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Abstract

Existing studies on transversely isotropic rock formations, a special geology, have mainly focused on its mechanical characteris-
tics; whereas, investigations on its fracture process and damage microscopic mechanisms are relatively limited. To remedy this
deficiency, in this study, a three-dimensional numerical model is established using discrete elements (PFC>P), focusing on the
effects of confining pressure (0, 5, 10, 15, and 20 MPa) and laminar inclination angle (6, 0,50, 0302, 0450, Ogp» 0750, and Gge) 0N
the failure behavior of the composite rock. To demonstrate the accuracy of the simulations, the stress—strain curves and ultimate
failure modes obtained from the numerical simulations were compared with the previous laboratory mechanical test results
and X-ray CT images. Numerical models using the smooth-joint contact model were shown to simulate the laboratory results
reasonably well. Numerical simulation results indicate that the confining pressure and laminar angle significantly influence
the internal crack evolution patterns of the specimen. The internal cracks change from a concentrated to a discrete distribution
as the confining pressure increases. The internal cracks of specimens with 6. and 6. laminar inclination emerges from the
soft rock and eventually extends to the hard rock, while the inclined specimens crack from the laminar face and finally spread
to the rock matrix, which can be explained by the graph of the increasing number of cracks. In addition, the internal principal
stress and tangential stress in soft and hard rocks were monitored by arranging measurement circles, and it was found that the
tangential stresses are the essential cause of the difference between the mechanical behavior of the two rock types.

Highlights

e The complicated three-dimensional discrete element transversely models captured the prospective mechanical behavior
and cracking characteristic

e The failure patterns and crack coalescence process are characterized by various confining pressure and bedding inclina-
tion angles

e The difference behavior between the soft and hard rock matrix is dependent on the confining pressure and internal tan-
gential stress
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1 Introduction

Anisotropic rocks are often encountered in geotechnical
engineering, and transversely isotropic rocks are among
the most typical, mainly in sedimentary and metamorphic
rocks. Challenges faced by geotechnical engineering with
transversely isotropic layered rock mass range from study
for feasibility of roller cutter excavation and stability of sur-
rounding rock in mining and tunneling, exploration of the
stability of large stratified slopes, foundation safety stud-
ies for large-scale facilities (hydroelectric power stations,
nuclear waste plants, military bases) in bedded rock forma-
tions to the study of energy extraction issues such as shale
gas, natural gas, and petroleum. Complex failure modes
in different rock strata and the changes of deformation,
strength, and permeability of anisotropic rock mass with
various laminar tendencies arise due to the characteristics
of directional dependency and the presence of multiple weak
laminae.

In the past decades, lithology with inherently anisotropic
structures was studied in meticulous detail; at the same time,
the composite rock-like specimen characterized by conveni-
ently available, mechanical equivalent, and reproducible was
proposed for laboratory experimental investigation (Tien and
Tsao 2000). On the one hand, hydrofracturing has become
the main approach to address the problem of extracting shale
gas stored in layered rocks; therefore, numerous Brazilian
splitting tests were carried out to investigate the tensile
strength of transversely isotropic shale (Cho et al. 2012;
Vervoort et al. 2014; Roy and Singh 2015; Wang et al. 2016;
Yang et al. 2019a and Yang et al. 2020). On the other hand,
a considerable number of uniaxial and triaxial compression
tests on transversely isotropic rocks had been carried out
since the in situ rock is mostly in compression (Cho et al.
2012; Cheng et al. 2017, 2018, 2020; Yin and Yang 2018;
Sapari and Zabidi 2019; Yang et al. 2019b; Ademovi¢ and
Kurtovié, 2021; Shen et al. 2021; Chen et al. 2022; He et al.
2022; Weng et al. 2022). Additionally, oblique shear test as
well as three-point bending tests of transversely isotropic
rocks were conducted to analyze the shear behavior and
cracking toughness (Valente et al. 2012; Ghazvinian et al.
2013). In general, the main research content of these indoor
experiments ranges from analysis of mineral composition,
basic mechanical parameters, failure modes, crack types to
the surface deformation. A variety of auxiliary methods are
combined with these tests, such as acoustic emission locali-
zation (Cho et al. 2012; Wang et al. 2016; Cheng et al. 2017,
Yang et al. 2019a, b), strain gauges (Roy and Singh 2015;
Yang et al. 2019a), 3D digital image correlation system
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(Cheng et al. 2017; Yin and Yang 2018; Yang et al. 2019b,
2020), and X-ray micro-CT observation (Yang et al. 2019b).
However, most of these capabilities are limited to the surface
of the specimen that cannot reflect the internal conditions
of strain and stress and cracking characteristics (with the
exception of X-ray micro-CT observation), and focus on the
post-damage properties of the specimen rather than the real
damage process. According to Duveau, the theoretical part
of transversely isotropic rocks can be divided into three cat-
egories (Cao and Liu 2022), the first of which is called the
mathematical continuum method, which treats anisotropic
rocks as a whole irrespective of the action of weak surfaces
and applies mathematical methods to describe their mechan-
ical properties (Hill 1950; Tsai and Wu 1971; Deng et al.
2022).The second is an empirical formula commonly used in
various fields, simply described as a formula to describe the
interaction of loading direction with strength and deforma-
tion based on the results of numerous tests on anisotropic
rocks (Saeidi et al. 2013, 2014; Singh et al. 2015).The last
method deduces the intrinsic equations by considering the
effect of discontinuous weak surfaces on anisotropic rocks
individually (Shi et al. 2016; Liu et al. 2021; Wang et al.
2022; Dobrdka et al. 2022), the most classical of which is
the Jaeger’s criterion derived on the basis of the More—Cou-
lomb criterion (Jeager 1960). In addition, the cross-sectional
anisotropic rock ontogenetic equations for formations with
different mechanical properties have become a hot topic in
the last decade.

In recent years, discrete element numerical simulation
has developed rapidly in the field of rocks due to its ability
to simulate the process of rock damage and to verify the
relevant theories, particularly with the particle flow code
(PFC). Compared with the finite element simulation method,
the discrete element method is not constrained by defor-
mation and can effectively simulate the process of micro-
scopic crack generation and expansion of the rock materi-
als, and may be more applicable to transversely isotropic
rock masses. In 2004, Potyondy et al. simulated rocks with
dense interconnections of particles for the first time and suc-
cessfully restored a wide range of rock properties, together
with the sensitivity of particle microscopic parameters to
macroscopic properties (Dong et al. 2022; Potyondy 2012).
Subsequently granular flow code has gained unprecedented
momentum in the rock sector (Potyondy and Cundall 2004;
Potyondy 2015). With the contact model, extensive rock-
like models are in the spotlight; Jiang et al. (2011) built
a cement sand model by two-dimensional distinct element
technology, and mechanical properties and strain localiza-
tion of cement sand were investigated. Then, Lee and Jeon
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(2011) proposed a novel method of cutting two unparallel
fissures in rectangular model by PFC?P to analyze the peak
strength, ultimate failure mode, and crack initial stress com-
pared to the experimental results of Hwangdeung granite.
At the same time, Ivars et al. (2011) raised a new approach
for analyzing the mechanical behavior of jointed rock mass
by modeling the rock matrix with bonded particle model
and representing the weak joint network with smooth-joint
contact model (SJM). In this way, we can obtain properties
that are not available through empirical modeling such as
scale effect, anisotropy, permeability in multiple directions,
and brittleness of complex rock masses. Then, Park and Min
(2015) extended this approach to the study of transverse ani-
sotropic rocks; the smooth-joint contact model was inserted
in two-dimensional disk-shaped specimens for Brazilian
tensile strength test and cylindrical specimens for uniaxial
compressive strength test; the elastic and strength anisotropy
of transversely isotropic rock model were researched com-
pared with the laboratory experiment. In this way, He and
Afolagboye (2018) and Yang et al. (2019a) investigated the
mechanical behavior of shale with two-dimensional models
based on the indoor tests of Brazilian splitting, and the crack
coalescence process and failure modes are presented; four
types of micro-cracks were classified to reveal the failure
mechanism of the specimens by Yang. Additionally, Duan
et al. 2016, Duan and Kwok 2016) applied this method into
the issue of stress-induced borehole breakouts with a large-
scale model in PFC?P; the stress measurement and crack
propagation around the borehole were discussed. Under
complex stress conditions, Yin et al. (2019) investigated
the composite rock-like specimen with two different layers
through PFC?P, the results were in good agreement with the
laboratory tests. Sun et al. (2022) studied the bedded shale
under two different unloading paths by 2D discrete element
simulation, and the main focus is on the damage process of
rock with energy dissipation, maximum principal stress field
and microcrack evolution. Moreover, Chiu et al. (2013) and
Mehranpour and Kulatilake (2017)each proposed their own
improved smooth-joint models to research the anisotropic
behavior of rock mass.

However, the results described above are limited to two-
dimensional numerical simulations, which hardly reflect the
mechanical properties of real rocks and unable extended to
larger-scale models that can fit for the engineering. Therefore,
3D modeling has become a hot topic of research in the current
years; Park et al. (2018) first attempted to simulate the tri-
axial tests of transversely isotropic rock by three-dimensional
bonded discrete element modeling, but only the basic mechani-
cal behavior and failure modes were analyzed. Meanwhile,
Zhang et al. (2019) employed the SIM in 3D rectangular-
shaped models to obtain the deformation and failure behavior

of anisotropic rock; the spatial distribution and directions of
inner cracks were discussed; the results showed that the crack-
ing pattern dominated from tensile cracks to shear cracks with
increasing confining pressure. So far, very few research has
been done on 3D modeling of transversely isotropic rocks,
especially on 3D triaxial compression simulations of standard
composite rock specimens.

Therefore, a three-dimensional procedure for generating
the transversely isotropic composite rock-like specimens
is presented in this paper. Then, the micro-parameters of
parallel bonded contact and smooth-joint contact were
calibrated based on the results of laboratory experiments
completed by Yang et al. (2019b). Simulation of triaxial
compressive tests of composite rock-like specimens with
seven various inclinations were conducted. Subsequently,
the internal crack propagation process as well as the dam-
age mode and failure mechanism of the 3D composite rock
model were analyzed compared with a series of X-ray CT
images, while the characteristics of the principal stresses
and shear stresses in the soft and hard rock formations
during compression were discussed to reveal the cracking
mechanism from weak material to robust material.

2 Three-Dimensional Numerical Simulation
Methodologies

2.1 Brief Description of Laboratory Test

The composite rock-like material was fabricated by
pouring layer by layer in prepared stiff plastic molds,
where the rock layer with relatively weak mechanical
properties is composed of ordinary Portland cement,
water, gypsum, kaolinite powder, and fine quartz
sand (1:0.75:0.15:0.3:1.2); conversely, sulfate alu-
minum cement, water, quartz sand, and iron powder
(1:0.355:0.9:0.1) were used to fabricate the hard rock
layer. In consideration of reflecting the cross-sectional
isotropic properties of the composite rock and preventing
excessive bedding effects that may lead to failure to repre-
sent the difference in mechanical properties between soft
and hard rocks. Thus, the thickness of each layer was set
to 10 cm in this study. The composite rock-like specimens
from 6. to 6y, were then obtained by drilling the artifi-
cial rock block in different directions with a 50 mm drill
bit, and finally made into 50 X 100 mm standard cylindri-
cal specimens. Figure 1 shows the drilling process. The
physic and mechanical properties of composite rock-like
material were obtained from cylinder specimens in the
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Fig. 1 Diagram of the drilling process for composite rock specimens with bedding angels from 6 to 6. (Yang et al. 2019b)

Table 1 Macro-parameters Material type o, (MPa) E, (GPa) P ¢ (MPa) ?© p (ke/m’)

obtained from the laboratory

test (Yang et al. 2019b) Weak 16.44 3.60 0.23 5.21 24 1627
Hard 68.43 23.69 0.34 18.17 40 1912

o.—compressive stress; E—Elastic modulus; y—poison’ s ratio; c—cohesion; ¢p—friction angle; p—den-

sity

laboratory (Yang et al. 2019b), and the density, uniaxial
compression strength, Young’ s modulus, Poisson’s ratio
of soft and hard rock was 1627 kg/m3, 16.44 MPa, 3.60
GPa, 0.23 and 1912 kg/m3, 68.43 MPa, 23.69 GPa, and
0.34, respectively (shown in Table 1).

2.2 Three-Dimensional Discrete Element Modeling

The challenge of using discrete elements to simulate com-
posite rock materials involves two main aspects. One is
how to distinguish soft and hard rocks and simulate their
respective mechanical properties; the second point is how to
simulate the behavioral characteristics of the contact at the
interface of soft and hard material. Therefore, the selection
of the correct contact model is crucial for the subsequent
simulation. The simulations in this paper were performed
in PFC3D 5.0 version, benefit from previous research, the
synthetic rock mass (SRM, which generate synthetic rock
masses using different contact models in PFCP) approach
was followed. To demonstrate the lithology of the simu-
lated rock-like matrix, this method uses parallel-bond model
(PBM) to simulate soft and hard rock materials (Ivas and
Pierce, 2011). Despite the fact that the Pb model does not
characterize the exact compression—tension ratio compared
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with the flat-joint model, it is advantageous to use the Pb
model to study rock materials with high homogeneity from
the results of statistical analysis as well as damage patterns.
Therefore, the Pb model is more applicable due to the high
homogeneity of the rock-like materials studied in this paper.
Then, several joint surfaces were created by importing equal
quantity circular plane of discrete facture network (DFN, a
DFN is the collection of a series of fractures). Eventually,
the smooth joint bond is created before the DFN are deleted.
In contrast to empirical methods of property estimation, the
SRM method can obtain predictions of scale effects, ani-
sotropy and crack evolution pattern at key locations of the
rock mass. In addition, the impact of particle radius on the
mechanical properties of the model can be ignored when
the ratio of the minimum boundary to the maximum particle
radius of the model is greater than 30 (Ding et al. 2014), and
for consideration of the calculation speed, the number of
particles was set to 30325 in this work.

The bonding behavior and rheological composition of the
PBM as well as the SJM have been plotted in Fig. 2. The
linear parallel bond model consists of a linear interface as
well as a parallel bond interface (see Fig. 2b). When a paral-
lel bond is bonded, it can withstand bending moments and
its failure is controlled by the Coulomb criterion, which is
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Fig.2 Schematic diagram of bonding shape and rheological components of SJM and PBM

transformed into a linear model after fracture. The smooth
joint model delivers the macroscopic behavior of a bonded
or frictional interface that is linearly elastic and expansive
(see Fig. 2a). The behavior of the bonded interface is lin-
early elastic until the strength limit is exceeded and the bond
breaks, causing the interface to be unbonded, the behavior
of the unbonded interface is linearly elastic and frictionally
expansive, fitting the slip by imposing a Coulomb limit on
the shear force. While, the interface does not resist relative
rotation. It is worth noting that the stiffness in both com-
ponents is independent of the particle diameters. Then, the
particle model consisting of these two models with the incli-
nation from 6. to 6y is presented in Fig. 3a, and the particle
bond situation of both the weak and hard material is plotted
in Fig. 3b. Finally, the contact model of composite rock-like
with dip of 6,s. is shown in Fig. 3c.

2.3 Confirmation for Micro-parameters

It is recommended that the jointed weak face of the soft
and hard rock in the test composite specimen is of generally
no thickness and does not bear pressure along the strike;
however, the actual thickness of the jointed model in the
numerical simulation exists and the pressure bearing on
the strike gradually increases as the inclination of the weak
face increases, resulting in non-negligible differences in the
mechanical behavior of the composite rock model and the
real rock-like specimen.

Considering the above problem, four categories of
micro-parameters are calibrated: ball parameters (density;
the maximum and minimum radius of the ball); linear-bond

parameters (the effective modulus; ratio of normal to shear
stiffness); parallel-bond parameters (friction coefficient;
friction angle; effective modulus; tensile strength; cohesion;
and ratio of normal to shear stiffness); and smooth-joint
parameters (friction coefficient; tensile strength; cohesion;
normal stiffness; and shear stiffness). At the same time, the
tensile strength of the PB model was deliberately reduced
to make the compression—tension ratio of the model speci-
men consistent with that of the real rock. The trial-and-
error method (fixing other parameters first, change only one
parameter, and then change the next parameter after reaching
the desired goal) was adopted to calibrate the parallel-bond
parameters for uniaxial compression and compression with
confining of the complete soft rock model and the complete
hard rock model, respectively.

The elastic and strength parameters of smooth joint mod-
els are calibrated during two stages. We selected two spe-
cial specimens at 6. and 6,s. to calibrate the parameters
of smooth joint models, where the effect of the weak layer
is small and almost negligible because the axial stress is
perpendicular to the weak layer of the 8. specimen, how-
ever, in the 6,5. specimen, the weak layer plays a dominant
role. In the first stage, we first fix the elastic parameters
of parallel-bond model and set large values for the local
strength parameters of the parallel bond and smooth joint
models so that no failure of contacts occurs and its effect
on elastic response is eliminated. Then, we adjust the nor-
mal stiffness &, and tangential stiffness k, by trial-and-error
method until the macroscopic modulus of elasticity of 6.
specimens and 6,5. specimens agreed with the test results.
In the second stage, the elastic parameters identified during
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Table2 Micro-parameters Parameter Value Parameter Value
of parallel-bond model and
smooth-joint model to simulate Material A Material B Material A Material B
the composite rock-like material

p (kg/m?) 1627 1912 Pb-E (GPa) 2.04 12

Rin (mm) 0.75 0.75 Pb-ten (MPa) 2.67 11.8

R 1.66 1.66 Pb-coh (MPa) 26.7 118

Lb-Ec (GPa) 2.04 12 Sj-kn (GPa) 1500 1500

k/k, 2.0 2.0 Sj-ks (GPa) 1500 1500

k, kK Jk, 2.0 2.0 Sj-ten (MPa) 5 5

Pb-u 0.5 0.5 Sj-coh (MPa) 10 10

Pb-¢ (°) 24 40 Sj-u 0.5 0.5

R_. —the minimum radium of the ball; R_ —ratio of the maximum to the minimum radium of the ball;

min

rat

Lb-E —the effective modulus of linear bond; k, /k—ratio of normal to shear stiffness of the linear bond;
k,/k—ratio of normal to shear stiffness of the linear parallel bond; Pb-u—Ilinear parallel-bond friction coef-
ficient; Pb-gp—friction angle of linear parallel bond; Pb-E.—effective modulus of linear parallel bond;

Pb-ten

tensile strength of linear parallel bond; Pb-coh—cohesion of linear parallel bond; Sj-kn—normal

stiffness of smooth joint; Sj-ks—shear stiffness of smooth joint; Sj-ten—tensile strength of smooth joint;
Sj-coh—cohesion of smooth-joint; Sj-u—friction coefficient of smooth joint
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the first stage are fixed, the cohesion and tension strength
parameters are updated by trial-and-error method until the
macroscopic peak strength of 6. specimens and 6,5. speci-
mens is in good agreement with the experiments. Figure 4
presents the flowchart of the calibration of composite rock,
and the microscopic parameters are shown in Table 2.

The following is a comparative analysis of the simula-
tion results and the corresponding laboratory tests. Fig-
ure 5 shows the comparison of stress—axial strain curves
of complete hard and soft rock under uniaxial compression
obtained from the experiment and 3D numerical simulation,
respectively. Figure 5a and b shows that the curves obtained
by simulation are basically consistent with the test results
except for the initial compaction stage. Additionally, it can
be clearly seen in Fig. 5c and d that the simulation results of
the composite rock model are very close to the test values,
except that there is a slight difference when the confining
pressure of the composite rock with the bedding angle of
Oy is 20 MPa. In a word, the calibration results show that
the above micro-parameters can well reflect the properties
of real test samples.

3 Mechanical Behavior Analysis
of Composite Rock-Like Specimens

3.1 Strength and Deformation Properties

The deviatoric stress—axial strain and deviatoric
stress—circumferential strain curves for all of the com-
posite rock-like model from the bedding inclination of 6
to fy,. are shown in Fig. 6a—g. Overall, the deviate stress
of rock-like models with different bedding inclination
angles increased regularly with the increase of confining
pressure, and the axial strain and circumferential strain
enlarged significantly with the increase of circumferen-
tial pressure; almost all the graphs showed such a rule
that brittle failure under low confining pressure gradu-
ally developed to ductile failure under high confining
pressure. From a local perspective, the composite rock
model with an inclination of 6. and an inclination of ;5.
showed obvious ductile mechanical behavior compared
with other rock models, especially when the confining
pressure was 20 MPa. This is because the confining pres-
sure tightly presses the bedding plane between the soft
and hard rock layers, causing significant retardation of
the shear damage that should have occurred. It is worth
noting that the uniaxial compression simulation curve
of the composite rock model with an inclination of 0;5.
showed ductility; however with the increase of confining
pressure, it did not show the expected obvious ductil-
ity but a brittle mechanical behavior. It is very interest-
ing that almost all the curves had no stress drop before

@ Springer

the peak strength, and the composite rock-like models
with 6,5, and 0. inclination angles existed violent stress
fluctuations after the peak strength when the confining
pressure was 15 MPa and 20 MPa. Besides, the deviatoric
stress—circumferential strain curves showed a similar law.

It can be seen from Fig. 7 that the simulated maxi-
mum principal stress strength of different bedding angles
under different confining pressures was generally consist-
ent with the experimental results. However, the experi-
mental value was significantly higher than the simulated
value when the inclination was 6y, and this phenomenon
slightly decreased with the increasing of confining pres-
sure. On the contrary, when the inclination was 6. and
0,5, the simulated peak strength was consistent with the
experimental results when the confining pressure was
small, However, with the increase of confining pressure,
the numerical value obtained by simulation was larger
than the experimental value, and the difference gradu-
ally increased. Besides, the numerical simulation failure
strength variation displayed a “U” type clearly with incli-
nation angle under different confining; this is in agree-
ment with the conclusions drawn from the previous stud-
ies on the mechanical properties of transversely isotropic
rock mass (Cho et al. 2012; Cheng et al. 2017, 2018;
Yin and Yang 2018; Sapari and Zabidi 2019; Yang et al.
2019b). Both numerical simulations and experiments
obtained the lowest values of failure strength at the incli-
nation angle of 64,. and the highest values at angles of 6,
and 6y,.; however, contrary to the indoor experimental
results, the failure strength derived from numerical simu-
lations was greater at 6. than at Gy..

Figure 8 shows the peak axial strain of the composite
formation model with different dip angles under different
surrounding pressures. The peak axial strain presented
a similar pattern with increasing dip angle at differ-
ent enclosing pressures, with the maximum peak axial
strain at @50 and the minimum at 6,y in a wavy shape.
Meanwhile, the peak strain increased uniformly with
the increasing of the enclosing pressure, except for the
00- composite rock with 0 MPa and 5 MPa enclosing
pressure.

3.2 Ultimate Failure Modes Comparison

Figure 9 lists a part of ultimate failure modes comparison
between simulation and laboratory results; the red balls
represent macro-crack, which is controlled by the Cou-
lomb criterion. When any of the normal, shear, torsional or
bending moments exceed their limits, the bond will break
and the color of the particles will be discriminated as red.
Additionally, the white and black balls embody fine hard
and weak rock matrix of numerical models, respectively.
It can be observed that when both the soft and hard rock
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layers were horizontal, the macroscopic damage diagrams
obtained from the experiments showed that the specimens
were splitting in tension through the layers under uniaxial
compression, and as the surrounding pressure increased
to 5 MPa and 20 MPa, the damage mode of the specimens
gradually changed to shear damage pattern, and the angle
between the shear section and the horizontal gradually
decreased. When the dipping angle of the bedding was
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Oy for both the specimen and the model, the damage pat-
terns were basically the same as that of the specimen with
a laminar inclination of 6., except that the final damage
pattern obtained from the numerical simulations and the
indoor tests was splitting along the bedding surface when
the confining pressure is 0 MPa; furthermore, we can see
that the damage patterns obtained from the numerical
simulations and the laboratory were identical when the
inclination is ¢y.. Additionally, what is remarkable is that
all the macroscopic cracks obtained from the numerical
simulations were much wider, which mainly resulted from
the large discrete particle radius with generously sized.

4 Internal Fracture Behavior of Composite
Rock-Like Specimens

4.1 Internal Spatial Crack Images Obtained by X-ray
CT Reconstructing and Particle Modeling

To provide an in-depth analysis of the damage pattern and
the crack extension mechanism of the composite material-
like rock specimens, the internal cracking of the model is
investigated in detail in this chapter and compared with the
X-ray CT images of the test results, where the X-ray CT
images were done by Yang et al. (2019b).

Figure 10 presents a series of internal spatial crack maps
obtained from X-ray CT (gray) reconstruction and PFC*P
simulations (blue) from . to 8. of inclination at different
confining pressures. When the specimens were under uni-
axial compression, it is clear that the internal cracking pat-
terns were almost identical in both the simulation and X-ray
CT results: the internal crack at the bedding angle of 6.,
0,5- and 05 exhibits that tensile damage and splitting failure
crossed the hard rock and weak rock clearly; the following
composite specimens with angle from ;5. to 6,5. contained
a lot of shear crack and the shear damage occurred mainly
along the weak bedding surfaces. Besides, the shear crack
mainly existed in weak rock area which can be observed
in the modeling results at the inclination of 8,5 and 6.
in particular. When the lamellar surface was perpendicular
to the end face of the specimen, several splitting fractures
were shown in the results of both the X-ray CT images and
PFC3P images. Therefore, it can be inferred that almost all
the composite models are first damaged in soft rock area,
followed by cracking in the hard rock area, and ultimate
failure occurs.

When the confining pressure increased to 5 MPa, we can
observe that the cracks in the soft rock in the . to 0540
specimens became significantly sparser and more dispersed,
but the damage pattern was essentially the same as in uni-
axial compression, except that there were more and smaller
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(a) 6,=0 MPa

(b) 5,=5 MPa

(¢) 5,=20 MPa
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Fig.9 Comparison of macro-failure mode of composite specimen obtained from laboratory experiment and PFCP simulation. The experimental

results were obtained from Yang et al.

tensile cracks and splitting cracks in the specimen at angel of
6-; the same situation occurred in the 6,5- to 6;5. specimens,
where the shear cracks were still concentrated in the central
soft rock area, but it is clear that some cracks were also
present in the hard rock section; from the result of X-ray CT
images, the splitting failure crack became smaller compared
to the specimen with a bedding angle of 6. under uniaxial
compression test.

Figure 10 shows the variation of inner crack of simula-
tion and X-ray CT images with a higher confining pressure
(20 MPa). It can be seen that the cracks were already almost
all over the model at high envelope pressures; whereas, the
number of cracks was significantly reduced in the 3D image
constructed from the X-ray CT, which is actually due to the

high threshold set for the CT scan, resulting in very small
cracks not being detected. In addition to these, at lower lami-
nar inclination angles of the specimens, there were almost
no tensile cracks accumulation between the soft and hard
rocks; similarly when the angle increases to 045. to 0;5e,
shear cracks were still present but were clearly inhibited
by the surrounding pressure and the number of cracks in
the hard rocks increased significantly. However, when the
inclination angle reached 6., the crack distribution of the
model differed significantly from the CT diagram, that is,
the X-ray CT three-dimensional reconstruction showed a
trace of cracking in the middle of the model, but the pattern
of failure mode was invisible. However, the PFC3P model
showed a shear damage pattern clearly. It is worth noting
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6=0° o=15° 0=30° 0=45° 6=75° 6=90°

(a) 0,=0 MPa
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(¢) 6,=20 MPa

Fig. 10 Comparison of internal crack obtained by X-ray CT (Yang et al. 2019b) and modeling from bedding angle of . to 6y under different
confining pressures
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that the sidewalls at the cylindrical soft rock of the dam-
aged specimens obtained from the actual tests bulged signifi-
cantly, but the numerical simulations did not have this effect,
which is due to the rigid walls used in PFC>P,

4.2 Vertical and Horizontal Cross Sections Obtained
by X-ray CT Scanning and Simulation

The information acquired by the spatial crack pattern is neg-
ligence and restricted, it might be premature to declare that
we have mastered all the characteristics of internal cracking.

I
|

F
l
iTensile Crack

(2) 6,20 MPa

ensile Crack

(b) 5,20 MPa

No Obvious Crack Slip line

0=60°

Therefore, the analysis of crack patterns in cross section
images is necessary. Three representative sets of vertical and
horizontal cross-section images are selected to investigate
the failure mechanism more comprehensively (presented in
Figs. 11 and 12), where the vertical section is obtained at
Z =50 mm (on the top of hard rock matrix) and the horizon-
tal section is obtained at X=25 mm. The schematic diagram
of spatial section is shown in Fig. 12a.

The information gathered from the cross section
(Fig. 11a and b) strengthen our confidence in the descrip-
tions drawn from the three-dimensional spatial crack chart.

\\ Sp’lm;ic/r’tk

Shear Crack

No Obvious Crack Scattered Damage

Fig. 11 Comparison of crack behavior in cross section of three representative composite rock specimens (with bedding angle of 6., 8¢y, and
6y9) @ under uniaxial compression test and b with confining pressure of 20 MPa between modeling and X-ray CT scanning
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Fig. 12 Comparison of crack behavior in cross section of composite specimen with 65, laminar angle under different confining pressures (0, 10,

20 MPa) between modeling and X-ray CT scanning

However, we manage to capture a few additional details
from the horizontal cross sections. A fully developed
fracture network on hard rock faces can be observed in
the specimen with . bedding inclination under uniaxial
compression test, which indicates that the hard rock was
sufficiently deformed to permit brittle failure. In contrast,
at a laminar dip of ¢, we can see a distinct single crack
in the soft rock bar, which was consistent with the CT
image. Besides, the splitting crack occurred at the junction
of soft and hard rocks in the composite rock model with
a Oyo. laminar angle, while more tensile cracks extended
in hard rock bars as the hard rock was subjected to the
main axial stresses. However, with the confining pressure
increasing of 20 MPa (shown in Fig. 11b), there were no
obvious crack in X-ray CT charts but more decentralized
failure balls in modeling images. To further figure out the
causes of this phenomenon, a series of cross-sectional
images (presented in Fig. 12) of specimen with 6;,. angle
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of weak plane under three different confining pressures
(0, 10, 20 MPa) were studied. As the confining pressure
growing, in vertical cross sections, the fracture behavior
changed from large damage mainly in the soft rocks to
minor damage both in the soft rocks and in the hard rocks,
which was consistent with the X-ray CT images, though
the cracks obtained from the test are too tiny to be seen
with the naked eyes. However, in horizontal cross sections
acquired from X-ray CT scanning, the crack disappeared
as the confining pressure increased to 10 MPa, while a
more widely distributed network was in the hard rock pil-
lar. Additionally, it is worth mentioning that the horizon-
tal cross sections of the specimens obtained by X-ray CT
scanning at Z=>50 mm significantly differed from those
obtained by simulation in terms of the distribution of the
different lithological compositions. This may be resulted
by the large bulged layers in composite rock-like speci-
mens. All in all, we can find that the confining pressure
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Fig. 13 Variation in the number of cracks in composite rock models at different dip angles under triaxial compression

reduced the difference in mechanical properties between
soft and hard rock matrix.

The above two sections described the varies damage
modes of composite rocks at different dip angles. Given the
Mohr—Coulomb criterion used for both the rock and the par-
allel weak surfaces in this simulation, it seems reasonable
to use the Jaeger’s criterion to explain above phenomenon.

2(cW + 0'3fw)
(1= f,cotp)sin2p’

ey

O'l:O'3+

where o, and o5 are the principal compressive stress and
confining compressive stress on specimens, c,, represents
the cohesion of structural surfaces, f,, =tan6,, in which 6,
represents the internal friction angle of structural surfaces,
and f means the bedding angle of weak plane. When the fail-
ure occurs in rock matrix, the formula can be rewritten as:

2c, + 04f.)
(1—f.cotp)sin2p’

O'l:O'3+

@

where ¢, represents the cohesion of rock matrix, f,=tand,, in
which 6, represents the internal friction angle of rock matrix.

Through the geometric relationship in Mohr stress circle,
we can derive:

1 .
B, = — + =arcsin

(0'1 +o5+ Zchotew)sinGW

01 =03
Similarly, it can be obtained that:

0

w

2

+

| —

b, =

p ] [ (0'1 +o03+ 2cwc0tt9w)sin0w]
) arcsin .

01— 03

“
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Fig. 14 Crack coalescence process of composite rock models with different bedding angles under confining pressure of 10 MPa

Jaeger stated that when S <, or > f3,, the rock will not
break along the structural face, where the strength of the
rock depends on the strength of the bedrock part, independ-
ent of the presence of the structural face; when 3, <f < fj,,
the rock will break along the weak side and the compressive
strength is reduced relative to other angles (Jaeger 1960).
Our simulations fit this theory perfectly.

4.3 Crack Coalescence Process with Different
Bedding Angles

The study of crack evolution in composite rock formations
is a highlighted advantageous of numerical simulation, as it
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reflects crack emergence under certain stress as well as cer-
tain strain condition, which in turn assist us to gain insight
into the extent of damage to composite rock formations in
practical engineering. The growth profile of the number of
cracks corresponding to the stress—strain curves of the com-
posite models with three different angles under confining
pressure of 10 MPa is plotted in Fig. 13 where the black
curves represent the stress corresponding to strain and the
red curves represent the number of cracks. Five points are
set on the stress—strain curves to reveal the crack coalescence
process.

Two types of growth curves of the number of cracks are
shown in Fig. 13: one is hypo concave curve corresponding to
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the models with a laminar inclination of 6y and 6y.; another
is nearly linear type plotted in Fig. 13b. During the initial elas-
tic loading phase, the number of cracks in the lower concave
curve was significantly less than in the linear curve, due to the
large number of shear cracks sprouting as a result of slip dam-
age along the laminae at the beginning of elastic loading phase
of the model with an inclination angle of 6,5.. However, as
the elastic phase progressed, the growth rate of the number
of cracks increased substantially for the models with 6, and
0y laminar dip angles until the rock models were destroyed.
Moreover, the number of cracks in Figs. 10b and c, 13a was
roughly 50000, 65000, and 48000, respectively, when the peak
strength point was reached; however, the final number of cracks
was approximately 90000, 100000, and 67000, respectively,
due to the high ductility of the 8,s. composite rock model.
The internal crack evolution of the three specimens with
different bedding dips under the confining pressure of 10 MPa
is shown in Fig. 14, where it can be seen that the cracks in the

specimens with a laminar dip of 6. appeared first in the soft
rock layers and evolved slowly in number, and cracks start-
ing to appear in the hard rock when the axial strain reached
1.06x 1072 However, the shear fractures appeared first along
the bedding planes in Fig. 14b, then emerged in the soft rock
area substantially, and showed in the hard rock after the peak
stress strength ultimately. Additionally, the cracking process
of composite model with an inclination of 84y under 10 MPa
is presented in Fig. 14c. In the diagrams corresponding to the
first two points, only very few cracks appeared at the vertical
laminated surfaces, and in the two images set up afterwards, the
cracks grew in both the soft rock and the hard rock. Besides,
it can be seen that the fracture number conceived dramatically
from point 4 to point 5. In addition to this, the composite rock
models with dips of . as well as 8. had significantly less
cracks at the first three points than the model with a 6. laminar
dip, which was consistent with the previous analysis.

25  (a) 6=60°, 5,=0 MPa 7 80000 50 1 (b) 6=60°, 0,~10 MPa 71 100000
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Fig. 15 Variation in the number of cracks in composite rock models under different confining pressures at the inclination of 6.
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Fig. 16 Crack coalescence process of composite rock models with bedding angles of ¢,. under different confining pressures

4.4 Crack Coalescence Process Under Different
Confining Pressures

In this section, the influence of different confining pressures
on the cracking process of composite rock model is inves-
tigated. Figure 15 images three diagrams of crack number
corresponding to stress—strain of composite rock models
under different confining pressures (0, 10, 20 MPa) with
bedding angle of 6., and the inner micro-crack coalescence
of these models is presented in Fig. 16 which is divided into
five points.

Figures 15a and 16a show the crack coalescence process
of the specimen with bedding angle of ). under uniaxial
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compression simulation. In the first point (&;=1.3x 107,
0,—03=13.35 MPa), it can be seen that there were only
few cracks from the three-dimensional micro-crack image
and the number of micro-fractures was 2584. However, the
process from the first to the second point (&, =2.25x 1072,
0,—03=21.1 MPa) produced a large number of cracks,
growing to 19601 in number and concentrated mainly as
one shear crack in the central soft rock area. Subsequently,
the number of cracks increased at an almost constant rate
until it hits the peak number of 66,755 at the fifth point
(£;,=7.1x107, 6,—0;=18.29 MPa).

The situation changed considerably when the surround-
ing pressure increases to 10 MPa; the cracks first appeared



Mechanical Behavior and Fracture Evolution Mechanism of Composite Rock Under Triaxial. .. 7691

in the central part of the model at the both upper and lower
laminated faces of the soft rock when the axial stress was
2.0x 107 and deviatoric stress was 22.48 MPa. Addition-
ally, the inner micro-cracks were initiated around the weak
rock area in the middle of the composite rock model, and
the number of the cracks reached 31572 in the third point.
When the axial strain exceeded 1.09 x 1072, the micro-
cracks at the top and bottom ends of the numerical model
propagated rapidly, resulting in three macroscopic shear
cracks that emerged in the soft rock area. In the last point
(6,=1.35% 1072, 6,—065=33.38 MPa), all the micro-cracks
in the three-dimensional model coalesced to form a “Z”-
shaped damage pattern, and the total number of cracks
reached 91762.

Ultimately, as shown in Figs. 15¢ and 16c¢, the cracks
of composite rock specimen with a higher confining pres-
sure (20 MPa) were characterized by wider distribution, less
dense, larger quantities and more challenge to distinguish
the major crack pattern. In the first point (¢, =2.6 x 107,
0,-03=28.05 MPa), almost all the bedding plane initialed
micro-cracks and the exact number of them was 6208. Fol-
lowing is the point 2 with the deviatoric stress of 52.44 MPa,
the fractures number increased to 21470. As the specimen
was loaded to point 3 (peak stress strength point), it can
be seen that all the weak rocks were damaged to a certain
extent. Shortly afterwards, the stress—strain curve dropped
to point 4 and point 5, the increasing number of cracks
expanded in the hard rock, and the final number of microc-
racks was 106629 at the strain of 2.35x 1072,

5 Comparison of Stress Variation Between
Soft And Hard Rock Formations

The previous chapter showed that the internal cracking pat-
tern of composite rock samples is dramatically subject to
both different layering dips and changing confining pres-
sures, and to further illuminate the reasons for this, this
chapter will investigate the inner stress state of the hard and
soft rock of the specimen. Two measure balls with radius
of 4.0 mm were placed in the rock layers with different
mechanical characteristics, and both of them were in the
center of the models (Center coordinate of the specimens is
(0, 0, 0), and the specimens with bedding angle of 8y, 0,5,
O and Oy were measured by balls with the coordinates of
(0, 0,—0.005) and (0, 0,—0.005), (0, 0, 0) and (0, 0, 0.013),
(0, 0, 0.005) and (0, 0,—0.01), (0,—0.005, 0) and (0, 0.005,
0), respectively.)

5.1 Internal Stress State of Composite Rock Models
with Different Inclinations

Figure 17 presents the measurement results of normal stress
in three principal directions (o, oy, 6,) in hard and soft rock
layers of composite models with various bedding angle
under confining pressure of 10 MPa. When the inclination
of model is 6., it can be seen that the Z-directional normal
stress was slightly higher in hard rocks than in soft rocks,
although the measured outputs in both lithologies showed
close normal stresses in the X and Y directions, the two
normal stresses increased incrementally in hard rocks and
decreased progressively in soft rocks. In contrast to the
above, the Z-directional normal stress was lower in hard
rocks than in soft rocks at a laminar dip of 6,s., and o, and
o, exhibited a significant difference at the peak stress point,
L.e., o, was greater than o,, especially in soft rocks. Further-
more, the o, of the hard rock was markedly greater than that
of the soft rock when the dip of the laminae coincided with
the direction of pressurization, while the normal stresses in
the Y and X directions for both remained roughly constant
at 10 MPa.

At the same time, the results of the tangential stress (7,
Tyxs Tx,) Measurements are diagrammed in Fig. 18 As can be
seen, the measured shear stresses in the soft and hard rocks
were noticeably different when the laminar dip angle of the
model is 6., with the tangential stresses in the X—-Y and X-Z
planes in the hard rocks being continuously increasing nega-
tive tangential stresses, while the tangential stresses in the
soft rocks were continuously increasing positive tangential
stresses. Moreover, the 7, in hard rock initially remained
around zero until the axial strain reached 8 x 10~ and then
suddenly increased to negative; whereas in soft rock, the
7,y slowly increased to positive until the axial strain was
8% 107 and then suddenly dropped rapidly to negative. In
general, the 7, in hard rock was greater than in soft rock.
Both hard and soft rocks showed the most pronounced vari-
ation in z,, when the model had a laminae dip of 6,5, but
the 7, of hard rock was consistently greater than the soft
rock, in comparison to hard rocks, the shear stress curves
for soft rocks presented more stress drop phenomenon, and
the tangential stresses in X-Y plane of both the hard rock
and soft rock were in opposite directions. When the bedding
angel of composite rock increased to 6., tangential stress
of 7,, and 7, barely acted in the hard rock region before the
peak axial strain point, and only marginal z,, was detected
in the soft rock areas. Meanwhile, the measured spheres in
the hard rock displayed a jump in tangential stress of 7,
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Fig. 17 Comparison of normal stress variation between soft and hard rock of the model with different bedding inclinations under confining pres-

sure of 10 MPa

when the axial strain was 8 x 10~ and the peak was visibly
greater than the tangential stress in the soft rock; in contrast,
7,y in soft rocks showed a sharp positive increase at the same
point.

5.2 Internal Stress State of Composite Rock Models
Under Different Confining Pressures

Figure 19 represents the measurement of normal stresses
in both the hard rock and soft rock of the models with
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inclination of @4, under different confining pressures (0,
10, 20 MPa). The uniaxial compression results indicated
that the axial principal stresses in the hard rock registered a
number of drop-off points after reaching the peak strength,
while those in the soft rock remained more or less level after
reaching the top point. As axial compression was progressive,
the normal principal stresses in the Y directions tended to
increase and then fall in hard rocks; while in soft rocks, they
were characterized by an increase and then a constant trend.
Additionally, the ¢, in hard material expressed as tensile
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Fig. 18 Comparison of tangential stress variation between soft and hard rock of the model with different bedding inclinations under confining

pressure of 10 MPa

stress which was contrast to o, in soft material. Besides,
the normal stress curves measured in soft and hard rock at
10 MPa and 20 MPa were similar in pattern, in that the axial
stress increased linearly and then decreased continuously; o,
in the hard material increased before the peak strain point
and then dropped, while the 6, in the soft material increased
to final point; o, characterized a symmetrical pattern with
o, along the line of 6=o03 in the hard rock and remained a
constant value of 5 in soft rock. It is worth indicating that
the principal stresses in the X-direction transformed from

tensile stresses to compressive stresses as the confining pres-
sure increased, and that the difference in axial stresses in
the hard and soft rock formations became greater, i.e., the
axial compressive stresses in the hard rock became greater
than those in the soft rock due to the function of confining
pressure.

The comparison of tangential stress measured in hard and
soft rock of composite model with 6. bedding angle under dif-
ferent confining pressures is plotted in Fig. 20. As was revealed
in graph of composite model under uniaxial compression test,
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Fig. 19 Comparison of normal stress variation between soft and hard particles of the model with 64, bedding inclination under different confin-

ing pressures

7,y fluctuated sharply all through the simulation compared to
7, and 7,,,, increasing rapidly before axial strain at 2 X 107 and
dropping to zero in the vicinity of 7x 10~ of axial strain, but
climbing again to the reverse direction in hard rock. In contrast
to hard rock, Ty in soft rock underwent a continuous increase in
the positive direction except for a stress drop between the axial
strain of 2x 10~ and 3x 107, The key findings taken from the
curves of triaxial compression tests under confining pressure of
10 MPa and 20 MPa were similar in patterns compared to the
results of uniaxial compression simulation, but the curve of z,,
hardly changed through the process.

@ Springer

6 Discussions

6.1 Implications for Safety of Interbedded Rock
Slope

Stratified natural slopes are very common and are generally
divided into reverse slopes, prograde slopes, and vertical
slopes (shown in Fig. 21). The presence of laminated weak
surfaces makes interlaminated slopes more susceptible to
failure, and in fact, these slopes have already undergone a
long and complex stressing process during their formation,
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Fig.20 Comparison of tangential stress variation between soft and hard particles of the model with 6. bedding inclination under different con-

fining pressures

resulting in multiple internal cracks and defects, where
understanding these natural defects is sometimes more
important than even recognizing the stress state after it has
been formed. Shen et al. (2021). analyzed the probability of
failure of interstratified slopes with consideration of rock
damage and anisotropy of mechanical parameters. He con-
cluded that the probability of failure of different slopes is
dispersed; however along with the relaxation of mechanical
parameters, the dispersion will decrease and the probability
of failure will increase significantly for the shoulders, toes
and weak layers of compliant slopes, but that the reverse
slope remains relatively stable and undisturbed (Fig. 21b).

In Sect. 4, we analyzed the internal crack evolution
and location of cracks in composite rock specimens at
low confining pressures (0 MPa and 5 MPa), which indi-
rectly reflected how the stresses during geological activ-
ity impact the internal damage of laminated slopes on the
earth's surface, and also how the slopes are subsequently
damaged when subjected to external stresses. Figure 10a
and Fig. 10b indicates that the damage mainly occurs in
the weak bedding and soft rock which was in agreement
with Shen’s conclusion. Besides, from the results of com-
posite rock specimens with laminar dips of 0. to 6;5., we
can deduce that the downward slope will eventually slip
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Fig. 21 Classification of
stratified slopes. a A down-
ward layered rock slope; b An
anti-dip interbedded rock slope
(Shen et al. 2021); ¢ A vertical
stratified rock slope

(c) Vertical slope

Fig. 22 Circular holes in lami-
nated rock formations. a Tunnel
scenario in a horizontally
laminated rock mass; b Tunnel
scenario in inclined laminated
rock mass; ¢ Wellbore break-
down through steeply inclined
thin layers (Zhang 2013); d An
experimental tunnel designed
parallel to the intermediate prin-
cipal stress direction in Canada
(Read et al. 1998)

along the intermediate weak side when the slope is under
great pressure at the top. Figure 16 displays the cracking
process in a composite rock specimen at an inclination
of B4y, where we can derive that in the initial stress state
(corresponding to early geological activity) the internal
cracking of the laminated rock slope occurs mainly at

@ Springer

the layered face, which may increase the permeability of
the laminated slope and reduce its mechanical strength,
while as the stress continues to increase (corresponding
to anthropogenic activities), the internal damage of the
interbedded rock slope emerges preferentially in the soft
rock and shows in some penetration tensile damage.
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6.2 Implications for Stability of Composite Rock
Strata in a Tunnel

Read et al. (1998) pointed out that the stability of an under-
ground opening cannot be evaluated simply by satisfying the
condition that the peak tangential stress at the edge of the
opening remains below an unknown compressive strength
of the rock blocks, a in situ mine-by test tunnel experiment
was conducted which showing a bad-deformed V-shape by
controlling the direction of maximum and minimum princi-
pal stress in the tunnel to maximum the damage possibility
(shown in Fig. 22d). Then, he put forward some suggestions
on tunnel design based on the experimental phenomena.
However, the influence of the soft and hard interlaced
strata on the tunnel was ignored. In this paper, we inves-
tigated the condition of inner stress in hard and soft rock
matrix, respectively, in Sect. 5, which can be an important
guide to the stability of tunnels in deep composite rock
formations. Figs. 17, 18, 19, 20 indicate that the internal
stresses in the composite rock samples vary considerably at
different inclination angles, and are mainly reflected in the
tangential stresses. The internal stresses in the specimens
with 6. bedding angle seem to be dominated by 7,, in both
soft and hard rocks, and it had the greatest undulation, but in
the 6,5. specimens 7, also reflected the destruction process
of the rock samples in addition to z,,. The specimens in 0.
differed from the previous two in that their internal tangen-
tial stresses were most sensitive to 7, in hard rocks and 7,
in soft rocks. Besides, the effect of the confining pressure
on the internal stresses was only in terms of numerical mag-
nitude and had no effect on the overall pattern, which was
similar to the stress—strain curve of the test results. Combin-
ing the above symptoms, this paper proposes the follow-
ing recommendations for the design and support of tunnels
with composite rock formations. On the one hand, for the
design of laminated rock formations with an inclination of
0y (as shown in Fig. 22b), priority should be given to the
strength—deformation characteristics of soft rock, especially
the influence of ¢, and 7, on soft rock matrix. On the other
hand, for the inclined composite rock formation (shown in
Fig. 22a), the influence of the weak structural surface is
crucial; while the changes of 7, and 7,, should be given
priority in monitoring to prevent misalignment and damage.
Figure 22c illustrates the damage pattern of a circular well-
bore excavated in a laminated rock formation (Zhang 2013).

7 Conclusions

A series of three-dimensional discrete particle models of
composite transversely isotropic rock were established to
investigate the mechanical properties, internal cracking

behavior and the inner stress state between soft and hard
rock. The headline findings are summarized as below:

(1) Confining pressure and the inclination of the laminae
have a significant regular effect on the peak strength of
composite rock-like materials, showing a “U”’-shaped
variation with the increasing bedding dip angles and
satisfying the Mohr’s law under varies confining pres-
sure. Macroscopic damage modes fall into three main
categories: tension—shear damage originating from
soft rock, slip damage, and splitting damage originat-
ing from laminated surfaces. While as the confining
pressure increases to 20 MPa, all specimens show the
typical shear damage pattern.

(2) Comparison with X-ray CT images indicates that the
3D model achieves satisfactory performance for inter-
nal cracking under triaxial compression simulation. On
the one hand, the failure of internal matrix is dominated
by the tensile cracking and mainly distributes in soft
rock in the composite specimens with inclination angel
of 6. and Oy, and the other models present slip-shear
failure along with the weak bedding faces, which is
in agreement with the Jaeger’s theory. On the other
hand, the dispersion of the cracks grows and the frac-
tures convert to shear cracking behavior with increas-
ing confining pressure, confining pressure enables to
diminish the difference in mechanical behavior between
the two types of rocks. The analysis of the crack evolu-
tion process shows that the cracks appear mainly at the
weak surface at the beginning of the stress loading, and
the rock matrix gets damaged and destroyed gradually
as the stress increases in the specimens with bedding
angle of 05, to 6,5.. However, the cracks emerge first in
soft rock and then extent to hard rock when the bedding
inclination is @y and Gye.

(3) The analysis of the internal stress state displays a gen-
eral agreement between the maximum principal stresses
and the stress—strain diagrams for both the soft rock
and the hard rock. However, the maximum principal
stresses in the hard rock are significantly higher than
in the soft rock in the specimens of 6. and 8. laminar
dip; while the situation is reversed in the specimens
with 0,5. and 6¢,. bedding angle. Besides, the stress
gap between soft and hard rocks is dominated further
by tangential stresses: 7, and 7, are the predominant
factor in the destruction of rocks matrix, but z,, has the
minimal influence.
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