The ultimate
failure of specimen is caused by the initiation,
propagation and coalescence of cracks initiated at
joint tips in the weak layer (stages (e) and (e")).
With the axial loading applied to the end of the
specimen, blue strain concentration areas first
appear at the tips of pre-existing joints. The color of
strain concentration area at the lower joint tips is
light and almost unchanged, which means that there
are no macro-cracks at the tips of the joint in the
lower layer during the whole loading process. The

strain concentration areas in the upper part of the
specimen initiate from the tips of the joints and are
approximately parallel to the loading direction. As
loading continues, a coplanar strain concentration
zone appears at the outer tip of the upper joint and
the initial strain concentration zone stops changing,
indicating that a coplanar shear crack occurs at the
upper joint tip. Meanwhile, a non-coplanar strain
concentration zone is shown in the upper part of the
specimen, and the strain concentration zone located
at the inner tip of the upper joint also expands with
the increase of axial force. Tensile wing crack can
also be observed at the inner tip of the upper joint
and penetrates the bedding plane. The specimen
fails when the coplanar strain concentration zone
coalesces with the strain concentrations zone near
the joint tip.
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Fig. 6 Failure process and principal strain field corresponding to single-joint dominant failure mode (S-0-60)
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Fig. 7 Failure process and principal strain field corresponding to double-joint dominant failure mode (S-0-30)
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Fig. 8 Failure process and principal strain field corresponding to mixed failure mode (S-30-60)
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4.1.2 Double-joint dominant failure mode

Figure 7 represents the crack evolution
behavior and the principal strain field nephogram
corresponding to double-joint dominant failure
mode. From the final failure characteristic and the
last stage of strain field, it can be found that the
failure of the specimen is caused by the successive
crack evolution behavior initiated from the tips of
two prefabricated joints (stages (f) and (f')). When
axial force is applied to the specimen, strain
concentration zones initiate at the tips of joints and
are roughly parallel to the vertical direction, as
shown in Fig. 7(b’). At this time, strain
concentration is low, and no macro-cracks are
observed on the specimen surface. With the increase

Fig. 9 Failure process and principal strain field corresponding to bedding plane dominant failure mode (S-60-0)
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of load, strain concentration zone at the outer tip of
the joint in the lower layer expands along the
loading direction, while strain concentration zone at
the inner tip stops changing (stage (c')). A
non-coplanar strain concentration zone appears at
the right side of the upper layer, which extends
along the inclined direction. When the non-coplanar
strain concentration zone coalesces with the upper
joint, the stain concentration zone at the inner tip
of the upper joint propagates suddenly along the
axial direction, as shown in Figs. 7(c) and (d).
Compared with the corresponding crack evolution
stage, a tensile wing crack initiates from the inner
tip of the upper joint and propagates along the axial
direction. In stage (e'), a strain concentration zone
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appears at the inner tip of the lower joint and
propagates upward. Similarly, a tensile wing crack
is observed at the inner tip of the lower joint in
stage (e). All strain concentration bands extend to
the boundary of the specimen with further increase
of axial load, finally resulting in the failure of the
specimen, as shown in stage (f'). It is worth noting
that the generation of strain concentration zone in
rock bridge area does not mean that there are macro-
cracks in the rock bridge area, but they are caused
by the extrusion in rock bridge area (stage (f')).
4.1.3 Mixed failure mode

Figure 8 represents the crack evolution
behavior and strain field nephogram corresponding
to mixed failure mode. Specifically, the failure of
the specimen is caused by cracks initiated from
joint tips and the shear crack on the bedding plane
(stages (e) and (e')). It can be clearly seen that strain
concentration bands initiate at the tips of joint in the
upper layer, as shown in Fig. 8(b’). However, the
strain concentration band at the outer tip stops
expanding. A coplanar strain concentration band
and a non-coplanar strain concentration band
respectively appear at the outer tip of the upper
joint and the right side of the upper layer and
continue to propagate. Simultaneously, there are
strain concentration bands appear at the bedding
plane and the lower joint tips, but the strain is small,
as shown in Fig. 8(c'). In stage (d") of strain field,
the strain concentration band at the inner tip of the
upper joint propagates and penetrates the bedding
plane. The strain concentration zone located on the
bedding plane expands upward. Additionally, the
strain concentration bands at the tips of the lower
joint continue to expand, and tensile wing cracks
can be observed at the tips of the lower joint in
stage (d) of crack evolution process. As load
continues to increase, the specimen loses its bearing
capacity when the strain concentration band on
bedding plane turns red (stage (e)).
4.1.4 Bedding plane dominant failure mode

Figure 9 shows the crack evolution process
and strain field corresponding to bedding plane
dominant failure mode. This mode does not mean
that cracks only initiate on the bedding plane, but
that the bedding plane dominates the ultimate
failure of the specimen (stages (e) and (e')). As
shown in Fig. 9, strain concentration bands first
initiate at the tips of the lower joint and propagate
along the axial direction (stage (b")). The strain

concentration band which propagates upward does
not penetrate the bedding plane after reaching it, but
extends along the bedding plane, as shown in stage
(c"). The specimen fails when the color of the
inclined strain concentration band on the bedding
plane changes from blue to red (stage (e')). As
clearly shown in crack evolution process, the crack
first initiates near the outer tip of the right joint. The
tensile crack which propagates upward will expand
along the bedding plane after reaching it, as shown
in stage (d). However, the specimen does not
completely lose its bearing capacity. The specimen
is destroyed when the bedding plane slides under
the action of shear force, as shown in stage (e).

4.2 Crack types and characteristics

Many scholars have conducted in-depth
systematic research on crack initiation, propagation
and coalescence of flawed rock masses under
uniaxial loading, and defined various crack types.
These results can help us to analyze and understand
crack evolution behavior in this study. There are
only eight crack types observed in this work
compared with crack types summarized by other
scholars, as shown in Fig. 10. These eight types are
tensile crack-1 (crack initiates at the joint tip),
tensile crack-2 (crack initiates from the middle part

T
T, T g ‘_JI) |t IN
s T \ T
4
Tensile Tensile Tensile Tensile
crack-1 crack-2 crack-3 crack-4
sl ]
/ / 2 /
Coplanar Surface Horsetail Far-field
shear crack spalling crack crack

Fig. 10 Crack types of double-layer composite rock-like
specimens with two coplanar joints observed in this
study (T: Tensile crack; S: Shear crack; Ss: Surface
spalling)
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of joint), tensile crack-3 (out-of-plane tensile crack),
tensile crack-4, coplanar shear crack, horsetail crack
(a crack combined by a coplanar shear crack and a
out-of-plane tensile crack), far-field crack and
surface spalling. The difference between far-field
crack and out-of-plane tensile crack is that far-field
crack will not coalesce with cracks initiated from
the prefabricated joint. In addition, a new tensile
crack type is observed, which initiates from the
bedding plane and propagates toward one layer of
the specimen.

Since some crack paths are thin and the crack
propagation speed is very fast when the final failure
happens, it is really difficult to accurately recognize
the crack path by naked eyes. Besides, the crack
initiation usually shows no obvious characteristics
and some cracks almost initiate simultaneously,
making it hard to distinguish crack initiation
sequence even with the help of high-speed camera
recording. Hence, scholars typically adopt several
auxiliary techniques to record and qualitatively
analyze crack evolution behavior. High-speed
camera can record the crack propagation path of the
specimen. Propagation direction and appearance
time of high strain concentration band in strain field
nephogram can help to distinguish the crack types
and the sequence of crack initiation. As shown in
Fig. 11, crack evolution diagrams of flawed
specimens under uniaxial loading are drawn based
on the camera recordings and the evolution of strain
field nephograms. In Fig. 11, each crack has a
corresponding number, which is composed of a
letter and a number. Letter represents crack type
and number represents the order of crack initiation.
In addition, the black arrow represents the
propagation direction of the crack after reaching the
bedding plane, the red arrow represents the sliding
direction of the upper layer, and the red shadow part
represents surface spalling.

In Fig. 11, the crack propagation path of the
specimen under uniaxial loading is relatively
curved, mainly due to the anisotropy of the
specimen. As shown in Fig. 11, the number of
cracks in the upper layer is usually more than that
in the lower layer. For most double-layer composite
specimens with two coplanar joints, tensile crack-1
is usually the first initiated crack. For S-0-0, the
first crack initiates in the upper layer of the
specimen, which is almost similar to the crack
initiation mode of the complete specimen under

uniaxial loading. Regardless of the joint angle,
shear cracks initiate from the tips of pre-existing
joints and propagate. From Fig. 11, when bedding
angle is 0°, the tensile crack which initiates from
the upper joint tip can penetrate the bedding plane
directly. For specimens with bedding angle of 30°
or 45°, the crack which initiates from the upper tip
can only penetrate the bedding plane after
extending on the bedding plane for a distance and
the distance is proportional to the bedding angle.
When the bedding angle equals 60°, the crack will
propagate along the bedding plane to the boundary
of the specimen rather than penetrating into the
adjacent layer. In addition, the cracks initiated from
the upper joint usually propagate downward along
the bedding plane when they reach the bedding
plane, and the cracks initiated from the lower joint
usually propagate upward along the bedding plane
when they reach the bedding plane. Tensile crack-4
only occurs in specimens when bedding angle is
30°,45° or 60° and suck cracks are more likely to
initiate in the upper layer. Else, it is not difficult to
find from Fig. 11 that the existence of bedding
plane inhibits the coalescence of cracks in rock
bridge area. There is usually no direct crack
coalescence occurring in rock bridge area. The
variation of bedding angle shows an inconspicuous
effect on the coalescence of cracks initiated from
the inner tips of joints.

4.3 Discussion

Due to the difference of mechanical properties
between the upper and lower layers of fractured
composite specimens. The crack initiation time and
propagation speed are different. Hence, the failure
characteristics of single-lithologic specimens with
two coplanar joints cannot comprehensively help us
to understand the failure characteristics of
composite specimens with two coplanar joints.
According to the research results of WONG [37]
and YANG [39], the failure mode of single-
lithologic specimens with two coplanar joints can
be considered as double-joint dominant failure
modes. Specifically, the failure is dominated by
cracks initiated at tips of prefabricated joints, and
the cracks initiate almost at the same time from
joint tips. Besides, cracks will coalesce in the rock
bridge area, and there are two coalescence type.
Based on Fig. 11 and Table 2, it is easy to find that
compared with single-lithologic specimens with two
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Fig. 11 Sketch of final failure characteristics of double-layer composite rock-like specimens with two coplanar joints
based on high-speed camera and DIC results (The horsetail crack in Fig. 10 is named mixed crack (M))

coplanar joints, the failure mode of double- layer
composite specimens with two coplanar joints is
more complex. No matter how the bedding angle
and joint angle vary, there will be no coalescence in
the rock bridge area.

When the bedding angle equals 0°, the failure
modes of flawed double-layer composite specimens

can be divided into single-joint dominant failure
mode and double-joint dominant failure mode. The
failure of specimens is only caused by the cracks
initiated from the joint tips, which is similar to the
findings of HU et al [43]. Additionally, for
specimens with single-joint dominant failure mode,
the cracks only initiate from the joint tips in the
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Table 2 Failure modes of double-layer composite rock-like specimens with two coplanar joints

p(°) 0=0° a=30° a=45° a=60°
. . . Single-joint Single-joint Bedding plane
0 Single-joint dominant mode dominant failure dominant failure dominant mode
30 Double-joint dominant mode Mixed mode Mixed mode Bedfilng plane
dominant mode
. .. . . . Bedding plane
60 Single-joint dominant mode Mixed mode Mixed mode .
dominant mode
. . . Double-joint . .
90 Single-joint dominant mode . Mixed mode Mixed mode
dominant mode
120 Slggle-J01nt Mixed mode Bed.dlng plane
dominant mode dominant mode
150 Double-joint Single-joint Bedding plane

dominant mode

dominant mode dominant mode

upper layer. When bedding angle is 30° and 45°,
failure modes of specimens are relatively complex.
For specimens with joint angle of 0°, the failure
mode is single-joint dominated mode. Cracks
initiate from the left joint tips and then propagate
with the increasing load. There are no macro-cracks
initiated from the right joint tips. For specimens
with joint angle of 30° and 60°, the failure mode is
mixed mode. Cracks initiate not only from the joint
tips, but also from the bedding plane. Although the
failure characteristics for specimens with joint
angle of 150° are different, it can be seen that
cracks initiate from the joint tips and propagate to
the boundary of specimens. There are no shear
cracks generated on the bedding plane, and the
failure is dominated by the prefabricated joints.
When bedding angle is 60°, the specimen fails
when the upper layer slides along the bedding plane.
For S-60-60, only shear cracks appear on the
bedding plane. For other specimens with bedding
angle of 60°, cracks initiate from the joint tips.
However, instead of penetrating into the adjacent
layer, the cracks will propagate along the bedding
plane when they propagate to the bedding plane.

To better understand the influence of bedding
angle and joint angle on the failure characteristics
of specimens, two groups of representative
specimens’  ultimate  failure images and
corresponding strain field nephograms are selected
for comparative analysis, as shown in Figs. 12 and
13. Figure 12 shows a comparison of the ultimate
failure modes of flawed double-layer composite
specimens with fixed bedding angle (¢=30°) and
different joint angles (=0°, 30°, 60°, 90°, 120° and
150°). With the increase of joint angle, the failure

characteristics of specimens with bedding angle of
30° are quite different. When joint angles are 30°
and 60°, cracks initiate from joint tips and bedding
plane dominate the failure of specimens. An
inclined stripe high strain concentration band can
also be observed on the bedding plane from the
strain field nephogram. However, when the joint
angle is from 90° to 150°, the effect of bedding
plane on the failure of specimens is weakened. The
failure is only affected by the cracks initiating from
the joint tips, which can be verified by the fact that
there is no high strain concentration band appears
on the bedding plane. Figure 13 shows a
comparison of the final failure modes of flawed
double-layer composite specimens with fixed joint
angle (#=60°), and varied bedding angle (a=0°, 30°,
45° and 60°). It can be found that with the increase
of bedding angle, the failure mode of the specimen
changes from single-joint dominant failure mode
(5-0-60) to mixed failure mode (S-30-60 and
S-45-60), and then to bedding plane dominant
failure mode (S-60-60). The factor that dominates
the failure changes from prefabricated joints to the
bedding plane with the increase of bedding angle.

The failure of engineering rock masses is
typically caused by the propagation and coalescence
of cracks initiated from the original flaws, and the
crack propagation behavior is greatly affected by
the flaw geometries. The experimental results in
this study can predict the crack evolution process in
two adjacent layers with inclined flaws of bedded
rock slopes, as illustrated in Fig. 14.

Figure 14(a) presents the flawed layered slope
model with horizontal bedding planes. The cracks
initiate around the original flaws and propagate
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Fig. 12 Final failure modes and corresponding strain field of flawed double-layer composite rock-like specimens with
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Fig. 13 Final failure modes and corresponding strain field of flawed double-layer composite rock-like specimens with

fixed joint angle and different bedding angles

upward and downward. The crack will penetrate the
bedding plane directly to the adjacent layer, and no
shear sliding appears on the bedding plane.
Figures 14(b) and (c) show the flawed layered slope
model with pro-dip bedding planes, with the
orientation of bedding planes being 30° and 45°
respectively. The crack which initiates from
original flaw will transform into shear sliding
cracks after reaching the bedding plane. The shear
sliding crack will transform into tensile crack after
propagating a certain distance along the bedding
plane. It should be noted that when the bedding
angle is 30° and the flaw angle is 150°, the crack

will penetrate the bedding plane directly; when the
bedding angle is 45°, the crack will turn into shear
sliding crack when reaching the bedding plane, no
matter how the flaw angle varies. Figure 14(d)
illustrates the flawed layered slope model with
pro-dip bedding planes, and the bedding angle is
60°. Compared with the middle two cases, the
tensile crack initiated from the original flaw will
transform into shear sliding crack after extending to
the bedding plane, but the shear sliding crack will
not penetrate to the adjacent layer and the number
of cracks generated in each layer is also less. The
shear sliding crack on the bedding plane dominates
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Fig. 14 Crack evolution behavior in two adjacent layers with flaws of layered rock slopes: (a) 0°; (b) 30°; (c) 45°;

(d) 60°
the crack evolution process.
5 Conclusions

(1) The variation of joint angle affects the
mechanical parameters of specimens greatly. The
peak strength of fractured specimens ranges from
13.241 to 27.601 MPa, which is 24.38% to 63.72%
lower than that of intact specimen. The peak strain
of fractured specimens is reduced by 8.78% to
58.78% compared with intact composite specimen.
The bedding angle has a great influence on the
post-peak characteristics of stress—strain curves.

With the increase of bedding angle, the post-peak
stage of stress-strain curves is easy to perform a
significant stress drop.

(2) The failure modes are divided into four
types: single-joint dominant failure mode,
double-joint dominant failure mode, mixed failure
mode and bedding plane dominant failure mode.
The greater the bedding angle, the more significant
influence of bedding plane on failure mode. For
specimens with middle bedding angle (¢=30° and
45°), with the increase of joint angle, the failure
mode changes from mixed failure mode to joint
dominant failure mode.
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(3) The bigger the bedding angle, the lower the
possibility of cracks penetrating into the adjacent
layer. For specimens with high bedding angle
(0=60°), cracks cannot penetrate into the adjacent
layer. In addition, the existence of bedding plane
inhibits the coalescence of cracks in rock bridge
area. A new crack type is observed which usually
initiates on the bedding plane when the final failure
happens and is more likely to generate in the upper
layer.
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