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Abstract. Analysing the incompatible deformation and damage evolution around the tunnels in mixed strata is significant for
evaluating the tunnel stability, as well as the interaction between the support system and the surrounding rock mass. To
investigate this issue, confined compression tests were conducted on upper-soft and lower-hard strata specimens containing a
circular hole using a rock testing system, the physical mechanical properties were then investigated. Then, the incompatible
deformation and failure modes of the specimens were analysed based on the digital speckle correlation method (DSCM) and
Acoustic Emission (AE) data. Finally, numerical simulations were conducted to explore the damage evolution of the mixed
strata. The results indicate that at low inclination angles, the deformation and v-shaped notches inside the hole are controlled by
the structure plane. Progressive spalling failure occurs at the sidewalls along the structure plane in soft rock. But the transmission
of the loading force between the soft rock and hard rock are different in local. At high inclination angles, v-shaped notches are
approximately perpendicular to the structure plane, and the soft and hard rock bear common loads. Incompatible deformation
between the soft rock and hard rock controls the failure process. At inclination angles of 0° 30° and 90°, incompatible
deformations are closely related to rock damage. At 60°, incompatible deformations and rock damage are discordant due that the
soft rock and hard rock alternately bears the major loads during the failure process. The failure trend and modes of the numerical
results agree very well with those observed in the experimental results. As the inclination angles increase, the proportion of the
shear or tensile damage exhibits a nonlinear increase or decrease, suggesting that the inclination angle of mixed strata may
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promote shear damage and restrain tensile damage.
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1. Introduction

Mixed strata are commonly encountered during tunnel
construction, and may cause many challenges and pose a
great threat to security, with issues such as TBM (tunnel
boring machine) jamming and support failure (Mezger ef al.
2017, Zang et al. 2020). Mixed strata are characterized by
the simultaneous presence of two or more geological
materials on the tunnel face that exhibit intrinsic
discontinuities or structural anisotropy (Toth et al. 2013).
The mechanical properties of mixed strata normally appear
to be approximately the same when the strata are parallel to
the bedding direction, and a great difference is normally
observed in the vertical direction. The configuration of the
rock strata affects the mechanical behaviour of the rock
mass and the failure mode of the tunnel (Wang et al. 2012).
The angles between the direction of tunnelling and the rock
formations are also a predominant influence factor. An
analysis of the incompatible deformation and damage
evolution around the tunnels in mixed strata are significant
for evaluating of the tunnel stability, as well as the
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interaction between the support system and the surrounding
rock mass.

As a type of mixed strata, transversely isotropic rock
(Fig. 1(a)) has been widely investigated. Transversely
isotropic rocks, such as sedimentary rocks, are
characterized by obviously bedded and anisotropy
structures. Tien et al. (2006) investigated the failure process
and failure modes of transversely isotropic rock and found
that it has three failure modes: tensile fracture across the
discontinuities, tensile-split along the discontinuities, and
sliding failure across the discontinuities. Cheng et al. (2017)
studied the anisotropy of the strength and deformation of
the composite rock under uniaxial loading and concluded
that when the anisotropic angle 6 increased from 0° to 90°,
the peak strength, peak strain, and apparent elastic modulus
all initially decreased and then increased. Yang et al.
(2019b) employed X-ray computed tomography (CT)
scanning to investigate the failure mechanism of
transversely isotropic composite rock under different
confining pressures and found that the deformation of
specimens is incompatible, the failure behaviour mostly
depends on the angle between the loading direction and the
discontinuity plane.

Layered rock masses with transversely isotropic
structures have also been investigated in previous studies
(Bercakova et al. 2019, Chen et al. 2019¢, Cho et al. 2012,
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(a) Transversely isotropic rocks (Tien ef al. 2006)

(b) Upper-soft and lower-hard strata encountered in tunnel
excavation (Cheng 2018)

Fig. 1 Types of mixed strata

Dutler et al. 2018, Fortsakis et al. 2012, Li et al. 2019a,
Lisjak et al. 2015, Wang et al. 2019a, Wang et al. 2019b).
These studies concluded that with an increase in the
inclination angles, the AE counts show evident anisotropy
and are associated with shearing. Failure initiates due to
shearing of the bedding planes, and parts of the internal
rock mass obviously behave as a beam. Slippage-induced
rock masses promote extensional fracturing in the direction
perpendicular to the bedding orientation. The asymmetric
effect of the deformation mechanism is mainly controlled
by the inclination angle of the rock layer and the shear
stress. Rock-concrete (Dong et al. 2019, Dong et al. 2017,
Selguk and Asma, 2019, Zhong et al. 2014) and rock-coal
(Chen et al. 2019a, Chen et al. 2019b, Cheng ef al. 2019a,
Cheng et al. 2019b) specimens that have similar structures
have been well studied. These studies focus on the
nonlinear fracture characteristics of the interface. Although
the above studies have provided many valuable results, the
incompatible deformation and damage evolution around
circular tunnels still remain limited and require further
investigation.

Furthermore, limited laboratory experiments have been
conducted on upper-soft and lower-hard strata containing
circular tunnels (Fig. 1(b)). It is rather difficult or even
impossible to obtain natural rock with upper-soft and lower-
hard layers for research. Rock-like specimens were thus
chosen as alternative options. Yang et al. (2018)
investigated the effect of soft and hard strata on the stability
of rock surrounding tunnels through physical experiments
and numerical simulations and found that the final failure
model shows obvious asymmetrical deformation. The soft
rock area experiences block dropping and roof falling,
while the hard rock only shows shrinkage deformation.
Gong et al. (2015) studied the process of tunnel instability
in horizontal mixed strata to investigate its nonlinear
behaviour. These above laboratory studies ignored the
interaction between the laminated layers due to the
limitation of testing materials. The shearing process
between the interface influences the failure modes of
specimens (Liu et al. 2020a, b). Furthermore, Duan et al.
(2019) found that the degree of cementation at the interface
of composite rock specimens has a little effect on strength,
but has a significant impact on the failure modes. Thus, the

degree of cementation at the interface of mixed strata
should be particularly concerned.

Despite recent progress, the incompatible deformation
and damage evolution of the tunnels in upper-soft and
lower-hard strata remain to be elucidated. In this study,
confined compression tests were conducted on upper-soft
and lower-hard strata specimens containing a circular hole
using a rock testing system, which has concerned the degree
of cementation at the interface. The physical mechanical
properties were then investigated. Then, the incompatible
deformation and failure modes of the specimens were
analysed based on the DSCM and AE data. Finally,
numerical simulations were conducted to explore the
damage evolution of the mixed strata.

2. Experimental materials and test procedure
2.1 Experimental materials and specimen preparation

In this research, upper-soft and lower-hard strata
specimens were composed of mudstone and sandstone,
which are commonly encountered during tunnel
construction. The sandstone and mudstone used in this
research were collected from Renshou city, Sichuan
province of China. As shown in Table 1, according to the X-
ray diffraction (XRD) analysis, the mineral types and
components of the tested specimens were obtained. By
using scanning electron microscopy (SEM), as seen in Fig.
2(a) and (b), the mineral particles of the mudstone samples
were in loose connection with many larger cracks and
pores. In contrast, mineral grains of the sandstone samples
were cemented closely, and few cracks and pores can be
observed. The diverse microstructural characteristics result
in differences in the mechanical parameters (Zhang et al.
2019a, b, ¢), which are listed in Table 2.

The rock specimens were all machined at the same
direction from the same block of rock material. Then, the
surfaces of the specimen were ground to produce flat
surfaces in order to maintain a uniform load distribution.
Due to a large difficulty of obtaining natural rock with
upper-soft and lower-hard layers, the mixed strata
specimens in this study were cemented by mudstone and
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Fig. 3 Specimen preparation. (a) Variable angle shear test of the structure planes in the mixed strata, (b) Artificial speckles

for DSCM and (c) Load mode of specimens

Table 1 Mineral types and components of mixed strata
specimens

. Quartz  Feldspar  Siderite  Calcite  Clay minerals
thology ") o %) (%)
Mudstone  49.3 16.3 0.9 - 33.5
Sandstone  82.8 3.1 0.9 0.2 13.0

Table 2 Basic mechanical parameters of the mixed strata
specimens

Uniaxial . .
compressive Tensile Cohesion Internal - Elastic Poisson’
Lithology P trength friction modulus .
strength (MPa) (MPa) angle (%) (GPa) s ratio
(MPa) g
Mudstone 12.23 1.48 2.57 34 1.50 0.30
Sandstone 45.86 3.31 7.92 45 597 0.24

sandstone plate specimens. The structure planes of the
mixed strata were cemented by stone glue with a 0.5 mm
thick glue layer. As shown in Fig. 3(a), mechanical
properties tests of the structure planes for mixed strata were
conducted to simulate the natural structure planes in situ
(Meng et al. 2009). The test cohesion value (0.15 MPa) was
close to the value in situ (0.1 MPa).

The same manufacturing methods for mixed strata were
applied to the square plate specimen with a hole, as shown
in Fig. 3(b). Then, artificial speckles were sprayed on the
surface of the specimen for the DSCM analysis.

The pre-existing hole has a strength-scale effect (Martin,
1997), and its influence increases with a decreasing

diameter. Further, the excavation influence is more than
three times that of the tunnel diameter. All things
considered, each specimen has a pre-existing hole with a
diameter of 40 mm machined by water drilling, the
dimensions of the specimens were 150 mm wide, 150 mm
high and 45 mm thick. As shown in Fig. 3(c). Strata dip
angles were varied from 0° to 90° at intervals of 30°.

2.2 Testing system

As shown in Fig. 4, the testing system comprised an
MTS816 rock mechanics servo-controlled testing system, a
DSCM measuring system, and an AE monitoring system.
To simulate the boundary of the surrounding rock (Fig.
3(c)), the sample was clamped by two rigid steel blocks.
Petroleum jelly was applied around the specimen interface
to decrease the effect of platen restraint and end friction. All
experiments were conducted at the State Key Laboratory for
Geomechanics and Deep Underground Engineering, China
University of Mining and Technology.

Acoustic emission equipment was applied to record the
rock failure moment during the loading process. Two AE
sensors were attached to the back of the specimen near the
hole, adopting a hot bar as a coupler and affixed with tapes
(Fig. 4(b)). The acoustic emission signals were recorded in
full waveform during the test with the setting threshold at
45 dB and a preamplifier at 40 dB.

The surface failure process of the specimen was
captured by a Charge-Coupled Device(CCD) camera at a
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Fig. 5 Comparison of the measurement precision with the OPFPM

rate of 8 frames per second. The captured rock-surface
images were analysed by the DSCM self-developed
software- Photolnfor. The accuracies of the measurements
in PhotoInfor have been proven based on both a theoretical
analysis and experimental tests (Li et al. 2019b). Relative
sensitivity (0.058 mm/ pixel) was determined by a special
calibration calculated by calibration distance (unit: mm) and
speckle image distance (unit: pixel). The analysis grid
contained 1281 blocks with 48 pixels between two
measuring points. Subset radius and searching radius were
set to 1 and 15 pixels respectively. Furthermore, a
microcamera was placed behind the specimen to record the
failure process of the hole sidewalls under the loading
condition in real-time.

One point and five pixel blocks method (OPFPM) (Li et
al. 2016) of Photolnfor was used to measure the large
deformation while cracks appear. This method avoids the
low image correlation caused by cracks. Therefore, the
misjudgement of image pixels is reduced, and the large
deformation analysis accuracy is improved. The OPFPM
algorithm finds a pixel block not crossing the crack that can
avoid low image correlation caused by the fracture. As
shown in Fig. 5, obvious mistakes appear in the fracture
zones with the original methods, whereas excellent results
are achieved with the OPFPM algorithm. Therefore, the
OPFPM algorithm provides higher accuracy for studying
large deformation along with cracks.

2.3 Testing procedures

Before the test, the bolts were tightened with the same
known torque to apply small initial horizontal stresses on
the two sides of the specimen. Then, the axial force was
imposed on the rock specimen surface under displacement-
controlled conditions with a strain rate of 0.1 mm/min until
failure occurred. The loads and deformations of the
specimens were recorded simultaneously at a data
collection interval of 1 s.

3. Results of experiment
3.1 AE behaviour and mechanical properties

Fig. 6 shows the AE evolution of the mixed strata
containing a circle hole. The variation in the AE counts and
the accumulated counts (threshold 45 dB) with respect to
the loading time were investigated. At the beginning of
loading, with an increase in the inclination angles, the rate
of increase is reduced. In this period, the hard rocks support
the structure of the specimen, and less micro-cracks occur at
the high inclination specimens.

From the inclination angles of 0° to 60°, a maximum AE
count corresponds to final failure; however, it also occurs at
the peak strength at 90°. This result could be explained by
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Fig. 7 Effect of the inclination angle on the strength and deformation parameters

considering that low inclination specimens release more
energies by crack initiation and propagation at pre-peak
stage.

For the nearby post-peak strength, the AE events are
most active for each sample. Distinct AE columns are
clearly observed, which indicates crack propagation. High
inclination specimens have relative high AE counts. As the
inclination angles increase, the specimens change from
ductile failure to brittle failure.

Fig. 7 shows the effect of the inclination angle on the
strength and deformation parameters. To obtain the best
possible results, we conducted two experiments at each
inclination angle. Both peak strength and elastic modulus of
the specimens first decreases and then increases with
increasing inclination angle, which shows the “V” type
variations with the inclination angle. The minimum and
maximum values are at 30° and 90°, respectively. The peak
strain shows a different trend that is slightly affected by the
inclination angle, except for 60°. This trend is similar to

those of experimental studies where the strength anisotropy
is greater than the deformation anisotropy (Cho et al. 2012).
At 60°, the soft rock dominates the deformation at the pre-
peak stage, while hard rock dominates the deformation at
post-peak stage. A specimen of 60° has the most
complicated fracture characteristics, which is further
analyzed in the following section.

3.2 Deformation and failure process

Fig. 8 shows deformation evolution of the mixed strata
specimens based on the DSCM in confined compression
tests, and the colour gamut represents the displacement
magnitude. The deformation fields reflect the failure
process during the tests.

At an inclination angle of 0° (Fig. 8(a)), soft rock
dominates the deformation, which shows a funnel-shape
because the circle hole results in a heterogeneous force
distribution. When the specimen is loaded to point b, crack
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Fig. 8 Deformation evolution of the mixed strata specimens based on the DSCM in confined compression tests

corresponding to points (a)-(d) in Fig. 6

initiation occurs on the left of the structure plane. The crack
does not simultaneously occur on the right side due to the
difficulty of achieving an absolutely uniform material and a
uniform loading. As shown in Fig. 9(a), four points located
10 mm away from the hole (roof, two sidewalls, floor) were
used to plot the time-deformation curves during the loading
process. With continuous vertical loading (point d), roof
destruction points begin to occur. Moreover, deformation
around the tunnel changes due to stress redistribution. At
the post-peak stage (point d), the cracks mainly propagate at
the roof and two sidewalls; then the crack regions connect
with one another.

As shown in Fig. 8(b), the deformation is first
concentrated at the roof (point a), and then destruction
points appear at the two sidewalls along the structure plane
(points b and c). With continuous vertical loading, the
cracks extend from the right and then down the side (point
d). Unlike an inclination angle of 0°, hard rock part has

almost no deformation during the entire loading process at
30°, indicating that the upper-soft rock withstands the main
loading (see Fig. 9(b)). At 0°, the upper-soft rock shifts the
load to the lower-hard rock as a load-bearing arch. Because
of the different inclination angles, the transmission of the
loading force between the soft rock and hard rock are
different in local. At 30°, the deformation curves show a
stepped increasing as a consequence of the crack
development and confined loading.

At an inclination angle of 60° (Fig. 8(c)), an obvious
incompatible deformation between the soft rock and hard
rock can be observed. As shown in Fig. 9(c), deformation of
#3 from the soft rock is larger than #2 from the hard rock
during the entire loading. Due to difference in mechanical
properties of the mixed strata, the shear zone develops at
the structure plane. In soft rock, #1 and #3 have different
deformation evolutions. At the beginning of loading, the
deformation of #3 is larger than #1. With continuous
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vertical loading, the sidewall of the soft rock loses its
capacity to withstand, and then the roof begins to slip
downward, resulting in the larger deformation of #1. At the
post-peak stage, the hard rock experiences split failure and
v-shaped notches.

At an inclination angle of 90° (Fig. 8(d)), the
deformation of the hard rock dominates the failure process
at post-peak stage (point ¢ and d). Unlike other inclination
angles, the hard rock at 90° bears the major loads.
Incompatible deformation dominated by hard rock can be
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observed in Fig. 9(d), where the deformation of #2 is larger
than that of #3, which is different from that of the
specimens above.

Incompatible deformation between the soft rock and
hard rock controls the failure process, as seen in Fig. 10,
where the incompatible deformation value in the curves
represents difference between two symmetric monitoring
points in the soft rock and hard rock. At inclination angles
of 0°, 30° and 90°, incompatible deformations are closely
related to the rock damage, which can be quantified using
accumulated AE counts. The rock damage is mainly
dominated by the soft rock at 0° and 30°, and the hard rock
at 90°. However, as seen in Fig. 10(c), incompatible
deformations and rock damage are discordant. The

incompatible deformation of 60° reaches a maximum with a
slow increase at the pre-peak stage, while accumulated AE
counts reaches a maximum with a shape increase at the
post-peak stage. The reason is due that the soft rock and
hard rock alternately bears the major loads during the
failure process. Soft rock bears the major loads at the pre-
peak stage, while hard rock bears the major loads at post-
peak stage.

Through the above analysis of the deformation and
failure behaviour, certain findings can be drawn as follows:

When at low inclination angles (0° and 30°), the
deformation is controlled by the structure plane.
Deformation can no longer expand when it extends to the
hardness layer. But the transmission of the loading force
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between the soft rock and hard rock are different in local.
When at high inclination angles (60° and 90°), the soft and
hard rock bear common loads. At 60°, the soft rock
dominates the deformation at the pre-peak stage, while hard
rock dominates the deformation at post-peak stage. At 90°,
the hard rock bears the major loads and dominates the
deformation at post-peak stage.

Incompatible deformation between the soft rock and
hard rock controls the failure process. At inclination angles
of 0°, 30° and 90°, incompatible deformations are closely
related to rock damage. At 60°, incompatible deformations
and rock damage are discordant due that the soft rock and
hard rock alternately bears the major loads during the
failure process. The soft rock dominates the deformation at
the pre-peak stage, while hard rock dominates the
deformation at post-peak stage.

3.3 Final failure mode

Fracture modes represent an important feature for the
failure mechanism. Fig. 11 shows the displacement field
distribution of the final failure using experimental tests. To
better understand the crack type, enlarged views are shown
in each displacement field. A crack can be determined by
the displacement vectors of the DSCM (Aliabadian et al.
2019). Three simplified types of cracks can be summarized
as direct shear (DS), relative shear (RS) and shear tensile
crack (ST). Direct shear is when the blocks move tangent to
the opposite direction. Relative shear is when the blocks
move tangent to the same direction but with different
displacements. A shear tensile crack is when a block moves
tangent (or approximately tangent) to the contact surface
and the other moves normal to the contact surface.

At 0°, shear tensile cracks occur at two sidewalls of the
soft rock (Fig. 12(a)), which dominate the failure mode. At
30°, shear sliding occurs along the structure plane. Relative
shear cracks then dominate the failure mode. At 60°,
besides relative shear cracks in soft rock, direct shear crack
in hard rock also dominates the failure mode. At 90°, shear
tensile cracks mainly occur at the hard rock, showing a
typical split mode.

At high inclination angles, the different fracture modes
between 60° and 90° could explain why the incompatible
deformation of 60° reaches a maximum with a slow
increase at the pre-peak stage, while 90° reaches a
maximum with a shape increase at the post-peak stage. At
60°, the relative shear crack along the structure plane occurs
at pre-peak stage, and the failure of the hard rock leads to
the final failure of the entire specimen. At 90°, the split
crack of the hard rock dominates the entire failure process.

Fig. 12(b) shows the strain field of the final failure mode
for the entire rock specimen. When at low inclination angles
(0° and 30°), more strain concentrations are observed in the
soft rock layer. This is controlled by the structure plane.
When at high inclination angles (60° and 90°), the hard rock
experiences more strain concentrations. An obvious shear
zone occurs in the hard rock at 60°. At 90°, the hard rock
experiences split crack.

As shown in Fig. 12(a) and 12(c), the v-shaped notches
develop inside the hole and depend on the inclination angle.
When at low inclination angles (0° and 30°), the v-shaped

notches are mainly controlled by the structure plane.
Progressive spalling failure occurs at the sidewalls along the
structure plane in the soft rock. When at high inclination
angles (60° and 90°), the v-shaped notches are
approximately perpendicular to the structure plane, and the
hard rock parts experience more serious damage at final
failure.

4. Numerical modelling of the damage evolution
4.1 Numerical model construction

The experimental results clearly reveal the anisotropic
mechanical properties and the incompatible deformation.
However, the damage evolution of the surrounding rock is
difficult to determined using the experimental tests. To
further explore the failure mechanism, numerical
simulations were performed by FLAC3D (Fast Lagrangian
Analysis of a Continua in 3 Dimensions). The basic
mechanical parameters used for the simulation are listed in
Table 3. The plastic strain ratio represents the equivalent
critical plastic strain. The yield ratio and the elastic
reduction ratio represent characteristics of the pre-peak and
post-peak stages, respectively. As shown in Fig. 13, a
damage-softening constitutive model (Yang ef al. 2019) was
used to simulate the internal rock damage.

A good agreement is obtained between the experimental
test and numerical results. Comparisons of the uniaxial
compressive tests between the experimental test and the
numerical simulations are shown in Fig. 14. Though peak
strains between the experiment and numerical simulation
have gaps, the elastic stages are approximate. This result is
probably caused by the impossibility of simulating the rock
compaction process through numerical methods. Further,
there is a compaction stage exhibiting a concave curve
because of the closure of the original micro-cracks at the
beginning of the experimental test, which is not observed in
the numerical simulations. The loading process and
boundary conditions of the numerical model were same as
those of the experimental tests.

4.2 Damage evolution and final failure mode

Fig. 15 shows the damage evolution in terms of the per-
damage, which represents the degree of damage at every
time step. Each specimen has the same trend at the pre-peak
stage (Stage I). The increased rates of the models at high
inclination angles are higher than those of the models at low
inclination angles. Fig. 16 shows the evolution of the
damage zone under confined compression. Damage always
occurs at sidewalls first and then spreads (step 12000).

At the post-peak stage, low inclination angles (0° and
30°) show different trends with the high inclination angles
(60° and 90°), where an obvious platform period (Stage III)
occurs at the post-peak stage because the soft and hard rock
bear common loads. At low inclination angles (0° and 30°),
the damage zones gradually propagate along the structure
plane, and then spread to the corners of the model. At Stage
III, the damaged areas in the roof connect to the model
boundary. The damage area of the soft rock cannot expand
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Table 3 Basic mechanical parameters of the simulation model

Internal Elastic Tensile Plastic strain Elastic
Lithology Cohesion (MPa) friction angle modulus  Poisson’s ratio  strength Dilation (°) ratio Yield ratio  Reduction
©) (MPa) (MPa) Ratio
Soft rock 2.57 34 1.50 0.30 1.48 6 0.040 0.93 0.3
Hard rock 7.92 45 5.97 0.24 3.31 8 0.005 0.99 1.0
Calculate stress increment |
and total stress b
Determine whether Determine whethe
unit reaches yield unbalanced force
Stress correct
Calculate equivalent
plastic strain
Calculate damage Determine whether
variable and correct unbalanced force
model converges
Fig. 13 Damage-softening constitutive model in FLAC3D (Yang et al. 2019a)
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Fig. 14 Comparison of the uniaxial compressive tests between the experimental test and numerical modeling
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Fig. 15 Damage evolution of the per-damage curves

when it extends to the hard rock, which demonstrates that
the structure plane can control the extension of the damage
at low inclination angles.

As shown in Fig. 16 by the arrows (step 30000), the

damage zones inside the hole show different trends
corresponding to the inclination angles. At low inclination
angles (0° and 30°), the progressive damage failures occur
at the sidewalls along the structure plane in the soft rock,
while they are approximately perpendicular to the structure
plane at high inclination angles (60° and 90°). At high
inclination angles (60° and 90°), the hard rock experiences
more damages than the soft rock (step 30000). These trends
are in good accordance with the experimental results.

Fig. 17 shows the fractal dimensions of the damage
zones with respect to the inclination angle corresponding to
the cracks in Fig. 16. The fractal dimensions were
calculated by Differential Box-Counting (DBC) method to
quantify geometric distribution and fracture characteristics
of the damage zones. Differential Box-Counting (DBC)
method can be obtained by Eq. (1). The fractal dimension is
regard as the degree of damage development to study the
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Fig. 16 Evolution of the damage zone under confined compression corresponding to time step in Fig. 15
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Fig. 17 Fractal dimensions of the damage zones with respect to the inclination angle

damage evolution.

~ InN(r)
1 (1)
In

r

where r is the side length of cube box, D is the fractal box
dimension. As the increasing time steps, the fractal
dimensions increase with the propagation of cracks. The
fractal dimensions first increase reaching a maximum at 60°
and then decrease with increasing inclination angles, which
indicate that a specimen of 60° has the most complicated
fracture characteristics.

Fig. 18 shows the plastic zone of the final failure by
numerical simulations, which agrees well with the enlarged
views of the cracks observed in the experimental results
(Fig. 11). N represents now, and p represents previous in the
legend.

As shown in Fig. 19, the ratios of the shear and tensile
damage were calculated by the statistical area values of the
plastic zone, exhibiting closely relationship between the
damage values and inclination angles. As the inclination
angles increase, the proportion of shear or tensile damage
exhibits a nonlinear increase or decrease, suggesting that
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Fig. 18 Plastic zone of the final failure by numerical simulations
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the inclination angle of the mixed strata may promote shear
damage and restrain tensile damage. The trends are similar
to those of experimental studies by Yang et al.(2019b).

5. Conclusions

In this study, confined compression tests were
conducted on upper-soft and lower-hard strata specimens
using a rock testing system. The incompatible deformation
and failure behaviour of the specimens were then analysed
based on the DSCM and AE data. Numerical simulations
were conducted to explore the damage evolution. The
following conclusions can be drawn:

* As the inclination angles increase, the specimens
change from ductile failure to brittle failure. Both the
strength and deformation of the specimens show the “V”
type variations with the strata inclination. The strength
anisotropy is greater than the deformation anisotropy.

* When at low inclination angles (0° and 30°), the
deformation is controlled by the structure plane.
Deformation can no longer expand when it extends to the
hardness layer. V-shaped notches inside the hole are also
controlled by the structure plane. Progressive spalling

failure occurs at the sidewalls along the structure plane in
the soft rock. But the transmission of the loading force
between the soft rock and hard rock are different in local.
When at high inclination angles (60° and 90°), v-shaped
notches are approximately perpendicular to the structure
plane, and soft and hard rock bear common loads. The hard
rock parts experience more serious damage at post-peak
stage.

sIncompatible deformation between the soft rock and
hard rock controls the failure process. At inclination angles
of 0°, 30° and 90°, incompatible deformations are closely
related to rock damage. At 60°, incompatible deformations
and rock damage are discordant due that the soft rock and
hard rock alternately bears the major loads during the
failure process.

* The failure trend and modes of the numerical results
agree very well with those observed in the experimental
results. The fractal dimensions first increase reaching a
maximum at 60° and then decrease with increasing
inclination angles, which indicate that a specimen of 60°
has the most complicated fracture characteristics. As the
inclination angles increase, the proportion of the shear or
tensile damage exhibits a nonlinear increase or decrease,
suggesting that the inclination angle of the mixed strata may
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promote shear damage and restrain tensile damage.
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