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ARTICLE INFO ABSTRACT
Keywords: Layered and heterogenous fissured rock masses are ubiquitous in nature. Fissures exert significant
Layered rock mass influence as release surfaces and nucleation sites for failure in layered rock masses. However, key

Composite samples
Pre-existing fissures
Uniaxial compression
Mechanical behaviour

mechanisms controlling microcrack initiation and extension in layered and heterogenous rock
masses remain unclear. We complete a suite of numerical (granular mechanics) and comple-
mentary physical compression experiments on layered rocks containing fissures in different
modalities where the overlying layer is both stronger and stiffer. We complete this to understand
the impact of local specimen and system stiffness on ultimate strength and modes of failure
(stability). We systematically examine the influence of fissure angles, lengths and positions on the
mechanical response, including observations of microcrack evolution and tendency for instability
(i.e. rock bursting), constrained by acoustic emission (AE). Peak strength and overall elastic
moduli vary in a predictable and systematic manner. The strengths and stiffnesses of the double-
layer composite specimens fall between those of the homogeneous weak and strong single layer
specimens. The AE counts, micro crack growth and failure characteristics of the double-layer
composite specimens are closely related to the fissure angles, lengths and positions. Whether
the weak rock or the strong rock contains fissures, the rock burst tendency of the double-layer
composite specimens decreases in varying degrees—defining the potential of pre-blasting/
fracturing to soften the mass. Fissure angles and lengths do not have to be too large. Addition-
ally, failure in the double-layer composite specimens results not only from crack propagation in
the weak layer, but also failure of the entire specimen when the length of the fissure in the strong
layer is sufficiently large. These observations provide a reference for stability evaluation and
disaster mitigation of layered rock masses in engineering.
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1. Introduction

Layered rock masses and layered structures are ubiquitous in nature (Fig. 1). Different from a single lithologic unit, layered rock
masses are intrinsically anisotropic in strength, deformation, crack evolution and failure modes [1-4]. Tectonically driven deformation
over geological time generates cracks, cavities and other defects [5,6]. Failure often nucleates from individual fractures that eventually
coalesce and result in macroscopic failure and potential instability of the entire system [7-9]. Therefore, understanding the mechanical
behavior and failure mechanisms that evolve in layered rock masses containing fissures is a prerequisite to predicting dynamic failure
in rock mass engineering.

Crack initiation, propagation and coalescence in brittle materials containing fissures is known to be a function of size, flaw angles,
flaw lengths and loading rates [10-17]. Average peak strengths are strongly influenced by flaw geometry and increasing the flaw
inclination angle relative to the maximum principal stress first decreases then increases the peak strength. The spatial arrangement
[18] of parallel joints and orientation of flaws at defect angles a and ligament angles p [12,19] determine the failure modes. Obser-
vations of failure modes for two different types of flaws show that wing cracks starts at the defect tip, but move to the middle of the
defect, but may completely disappear under higher confining pressure [20]. In addition, various laboratory monitoring methods have
been developed to study fracturing in pre-flawed rock specimens. Traditional methods use resistance strain gauges, but more con-
strained measurements may be made through photoelasticity, optical diffraction pattern recognition, scanning electron microscopy,
ultrasonic detection and via acoustic emission (AE) monitoring [13,14]. Many of these methods follow the formation and extension of
surface cracks but AE monitors internal cracks in the process of rock deformation and failure in real time [15-17]. Synchronous AE
monitoring is a common and effective method to evaluate the strength and cracking behavior of brittle flawed rocks under anisotropic
stress conditions [21-23]. Coupling the analysis of AE with measured stress-strain characteristics enables the complete cracking
process to be followed and sub-divided into multiple levels, with each stage corresponding to different AE characteristics [22]. This
enables quantitative interpretation and comparison of acoustic mechanical properties among materials [23]. AE testing can adapt to
various harsh conditions and is not limited by the shape of the specimen. Many fracture criteria have been proposed for rocks con-
taining fractures. For example, the new fracture criterion proposed by improving the fracture deformation model through shear test;
the F criterion [24]. Such research on the influence of cracks/flaws on the mechanical properties and crack evolution of rock or rock
like material provides reference for the following work on the mechanical properties and crack evolution of double-layer composite
rock specimens with fissures.

AE is widely used in monitoring the mechanics and failure characteristics of rock containing cracks/flaws/fissures. However,
predictions of response require forward modeling using the principles synthesized from such observations and characterizations [25].
Discrete element methods (DEM) are a powerful method to explore the impacts of microstructure on failure characteristics — as no
failure modes need be defined a priori [26,27]. DEM methods flow the microscopic processes of fracturing with acoustic events
represented by individual bond breaking, enabling the evolution of shear and tension cracks to be accurately identified [28-30]. In the
parallel bonding model of PFC2D, the development of each crack produces a composite AE pulse. Thus, the AE characteristics of a
failing virtual sample may be recovered as an AE time history [30-32]. This time history may be used as a diagnostic signature of the
mode of failure [10,26,27]. Composite or anisotropic rock layers in the same or different rocks may be arbitrarily accommodated in the
DEM simulations [31,32]. Thus, granular mechanics simulations are used in this work to follow the progressive failure and AE time-
histories of fractured rocks.

From the foregoing, it is apparent that significant progress has been made in understanding the effect of cracks/fissures/flaws on
the mechanical evolution of flawed rocks [35-37]. However, controls on microcrack evolution and styles of resulting failure (stable
versus unstable) in heterogeneous samples with preexisting fissures remain indeterminate. Prior studies have demonstrated that rock
type has an influence on crack evolution and failure modes [11-13,16,17]. In this work we examine the role of strength/stiffness in
numerical models of layered strata with a strong/stiff upper half and containing fissures. Specifically we examine the influence of
fissure inclination (angles), lengths and positions on the stress-strain response, peak strength, peak strain, elastic moduli and AE
counts. Finally, we classify the potential for dynamic instability (rock bursting) of double-layer composite rock specimens with
different fissures through the rock burst energy index Kg.

Fig. 1. Layered rock masses and fabricated layered structures.
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2. Numerical modeling
2.1. Particle flow discrete element method

We use granular mechanics models®® to analyze the failure characteristics of layered rocks accommodating large deformation and
evolving naturally from linear elasticity to failure. In these DEM models, particle—particle interaction follows Newton’s second law
with deformability enforced at the particle-to-particle contacts and bonds. Bonding includes contact bonding and linear parallel
bonding. Among them, the parallel bonding model (Linearpbond) can transfer forces and moments between different entities, and can
also resist shear and tension caused by external forces.

The bond contact force-displacement relationship in the Linearpbond model is shown in Fig. 2 [38,39] where the force-
—displacement relationship depends on the contact stiffness and contact relative displacement.

It can be seen from Fig. 2 that the force-displacement relationship of the parallel bonding model depends on the contact stiffness
and contact relative displacement. F,, is the normal contact force. g; is the normal contact gap. k;, is the normal contact stiffness. A is the
contact area. M; is the contact torque. 6; is the torsion angle of the contact surface. k; is the tangential contact stiffness. J is the polar
moment of inertia of the parallel bonding section. Fs is the tangential contact force. is the tangential displacement. M}, is the contact
bending moment. I is the moment of inertia. 6}, is the rotation angle of the bonded contact surface. After obtaining the contact force and
contact moment (including bending moment and torque) of the bonding key, the maximum normal and tangential contact stress on the
contact surface can be calculated according to the following expressions. The calculation expression is as follows (ITASCA, 1999;
Potyondy et al., 2004).
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o and 7 are the maximum normal and tangential contact stress on the contact surface, respectively. j is the torque distribution co-
efficient, the value range is 0 ~ 1. In the classic model, this parameter is not set, and the default is 1. R is the average contact radius.
When the normal stress reaches the normal bonding strength, the contact between the particles will fail under tension. When the
tangential stress reaches the shear strength, contact shear will fail.

2.2. Parameter calibration

Equivalent properties of the granular assemblage are defined through the particle-particle contacts. We assume mesoscale pa-
rameters and select microscale-parameters by to fit this global response [38,39]. In this paper, appropriate mesoscale parameters are
selected through standard uniaxial compression experiments on complete specimens in the laboratory and fit using the modeling
parameters of Table 1.

The stress—strain curves and schematics of failure modes are obtained from parallel physical and numerical uniaxial compression
experiments, as shown in Fig. 3. From Fig. 3, the numerical results are observed to be congruent with those of the laboratory
experiments.

2.3. Numerical modeling of virtual compression experiments

We assemble a layered column that comprises a stronger/stiffer upper layer with a weaker/softer lower layer (Fig. 4). We use five
combinations of the layered configuration (Fig. 4) in the calculations. The samples comprise either the (weaker) material [W] (Fig. 4
(a)), the stronger material [S] (Fig. 4(b)), the stronger layer overlaying the weaker layer with no flaw [SW] (Fig. 4(c)), or the stronger
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Fig. 2. Schematic diagram of contact force-displacement of Linearpbond model [38,39].
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Table 1

Microscale-mechanical parameters of lower and upper layers represented in the numerical simulations.
Contact parameter Weak layer Strong layer Meaning
Rppin(mm) 0.2 0.2 Minimum particle size
Rpax/Rmin 1.5 1.5 Ratio of maximum particle size to minimum particle size
E.(GPa) 0.4 1.8 Effective modulus of particles
K./Ks 1.5 1.5 Ratio of the contact stiffness between the normal direction and the tangential bond of particles
E(GPa) 0.6 2.4 Bond effective modulus
K. /Ks 1.5 1.5 Ratio of normal to tangential bonding contact stiffness
op(MPa) 8 16 Average and standard deviation of normal bond strength
cp(MPa) 6 20 Mean and standard deviation of cohesive force
@(°) 31 42 Bond internal friction angle
i 0.5 0.5 Linear friction coefficient of particles
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Fig. 3. Stress—strain curves obtained from laboratory and numerical experiments.

(W b)S (c) SW (d) SWL () SWU

Fig. 4. Numerical models of weak [W](a), strong [S1(b), strong overlaying weak either without a fracture [SW](c), or containing either a lower
[SWL](d), or upper [SWU](e), fissure.

layer overlaying the weaker layer with a fissure in the lower layer [SWL] (Fig. 4(d)), or with a fissure in the upper layer [SWU] (Fig. 4
(e).

The numerical simulation of double-layer composite rock specimens under uniaxial compression is shown in Fig. 5. The loading
rate is set as 0.05 mm/s to represent quasi-static loading. The servo mechanism in PFC is used to apply wall movement at constant
velocity. Compressional loading is applied by keeping the lower wall static and applying a downward velocity of 0.05 mm/s to the
upper wall with the overall stress—strain relationship, crack development, failure characteristics and energy accumulation to evaluate
the propensity for bursting. This was repeated for all fracture inclination angles, lengths and positions.

3. Results and analysis
3.1. Stress—strain curves

A series of numerical (uniaxial) compression tests are completed on geometries W, SWL, SWU, SW and S, and the stress—strain
curves and equivalent mechanical parameters obtained, as shown in Fig. 6 and Table 2. Peak strengths (from highest to lowest) are in
the order S > W > SWU > SW > SWL, with peak strains as W > S > SWU > SW > SWL and elastic moduli as S > SW > SWU > SWL > W.
The relationship between the elastic moduli and rock type can be described by a nonlinear relationship y =
2147.5662 —2145.9546/(1 + exp((x — 8.0409)/0.4744 ) )(where x is W, SWL, SWU, SW, S, y is elastic moduli), where the elastic
modulus increases from 1.22 GPa in W specimen to 5.14 GPa in S specimen. The relationship between the peak strain and rock type can
be described by a nonlinear relationshipy =12.43 + 13129.2504/(1 + exp((x — 0.4954)/0.6960 ) )(where x is W, SWL, SWU, SW, S, y
is peak strain), where the peak strain decreases from 21.74 %o in specimen W to 9.19 %o in SWL specimen then increases from 9.19 %o in
SWL specimen to 15.16 %o in S specimen. And the relationship between the peak strength and rock types can be described by a
nonlinear relationship y = 77.9101 —55.2834/(1 + exp((x — 4.2014)/0.0605 ) )(where x is W, SWL, SWU, SW, S, y is peak strength),
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Fig. 5. Numerical simulation of double-layer composite rock specimens under uniaxial compression (fissure angle is relative to the horizontal).

where the peak strength decreases from 26.53 MPa in W to 16.61 MPa in SWL, then increases from 16.61 MPa in SWL to 77.91 MPain S
specimen.

Table 2 shows the failure characteristics of the W, SWL, SWU, SW and S specimens. Regardless of whether it is SWL, SWU or SW, the
failure mainly occurs in the weaker part of the composite specimen. And compared with SWL, the failure of SWU and SW are more
pervasively fractured. What is more, after the fracture-containing upper part of the SWU specimen is slightly damaged along the
fissure, the main failure occurs in the lower part. However, the failure in SWL occurs only in the fracture-containing lower part.
Overall, the mechanical properties of the SWL, SWU and SW specimens are intermediate between specimens W and S-as the presence
of the fissure has weakened and softened the response.

Fig. 7 shows the stress—strain curves for SWL with different fissure angles and lengths. As can be seen from Fig. 7(a), peak strength
increases with the fissure angle and the slope of the stress—strain response becomes stiffer. When the fissure angle is increased to 45°
and 60°, the stress—strain curve appears steps-down post-peak. The peak strengths decrease with fissure length, and the stiffness di-
minishes, as shown in Fig. 7(b). When the fissure length is 4 mm, the stress-strain curves show a rapid decrease post-peak. The rest of
the stress—strain curves have step-downs post-peak.

Fig. 8 shows the mechanical parameters of the SWL specimen containing a pre-existing fissure with different angles and lengths
under uniaxial compression. The results show that the elastic moduli, peak strain and peak strength of the SWL specimens all increase
with increasing fissure angles. The relationship between the elastic moduli and fissure angles can be described by a nonlinear rela-
tionship y = 1.9656 —0.4957/(1 + exp((x — —52.7301)/12.3811 ) )(where x is fissure angles, °, y is elastic moduli), where the elastic
moduli increases from 1.490 GPa for a fissure at 0° to 1.953 GPa at 90°. The relationship between the peak strain and fissure angles can
be described by a nonlinear relationshipy =12.5495 —2.7856/(1 + exp((x — 74.9932)/0.2005 ) )(where x is fissure angles, °, y is peak
strain), where the peak strain increases from 10.417 %o in the SWL sample with a fissure angle of 0° to 12.549 %o at 90°. And the
relationship between the peak strength and fissure angles can be described by a nonlinear relationship y =
25.2199 —9.4856/(1 + exp((x — 72.4)/6.7142) )(where x is fissure angles, °, y is peak strength), where the peak strength increases
from 15.439 MPa at a fissure angle of 0° to 24.542 MPa at 90°.

Elastic moduli, peak strain and peak strength of the SWL specimens all decrease with increasing fissure lengths. The relationship
between the elastic moduli and length can be described by a nonlinear relationship y =
8.7792 —5.4084 /(1 + exp((x — 6.8462)/3.6459 ) )(where x is fissure length, mm, y is elastic moduli), where the elastic moduli de-
creases from 1.956 GPa for a fissure angle of 0° to 1.250 GPa at 90°. The relationship between the peak strain and fissure length can be
described by a nonlinear relationship y =12.5495 —2.7856/(1 + exp((x — 74.9932)/0.2005 ) )(where x is fissure length, mm, y is peak
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Fig. 6. Stress-strain curves and change in mechanical parameters for different layered specimen configurations.
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Table 2
Mechanical parameters and failure characteristics of the five configurations of rock specimens.
Rock Peak Peak Elastic X L
K ) _1 K Failure characteristics
specimens strength/MPa strain/103 moduli/GPa
w 26.53 21.74 1.22
o
y
SWL 16.61 9.19 1.81 -
’r@
SWU 24.74 12.82 1.93 : b

SW 24.54 12.55 1.97 M

S 77.91 15.16 5.14
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Fig. 7. Stress-strain curves of SWL specimens with different fissure angles and lengths.
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Fig. 8. Change in mechanical parameters for different fissure angles and lengths.

strain), where the peak strain decreases from 12.481 %o for a fissure angle of 0° to 9.893 %o at 90°. And the relationship between the
peak strength and fissure length can be described by a linear relationship y = 25.2199 —9.4856/(1 + exp((x — 72.4)/6.7142) ) (where
x is fissure length, mm, y is peak strength), where the peak strength decreases from 24.136 MPa at a fissure angle of 0° to 13.209 MPa at

90°.
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3.2. AE characteristics

Specimens W and SWL (fissure = 45°-20 mm, 60°-20 mm and 60°-36 mm), SWU, SW and S are selected to display their stress—strain
curves, crack number, AE events and failure characteristics, as shown in Fig. 9. Regardless of the type of weak (W) or strong (S)
samples, the AE events can be divided into three phases: quiescent phase, slow crack-generation phase, and rapid crack-growth phase.
The W uniform specimens and SWU, SW and S all have a longer quiet period. There is a slow AE generation stage before the peak in the
stress-strain curve and a rapid increase occurs immediately thereafter. In addition, the number of AE events generated during the
second stress drop of the SWL specimen after the stress-strain peak is greater than that of the first. The number of AE events at peak
strength in descending order is: specimens S > W > SWU(60°-20 mm) > SW > SWL(60°-20 mm) = SWL(60°-36 mm) > SWL(45°-20

mm).

Engineering Fracture Mechanics 289 (2023) 109403
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Fig. 9. Number of cracks, AE events and failure characteristics of W, SWL, SWU, SW and S specimens.
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Apparent from Fig. 9(b) and (c) is that the maximum number of AE events increases from 248 to 311 when the fissure angle in-
creases from 45° to 60° for the same fissure length. At the same fissure angle, as the length of the fissure increases from 20 mm to 36
mm, the maximum value of AE events is remains the same - although the strain developed at the maximum AE counts is different. The
maximum AE count at 20 mm occurs at the first step post-peak, and the maximum at 36 mm occurs after the second stress-drop, as
shown in Fig. 9(c) and (d).

The failure process of the specimens during uniaxial compression is shown in Fig. 9. From Fig. 9, regardless of the fissure length and
angle, fracture in the SWL or SW specimens first occurs in the lower and weaker part of the composite specimens. The fracture of SWL
occurs at the tip of the fissure first, and then expands into the remainder of the weak lower part. As the loading progresses, the fracture
expands into the strong upper part. But as the fissure angle increases, the fracture in the strong upper part gradually decreases, as
shown in Fig. 9(b), (c) and (d). The fracture of SW also occurs first at the two tips of the fissure, but instead of continuing to expand into
the upper part, the lower part is partially ruptured, resulting in overall failure.

3.3. Failure characteristics

Table 3 shows the failure characteristics of the SWL specimens with different fissure angles. The main cracks mainly extend to the
lower and weaker zone along both ends of the fissures. When the fissure angle is small, the damage to the lower rock in the composite
specimen is relatively small but grows as the fissure angle increases. When the fissure angle is 30, 45 or 75°, the crack extends into the
upper part of the composite specimen. When the fissure angle is 45°, the upper part of the composite specimen has the greatest damage,
followed by 30°. At 75°, the damage in the least in the upper part compared to 30 and 45°. This is different from the composite
specimen with a fissure in upper part. When the fissure angle in the upper stronger layer is 30, 45 and 75°, the main failure of the
composite specimen still occurs in the lower part, as shown in Table 3 [40].

The influence of fissure lengths on the failure characteristics of the SWL specimens is listed in Table 4. The failure of the composite
specimens with different fissure lengths mainly occurs in the lower weaker part. Only when the fissure length is 12 mm does the
damage extends to the upper stronger region and becomes obvious. And regardless of the fissure lengths, the fractures are generated at
both ends of the fissures, and the main fractures generated in the weaker lower part near the interface with the stronger upper part.
Congruent with the SWL specimens, the fracture of the SWU specimens occurs in the part hosting the fissure. Only when the fissure is
long enough does the upper part break, such as SWU specimen with a fissure length of 40 mm. This is different from the fracture of SWL
specimens [40].

3.4. Rock burst tendency

Rock bursting is a rapid and typically dangerous release of energy that may cause damage to adjacent structures and personnel
[41-43]. Rock burst energy index, elastic energy index, dynamic failure time, uniaxial compressive strength and bending energy index
are all used as the diagnostic indicators of rock burst tendency [44-47]. The rock burst energy index Kg is the ratio of the elastic
deformation energy (As) accumulated before the peak strength to the elastic deformation energy (Ay) released post- peak, as shown in
Eq. (4) and Fig. 10. Kg > 1.5 denotes a tendency to burst.

Ay

K = A (C))

Table 3
Effect of fissure angles on the failure characteristics of the SWL specimens.

Fissure

0 15 30 45 60 75 90

angles/®

Failed
specimens
(SWL)

Failed
specimens
(SWu)
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Table 4
Effect of fissure lengths on the failure characteristics of the SWL specimens.

Fissure
lengths/mm

Failed
specimens

Fissure
lengths/mm

Failed
specimens
(SWU)*

As: accumulative
deformation energy,

Ax: releasable
deformation energy

Stress/MPa

Strain/%

Fig. 10. Definition of various rock burst indicators, defining KE [44-46].

Fig. 11 shows the Ag, Ax, A and Kg of W, SWL, SWU, SW and S specimens. Fig. 11(b) shows the influence of fissure angles on rock
burst energy index Kg. With an increase in fissure angles, Kg, first decreases and then increases. The relationship between Kg and fissure
angles can be described by a nonlinear expression y = 9.1140 + ( —455.3205/42.1386*sqrt(x/2) )*exp( — 2*(x — 51.4573)/
42.1386 )Z(Where x is fissure angles, °, y is Kg). Kg at 90° is smaller than that at 0°. In addition, K is less than 1.5 and non-burst-prone
when the fissure angles are 45° and 60°. That is to say, a fissure at 45° to 60° can effectively reduce the rock burst tendency of the SWL
specimens.

Apparent from Fig. 11(d) is that Kg decreases to be non-burst-prone for intermediate lengths. The relationship between the Kg and
length can be described by a nonlinear relationship y = 43713.1463 + 43713.1181*sin(z*(x + 4814.6311)/3225.7010 )(where x is
fissure length, mm, y is Kg). Finally, from Fig. 11(f), only Kg of the SWL specimen is less than 1.5, and is non-burst-prone.

4. Discussion

Fissure angles, lengths and positions all exert an influence on the mechanical properties, microcrack evolution, AE events and rock
burst tendency of layered composite rock masses. The purpose of this study is to analyze the influence of the positions, lengths and
angles of fissures in composite materials on the mechanical behavior and failure mechanisms with reference stability evaluation and
disaster mitigation.

(1) For W, SWL, SWU (60°-20 mm), SW and S specimens - strength is always bracketed between the weak (W) and strong (S)
specimens. Failure mainly occurs in the weak layer of the composites, as noted previously [40]. But the difference is that when the
fissure length in the SWL specimen is 20 mm, the angle is 30°, 45°, 75° and the length is 12 mm, and the angle is 60°, the fracture will
penetrate the strong layer (as shown in Tables 3 and 4). Table 5 shows the failure characteristics of SWU with different fissure length at
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Table 5

(e) 4s, Ax, A of different rock specimen type

(f) Kg of different rock specimen type

Fig. 11. Ag, Ax, A and Kg of W, SWL, SWU, SW and S specimens.

Failure characteristics of SWU specimens with different fissure lengths when the fissure angle is 60°.

Fissure
lengths/mm

Failed
specimens
(SWU, 60 °)

4

12

20

28

36

an angle of 60°, which is different from that in the physical rock mechanics test [40]. As can be seen from Tables 3, 4 and 5, the failure
mechanism of the double-layer composite rock specimens is not only caused by the crack propagation in the weak layer, but also results
in failure of entire specimen when the length of the fissure in the strong layer is large enough. This is different from prior observations
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Fig. 12. Elastic strain energy and Kg of SWU with different lengths when fissure angle is 60°.

[11] that showed that the failure mechanism of the specimen is mainly caused by crack propagation in the weaker layer.

(2) The rock burst energy index K, of specimens SW, SWL and SWU is less than that of W and S. The numerical simulation results in
this paper are different from the results obtained by Zuo et al. [48-50] through physical rock mechanics experiments. Zuo et al.’s
[48-50] observations were that “compared with the weak single specimen, the rock burst energy index of the composite specimen is
increased, and the layer composite specimen improves the rock burst tendency of the weak rock.” However, we observe that the rock
burst tendency of the layered composite specimen is less than that of the weak homogeneous (W) specimen. The main reason may be
the heterogeneity of the weak and strong materials and the influence of the weak/strong interface used in the laboratory.

When the fissure angle is 60° and the length 20 mm, the rock burst energy index K of the SWL specimen is less than 1.5, thus it has
no rock burst tendency. It can also be seen from Fig. 11 that the rock burst energy index Kg first decreases and then increases with
increases in the fissure angles or lengths. The rock burst energy index K for SWL is less than 1.5 when the fissure angles are 45 and 60°
and the lengths are 20 and 28 mm. In order to compare whether cutting a fissure in weak or strong layers can effectively reduce the
rock burst tendency, SWU specimens with different fissure lengths at an angle of 60° are analyzed. The curves of elastic strain energy
versus strain and also rock burst energy index K versus length are shown in Fig. 12. It can be seen from Fig. 12(a) that when the fissure
angle of SWU is 60°, the elastic strain energy first increases and then decreases during the entire experiment. And the elastic strain
energy at the peak strength first increases and then decreases with the increase of fissure lengths. When the length increases from 28
mm to 36 mm, the elastic strain energy decreases rapidly, and is smaller than for other lengths. As can be seen from Fig. 12(b), when
the fissure angle is 60°, the rock burst energy index Kg, first increases and then decreases with the increase of length. The rock burst
energy index of the SWL geometry is opposite to the change in length. Only when the fissure length in SWU is long enough, is the rock
burst energy index Kg less than 1.5, and there is no rock burst tendency. Based on the above analysis, fissures cut in the weak rock or in
the strong rock will both reduce the rock burst tendency. But regardless of whether it is in weak or strong rock, it is necessary to control
the fissure angles and lengths. Compared with cutting fissures in the strong rock, the angles of the fissures in the weak rock are more
flexible, and the lengths of the fissures are relatively short.

(3) However, it should be pointed out that at present, the rock burst energy index, elastic energy index, dynamic failure time,
uniaxial compressive strength and bending energy index are used as the classification indexes for rock burst tendency. In this paper, the
rock burst energy index Kg is solely used, although other parameters may be relevant.

5. Conclusions

We examine the influence of the positions, inclination angles (relative to the horizontal) and lengths of pre-existing fissures on the
mechanical properties of layered composite specimens using granular mechanics models-inclusive of rock burst energy index Kg.
These observations are used to index failure and stability related to catastrophic failure. The primary conclusions are as follows:

(1). The peak strengths and elastic moduli of all composite specimens (SW, SWL, SWU) are intermediate between those of the weak
(W) and strong (S) rock specimens. The elastic moduli and peak strengths both increase with an increase in the inclination of the fissure
angles and both decrease with an increase in the fissure lengths.

(2) The number of AE events, micro cracks and their failure characteristics in all samples clearly correspond to the stress—strain
curves. The number of AE events at peak strength, in descending order are: S specimen > W specimen > SWU specimen (60°-20 mm) >
SW specimen > SWL specimen (60°-20 mm) = SWL specimen (60°-36 mm) > SWL specimen (45°-20 mm).

(3) As the fissure angle in the weaker (lower, SWL) material increases from 0° to 75° (relative to the horizontal), damage in the
surrounding matrix becomes increasingly more severe—except when the fissure is aligned in the loading direction at 90°. At angles of
30, 45, 75°, the crack will extend into the stronger layer, with the most damage when at 45°. Conversely, when the fissure is in the
stronger (upper, SWU) material, the principal damage occurs in the underlying weaker layer rather than proximal to the fracture. Only
when the fissure is long enough will the hosting strong material fracture.

(4) The burst tendency for the composite specimens is effectively reduced by a fissure within either the weak (lower, SWL) or strong
(upper, SWU) layers-but only for a range of fissure inclination angles and lengths. Therefore, in engineering practice, it is recom-
mended to cut fissures in the lower (weaker) rock layer. Compared to cutting fissures in the upper (stronger) rock, the angles of the
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fissures in the lower (weaker) rock are more flexible. And the lengths of fissures are relatively short, the workload is reduced, and the
cost is also reduced.

The evaluation of rock burst tendency is based exclusively on the rock burst energy index Kg, neglecting other parameters as elastic
energy index (Wgr), dynamic failure time (D), and uniaxial compressive strength (UCS). Further studies may similarly examine the
importance of these various indices.
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