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To investigate the deformation and failure behavior of a tunnel excavated in mixed strata,
transparent soft rock test and numerical simulations were performed. The distribution features
of displacement and failure and the evolution laws were analyzed. In this study, a transparent
material for simulating mixed strata was developed. The visualization of the spatial deformation
inside rock masses will improve the understanding of this process. The tests suggest that the
mechanical properties of transparent soft rock are similar to those of natural rock. Experiments
on the isotropic and mixed strata conditions were carried out to study the deformation rules
during tunnel boring machine (TBM) excavation. The test results show that the dominant
deformation position and direction exist in isotropic and mixed strata. A shear slip band occurs
in both mixed and isotropic strata but with different distributions. Finally, numerical simulations
were conducted to study the failure process, and the damage pattern of the transparent soft
rock experiment was similar to that of the numerical simulation. The interface of the softness

and hardness layers controls the extension of rock damage.

1. Introduction

The recent development of tunnel boring machine (TBM) tunnels
have led to tunnel faces consisting of mixed strata (Ramoni and
Anagnostou, 2011; Zhang and Zhou, 2017). Mixed strata is
characterized by the simultaneous presence of two or more
geological materials on the tunnel face that exhibit significantly
different material properties (Té6th et al., 2013). The mechanical
properties of mixed strata normally appears to be approximately
the same when the strata is parallel to the bedding direction.
Moreover, a great difference is normally observed in the vertical
direction. Tunnels constructed in complex rock strata may face
many challenges and pose a great threat to the security of TBM
engineering, with issues such as TBM jamming and shield damage
(Mezger et al., 2017). Thus, understanding the deformation and
failure behavior of a tunnel constructed in mixed strata is
necessary for TBM excavation.

Physical model tests in a laboratory serve as an effective
method for studying deformation and failure behavior and have

the advantages of direct observation, the strict-control of the
experimental conditions, the elimination of secondary factors
and repeatability. Yong et al. (2006) studied the failure behavior,
including the failure process and failure modes, of layered rocks
influenced by the surrounding stress and layer angle Khanlari et
al. (2015) analyzed the evolution rules of a sandstone fracture
surface with different dip angles through the Brazil split test and
uniaxial tests. A simulation model of horizontal mixed strata was
built by Gong et al. (2015), and the process of tunnel instability
was analyzed through thermal imaging technology. Most studies
have mainly focused on multiple layered strata, and there is a
lack of studies on excavation within mixed ground composed of
an upper soft rock and a lower hard rock.

The traditional physical model methods are inevitably influenced
by boundary conditions. In addition, because of the opaqueness
of tests, internal deformation and failure behavior cannot be
analyzed. For instance, the fracture zone cannot be detected in
model experiment (Yang et al., 2018a), but it can be found through
numerical simulation methods. Rock fracture normally happens
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inside the rock, and the fracture evolution rules of mixed strata
cannot be fully obtained through opaque materials. Thus, a
transparent rock method was put forward to study the internal
failure behavior. However, transparent hard and isotropic rocks
have been widely investigated, while the transparent materials
for simulating mixed strata have rarely been investigated. For
example, a uniaxial test was conducted on a flat glass pane with a
signal crack to study the macroscopic failure path of crack growth
(Brace and Bombolakis, 1963). Three-dimensional extension
characteristics of cracks were studied through uniaxial and biaxial
compression tests on cooling resin specimens with cracks
(Dyskin et al., 1995). The stress distribution characteristics inside
natural transparent coal rocks were studied through uniaxial
compression tests based on three-dimensional stress freezing and
photoelastic technology (Ju et al., 2014). The growth and distribution
characteristics of cracks under the water face, and the influence
on the occurrence and extension of 3D cracks by nonuniformities
and surrounding pressures, were studied using 3D printing
technology (Liu et al., 2016). Zhou et al. (2014; 2018b; 2019)
and Yang et al. (2018b) studied the fracturing behavior of 3D
flaws under uniaxial compression in Polymethylmethacrylate
(PMMA) specimens.

An effective observation method is required for monitoring
and recording the evolution of deformation and stress during
physical experiments. Sensors are susceptible to the outside
environment, meanwhile few measurement points are available.
Computed tomography (CT) technology is applied to study the
internal fracture of masses, but with limited data (Zhou et al.,
2008; Teng et al., 2018). Digital image correlation method (DSCM)
is characterized by its noncontact, multiple measurement-points and
continuous observations (Zhou et al., 2018a; Li et al., 2019).
The superiority of those methods makes it suitable for the
analysis of the fracture evolution of surrounding rock.

Numerical simulation is also an effective method for studying

the mechanical behavior of tunnels excavated in mixed strata
(Aksoy et al., 2012; Hasanpour et al., 2014; Yang et al., 2017
Liu et al., 2018; Huang et al., 2019; Liu et al., 2019). Numerical
simulation research related to mixed strata has mostly focused on
the fracture pattern rather than the internal rock damage. Thus,
the fracture evolution process of mixed strata has not be entirely
understood. Moreover, general particle dynamics (GPD) (Zhou
et al., 2015; Bi et al., 2016), peridynamics (PD) (Wang et al.,
2016) and the extended finite element method (Zhou and Yang,
2012) have been used to study the fracture evolution process, but
a limited number of studies have been carried out on mixed
strata.

Although extensive research into the failure behavior of rock
surrounding tunnels has been done, few model tests have been
carried out to study the internal deformation and failure behavior
of the upper-soft and lower-hard strata. In this study, the main
aim is to investigate the internal deformation and failure behavior of
tunnels in mixed strata. First, a transparent material for simulating
mixed strata was developed. Then, physical model tests under
isotropic and mixed strata conditions were conducted. The
deformation rules and failure behavior of the rock surrounding
tunnels were analyzed and compared. Finally, numerical simulations
were conducted to study the failure process. The results of the
physical model tests and numerical simulations were analyzed
and compared.

2. Physical Experiment and Numerical Simulation
Design

2.1 Development of Transparent Soft Rock to Simulate
Mixed Strata

To make transparent soft rock, silicon powder and mineral oil

were chosen as an aggregate and a cementitious agent respectively,

because of their good transparency and stability as well as their

Fig. 1. Transparent Soft Rock Prepared by Different Silicon Powder Sizes: (a) 10 um, (b) 48 um, (c) 550 um, (d) 1,700 pm
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similar refractive index values. A series of trial tests were
performed to select the best particle size of silicon powder to
enable the samples to provide the best transparency. As shown in
Fig. 1, silicon powder with a particle size of 48 um exhibits the
best transparency. The mass ratio of silicon powder and mineral
oil is 0.6. As shown in Fig. 2, the strength of the transparent soft
rock is mainly determined by consolidation stress and time. The
strength of the sample consolidated for 15 days are obvious
larger than the strengths of the others samples. There should be a
positive correlation between the consolidation stress and the
strength. Thus, the relatively long consolidation time and the
high consolidation stress lead to the high strength. Fig. 3 shows
the test results of the elastic modulus, the cohesion and the
friction of the transparent soft rock samples. If the consolidation
stress is too large, then the model easily exhibits low transparency
after consolidation and unloading; Thus, a consolidation stress of
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Fig. 2. Test Results of the Uniaxial Compressive Strength of the Transparent
Soft Rock Samples

Table 1. Basic Mechanical Parameters of the Similar Transparent Material

1.0 MPa was used for the transparent soft rock test model.

To simulate mixed strata, two transparent soft rock ratios were
tested. The hardness-downward layer 1 is made of a 48-um silica
powder. The softness-upward layer 2 is made by mixing 48-pum
and 550-um silica powders at a volume proportion of 10:1,
which we determined through contrast tests to meet the strength
simulation. By increasing the volume proportion of 550-um
silica powder, the layer 2 was simulated for softness-upward
strata. The basic mechanical parameters are shown in Table 1.
Transparent soft rock should be consolidated for 30 days, and the
consolidation stress was 1.0 MPa. The transparent soft rock
samples with different strength property values were used to
simulate the softness-upward and hardness-downward mixed strata.

In the transparent soft rock test for the simulation of TBM
tunneling, the characteristics of the fracture surrounding the rock
are similar to those of the traditional material comprised of river
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Fig. 3. Test Results of the Elastic Modulus, the Cohesion and the Friction of
the Transparent Soft Rock Samples
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Fig. 4. The Similar Characteristics of the Transparent Soft Rock Compared to an Ordinary Material and Natural Rock (Li and Lin, 2015): (a) Transparent Soft

Rock, (b) A Similar Ordinary Material, (c) Triaxial Stress-Strain Curve
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sand and paraffin, as illustrated in Figs. 4(a) and 4(b). After the
test, the transparent rock model was cut from centre to clearly
reveal the similar fracture characteristics, such as the zonal
disintegration phenomenon. This phenomenon of the transparent
soft rock is an important difference from transparent soil, and
transparent soft rock technology has also proven to be an
effective material for simulating a rock mass.

The mechanical properties of the transparent soft rock are
similar to those of natural rock (Li and Lin, 2015). As shown in
Fig. 4(c), the confining pressures are 0.3 MPa, 0.45 MPa, 3 MPa
and 1.5 MPa, the particle size of the silicon powder in the
transparent soft rock is 48 um, and the loading rate is 0.1 mm/
min. The mechanical properties of the transparent soft rock are
similar to expansive mudstone according to the conventional
three axis test. In addition, as shown in Fig. 12, after the peak
value, there is obvious strain softening, in agreement with the
deformation and failure characteristics of the surrounding rock in
soft rock and the deep high stress environment.

2.2 Physical Experimental Design

2.2.1 Sample Preparation
The formation of mixed strata is complex, with the double-layer
structure characterized by a softness-upward layer and a hardness-
downward layer being the most typical. As shown in Fig. 5,
specimens with two types of transparent soft rock strengths are
made for mixed strata, and one type is made for isotropic strata.

As shown in Fig. 6, the transparent soft rock was made
through configuration, vacuum-pumping, laying down a speckle
surface and consolidation. Special attention should be paid to the
following matters regarding the preparation. Constant sloshing
of the vacuum box allows the bubbles in the transparent material
to be more easily expelled. A transparent plastic film should be
placed on the inner wall of the mold to protect the sample when
removing the mold. During loading and unloading, the pressure
process should be multilevel. All efforts were made to ensure the
transparency of the samples, so that the internal deformation and
fracture evolution rules could be obtained.

To measure the internal deformation, the laser test is widely
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Fig. 5. Formation Combination of TBM Model: (a) Isotropic Strata,
(b) Mixed Strata
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used in transparent soil tests (Iskander et al., 2015; Sun and Liu,
2014). The principle of the laser test is based on particle image
velocimetry (Ahmed and Iskander, 2012), which is not appropriate
for use in transparent soft rock because transparent soft rock with
an isotropic and dense structure is completely different from
transparent soil (Fig. 4). Thus, artificial internal speckles were in
the internal model for the DSCM measurement (Lee and Yoo,
2006). As shown in Fig. 7, the internal speckle surface was placed
35 mm inside the surface. The internal speckle surface was made
from a dyed silica powder, which provides rich textural features
for the global deformation measurements.

2.2.2 Test Setup and Procedure
As shown in Fig. 8, a plane-strain model experimental system
was designed, consisting mainly of three parts: a loading system,
a digital camera system, and a tunneling device.

The sample molds were made of a steel frame and Perspex,
with inner dimensions of 300 mm % 120 mm % 300 mm (length
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Fig. 8. Test Setup: (a) Pictures of Test Setup, (b) Schematic Layout of Test

x width x height), which enable the strict boundary restriction
during the test. Despite the uniaxial loading, the transparent
similar material was under a Poisson force in the horizontal
direction, with the constraint of the model box all around. A
tunneling device was specially designed to simulate tunnel
excavation. The device was made of a specially designed drill
bit, with an inner diameter of 75 mm.

A Canon 6D digital camera with a resolution of 5472 x 3648
pixels was used to capture the images. Then, the rock-surface
images were analyzed by the self-developed DSCM analysis
software-Photolnfor. The accuracies of the measurements by
Photolnfor have been suggested based on both theoretical analysis
and experimental tests (Li et al., 2019). The one point and five pixel
blocks method (OPFPM) algorithm of Photolnfor was used to
analyze the deformation surrounding the tunnel while cracks appear.

Transparent soft rock is similar to natural rock; according to
similar calculations, the strength of transparent soft rock is equal
to 21.53 MPa in practice. The strengths of layer 1 and layer 2 are
21.53 MPa and 10.99 MPa, respectively. The bulk density of a
similar transparent material is approximately 10.7 kN/m’. The
geometry similarity C; and the bulk density similarity C, are 40
and 2.29, respectively. Thus, the size of the simulated actual rock
massis 12m x 4.8 m x 12 m.

The simulation indexes of concern are enumerated in Eq. (1)
(Li et al.,, 2019). The quantitative relationships between the
similarity ratios can be calculated based on a dimensional
analysis, and therefore, the equations related to the indexes are
revealed in Eq. (2). The geometric similarity ratio is set as 40 (C;,
=40), and the gravitational acceleration ratio is set as 1 (C,= 1).
Consequently, the time similarity ratio can be calculated (C,=
6.32) based on Eq. (2).
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where C,, Cg, C, C,, C, and C, are the similarity ratios of stress,
elastic modulus, cohesion, strain, friction angle, and Poisson’s
ratio, respectively.

To measure the internal deformation, an appropriate measurement
method is also required. The digital photogrammetry method is
widely used in geotechnical model experiments as a general
measurement technology. The algorithm for processing the
digital photographs is based on the DSCM, which recognizes the
speckles by calculating the correlation coefficient of the gray
values of the pixel blocks.

The fracture reduces the correlation coefficient, leading to
errors. For example, Li et al. (2014) studied the failure mode of
soft rock though DSCM but ignored the effects of fracture. As
shown in Fig. 4(a), shear and slip failure will inevitably result in
the failure of conventional measurement methods. OPFPM (Li et
al., 2016) 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.

The transparent soft rock model should be consolidated for 30
days until reaching the target strength. Under multistage loading,
the model load reached 0.2 MPa as the initial strata vertical stress
after consolidation. The details of the steps involved are as
follows:

Step 1: The computer, loading system, digital camera, and
software functioned normally after all the instruments were
arranged. The digital camera was set 0.5 m in front of the
observation surface and the parameters were adjusted to obtain
distinct images. Next, two photography luminaires were set
towards the observation surface along with the shading cloth
used to block out the outside light to ensure that the level of
lighting remained stable during the test process.

Step 2: The time similarity ratio and the geometric similarity
ratio are 6.32 and 40, respectively, as determined by theoretical
calculations. According to relevant information, the TBM tunnel
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Table 2. Basic Mechanical Parameters of the Simulation Model

Litholo Cohesion Internal friction Elastic modulus  Poisson’s Tensile strength Dilation Plastic strain Yield ratio Elastic Reduction
& (MPa)  angle(®) (MPa) ratio (MPa) ©) ratio Ratio

Layer 1 0.095 33.1 30.00 0.29 0.010 42 0.032 0.8 0.5

Layer 2 0.058 252 19.10 0.31 0.004 3.1 0.040 0.8 0.5

in a practical situation is excavated at 10 to 100 meters per day, St

and the working time is 12 hours each day, which is divided into
two working parts: Excavation for 6 hours and equipment
maintenance for 6 hours. In this test, a practical TBM tunnel was
assumed to be excavated at the rate of 10 meters per day and the
model excavation rate was 1.7 meters per hour based on the
calculations. The excavation time was calculated to be 27 mins.
The tunnel was excavated at one time.

Step 3: After the tunnel excavation, the initial strata stress was
kept steady for 20 mins during the observation of the deformation
and the stress change. Next, we continued to perform step
loading in increments of 0.1 MPa along the vertical direction for
one step. Each step was held for 20 mins, and the rock
deformation as well as the stress variation were observed and
monitored until tunnel collapse. Every 2 seconds, the images
were collected during all the steps.

2.3 Numerical Model Construction

To verify the results of the physical experiments and further
explore the evolution rules of rock failure in mixed strata,
numerical simulations were also carried out by using FLAC®®,
The basic mechanical parameters used for the simulation are
listed in Tables 1 and 2, and were obtained by the calculations and
simulated uniaxial compressive tests. As shown in Fig. 9, a
damage-softening constitutive model (Yang et al., 2019) was
used to simulate the internal rock damage.

The simulated stress—strain curves for layer 1 and layer 2 are
shown in Fig. 10(a). The samples were characterized by their
ductile failure for comparatively greater soft deformations in the
post-peak deformation stage. The peak value of the numerical

Calculate stress increment

and total stress

Determine whether
unit reaches yield

Stress correct

'

Calculate equivalent
plastic strain

'

Calculate damage
variable and correct
maodel

Determine whether
unbalanced force
converges

Fig. 9. Damage-Softening Constitutive Model in FLAC®® (Yang et al.,
2019)

simulation cannot coincide with the experiment that the strain
value of the numerical simulation will be comparatively smaller,
which normally caused by the impossibility of simulating the
situation of rock compaction through numerical methods.

A two-dimensional simulation model (Fig. 10(b)) with the
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Fig. 10. Simulated Curves and Model: (a) Simulated Uniaxial Compressive Tests, (b) Numerical Model
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same dimensions as the physical model was created, containing
10000 blocks. The boundary conditions and loading method for
the numerical model are the same as those for the physical
model.

3. Evolution of Rock Deformation and Fracture
Surrounding a Tunnel

3.1 Analysis of the Surrounding Rock Deformation

The field of surrounding rock displacement obtained through
Photoinfor is shown in Fig. 11. The analysis grid contained 3721
blocks with 50 pixels between two measuring points. It was
found that the dominant deformation position and direction exist
in isotropic and mixed strata. As can be revealed from Fig. 11(a),
the instability of isotropic strata is a gradual process of tunnel
failure. After the excavation, rock deformation first occurs at the
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tunnel roof (graph A1) and then transfers to the sidewalls along
with the roof failure (graph A2), intensifying the shear failure of
the sidewall. Finally, the tunnel collapses after the breakdown of
both the tunnel roof and the sidewalls (graph A3). Displacement
occurs mostly at the sidewalls, with no evident floor bulge
phenomenon. The instability process of softness-upward and
hardness-downward mixed strata is revealed in Fig. 11(b); evident
displacement first occurs at the sidewalls and the tunnel floor
(graph B1). The range of the plastic area extends during the
tunnel failure (graph B2), and the roof collapse and the floor
bulge occur last. The deformation of the mixed strata primarily
occurs at the sidewalls and the roof, accompanied by the evident
floor bulge phenomenon, with its maximum deformation occurring
at an angle of 45 degrees from the horizontal plane (graph B3).
Deformation at the roof, floor and sidewalls of the tunnel
formed as a whole system (graph B3), with the shrinking of the
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sidewalls and the roof collapse contributing to the floor bulge.
Deformation at the isotropic strata primarily occurs at the
sidewalls to achieve a comparatively better sustainability of the
tunnel roof; therefore, no bulge occurs at the floor (graph A3).

The dominant deformation position and direction in the
isotropic and mixed strata conditions are also found, as indicated
by the comparison between Figs. 12(a) and 12(b).

Displacement-time curves were drawn based on the position
data of the tunnel roof, the tunnel floor and the sidewalls to study
the displacement evolution of the surrounding rocks. As can be
revealed in Fig. 13, a global slippage tendency of the surrounding
rocks occurs with the deformation difference of each of the
measurement points.
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A more evident phase characteristic occurs in mixed strata
than in isotropic strata. As shown in Figs. 13(a) and 13(b), three
deformation stages of the mixed strata were analyzed. The
deformation rate becomes faster after 9 min of excavation, and
then the tunnel deformation reaches a stable state. After 75 min,
tunnel collapse occurs with a continuous increase in the deformation
rate. Elastic rock deformation at early excavation is revealed in
Stage I, when the surrounding stress is less than the elastic
strength, and plastic deformation occurs when the surrounding
stress exceeds the elastic strength. A stable transition of rock
deformation after the stress adjustment is reflected in Stage II.
Stage III reveals that the rock deformation will exceed the limit
of the surrounding rocks, without a support structure, when the
plastic zone extends to some extent. As shown in Fig. 13(b), an
evident floor bulge occurs in the mixed strata but not in the
isotropic strata. The deformation rate increases after 9 min of
excavation, and then the tunnel deformation reaches a stable
state. Rock deformation in layer 2 of the mixed strata exceeded
the ultimate strength after 75 min of excavation, and a gradual
deformation occurred in Stage III under the residual strength at
the tunnel roof and the sidewalls.

The phase characteristic lies the fact of floor heave in mixed
strata, as shown in Fig. 13(b). The deformation of mixed strata
remains stable after the floor heave, and the presence of hard
rock strata could reduce the deformation in soft rock (Yang et al.,
2018a), which is further analyzed in Fig. 17.

3.2 Analysis of the Surrounding Rock Fractures

The distribution rules of the maximum shear strain are obtained
through transparent soft rock technology, as shown in Fig. 14.
The OPFPM algorithm provides a high accuracy for measurements
when cracks appear.

A shear slip band occurs in both the mixed and isotropic strata
but with different distributions, as accompanied by a conspicuous
distinction of the maximum shear strain around the tunnel
(Fig. 14(c)). The slip band in the isotropic strata occurs at the
sidewalls. However, the distribution of the slip band in the mixed
strata is distinct and is spread at an angle of 45 degrees from the
horizontal plane.

The fracture evolution rules of the isotropic strata are revealed
in Fig. 14(a). The cracks first occur at the right side of the tunnel
during the excavation (graph A1). The crack does not simultaneously
occur in the left wall because it is difficult to achieve an
absolutely uniform material and uniform loading. Cracks occur
at the sidewalls when loaded at 0.4 MPa (graph A2) and extend
to the outside along with the occurrence at the roof under an
increasing load (graph A3). The observed phenomenon can be
explained by the high cyclic compressive stress concentration
that arises around the tunnel walls under the vertical condition of
maximum loading direction and tunnel axes. Moreover, compressed
shear failure will consequentially occur at the sidewalls based on
the Mohr - Coulomb strength theory (Li et al., 2014). The failure
mode of the isotropic strata is shown in Fig. 18(a). Several
cambered shear slip bands are generated at the sidewalls to
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reveal the compressed shear failure characteristics, thus verifying  tunnel (graph B1) and then extends to the outside. There is no
the analysis above. obvious change in the maximum shear strain during an increased

The failure evolution of the mixed strata is revealed in Fig.  load, as revealed in graph B1 and B2, in contrast to graph Al and
14(b); Cracking first occurs at the roof and sidewalls of the  AZ2. Sliding linear failure occurs at the upper rock of the tunnel
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because of its comparatively lower rock strength. The ultimate
strain first reached at the softness-upward layer and led to tunnel
damage (graph B3).

In the case of spiral-shaped damage zone (Fig. 15(a)), sidewall
rock fails by shear bands that are localized around the cavern and
are spiraling outward from the sidewall, which shows similar
fracture characteristics of isotropic strata (Fig. 14(c)). Moreover,
the radial displacement also exhibits the same fluctuation features
due to spiral-shaped damage zone.

Fluctuations in the radial displacement curves are shown in
Fig. 16, with an interval distribution between the peak and the
trough; this characteristic is different from that of the displacement
around the excavated tunnel, and it decreases with a longer
distance to the excavation surface in shallow buried tunnels (Li
et al., 2014). The shear sliding band inside the transparent soft

Shear and slip
failure

Floor heave
zone

Fig. 17. Failure Behavior of a Tunnel Excavated in Mixed Strata

Layer 1

rock (Fig. 4) serves as a key factor for the curve fluctuation and
is similar to the evolution in deep buried strata (Chen et al., 2013;
Zhou and Shou, 2013; Zhang et al., 2017). As shown in Fig.
16(b), the failure zones are distributed at the trough positions (al,
a3, bl, b3), and the stable zones are distributed at the peak areas
(a2, b2). The same phenomenon extends to the roof and the floor.

The surrounding rock fractures between the mixed and isotropic
strata show different damage forms. As shown in Fig. 16(b), the
curves show the same trend near the wall, while in Fig. 16(c), the
curves show the completely different trend, because compressed
shear failure in the wall occurs in both the isotropic and the
mixed strata, while floor bulge occurs only in the mixed strata.

The floor heave zone and the shear and slip failure function as
a whole system. As shown in Fig. 17, shear and slip failure
happens at the roof and side walls in mixed ground due to its
comparatively lower rock strength. Moreover, the surrounding
rocks in these areas are not capable of bearing force, and o, is
transmitted below. Finally, the tunnel bottom will lose the
bearing force when rock failure happens around the bottom
position. o, therefore happens at the bottom of the tunnel shrink,
and the floor heave zone occurs at last with the compressed rock
bending when the critical load is reached.

3.3 Analysis of the Surrounding Rock Failure Process
Numerical simulations were conducted to study the failure
process under isotropic and mixed strata conditions. As shown in
Fig. 18(a), significant stress concentration happens at each side
of the circular tunnel within the isotropic strata during loading
(graph Al). Shear damage occurred first on both sides of the
surrounding rock when the concentrated stress exceeds the rock
shear strength (graph A2). During the increment of vertical
loading, the damage area of surrounding rock gradually extends
from the left and right sides of the tunnel to the top and floor of
the tunnel (graph A3). The damage pattern of the model shows
the approximate symmetry for its symmetric model structure and
exterior loading conditions.

In regard to Fig. 18(b), stress concentration happens at the
horizontal direction of the circular tunnel during the loading



972 Y.Llietal

Layer 2

Layer 1

(b)
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within the mixed strata (graph B1). Because of the lower strength
of the softness-upward layer compared to the hard layers, failure
damage happens first at both sides of the tunnel within the
softness layer area (graph B2). Rock damage happened within

Internal maximum
shear strain charts of
cal experiment

Shear and slip
failure

Internal maximum
shear straipigharts of
physical experiment

Shear-and.slip
failure

the soft area contributes to the internal structural adjustment and
stress redistribution of the model, and then the damage area
extends to the top of the model. The model comes to a residual
deformation stage when the damaged area of the surrounding
rock extends to the model boundary (graph B3). It should be
noted that the damage area of the softness layer can no longer
expand when it extends to the hardness layer, which shows that
the interface of the softness and hardness layers can control the
extension of damage.

Figure 19 demonstrates that the damage pattern of the transparent
soft rock experiment is similar to that of the numerical simulation.
The internal maximum shear strain charts of the physical experiment
and the numerical simulation follow the same distribution law.
As shown in Fig. 19(a), through numerical simulations, damage
areas occur on both sides of the tunnel, and there is a connection
between the areas. In contrast, as seen from the transparent soft
rock test image, shear slip failure occurred in the sidewalls of the
tunnel. Moreover, cracks start to connect within the two damage
zones. Fig. 19(b) shows that the damage zone occurs intensively
in the area of 45 degrees, and connects to the damage zone above
the tunnel. The rock damage pattern based on numerical
simulations is similar to that of the experiment.

Numerical modelling
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Fig. 19. Failure Mode of Physical Experiment and Numerical Modeling: (a) Isotropic Strata, (b) Mixed Strata
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As seen from plastic zone (Fig. 19), a dominant failure
position and damage direction exist in isotropic and mixed strata.
Damage of the isotropic strata primarily occurs at horizontal
plane, while that of mixed strata occurs at an angle of 45 degrees
from the horizontal plane. Shear damage dominants the failure
process with tensile damage spreads from its two wings.

4. Conclusions

In this study, both physical model tests and numerical simulations
under isotropic and mixed strata conditions were conducted to
study the internal deformation and failure behavior of tunnels in
mixed strata. Based on the experiment results, the following
conclusions can be drawn:

1. A new transparent material for simulating mixed strata was
developed. The mechanical properties of transparent soft
rock are similar to those of natural rock. The fracture
characteristics of transparent soft rock, such as the zonal
disintegration phenomenon, are importantly different from
those of transparent soil.

2. A dominant deformation position and direction exist in
isotropic and mixed strata. The surrounding rock fractures
also show different damage forms. Internal displacement of
the isotropic strata primarily occurs at the sidewalls, while
deformation of the mixed strata primarily occurs at the
sidewalls and the roof and is accompanied by the evident
floor bulge phenomenon, with its maximum deformation
occurring at an angle of 45 degrees from the horizontal
plane. Fluctuations in the radial displacement curves shown
a different trend, because compressed shear failure in the
wall occurs in both isotropic and mixed strata, and floor
bulge occurs only in the mixed strata.

3. The damage pattern of the transparent soft rock experiment
is similar to that of the numerical simulation. The damage
area occurs from the sidewalls to the exterior within the
isotropic strata. In the mixed strata, the damage area occurs
intensively in 45 degree area, connecting to the damage
zone above the tunnel. Meanwhile, the interface of the
softness and hardness layers controls the extension of the
rock damage. The damage area of the softness layer can no
longer expand when it extends to the hardness layer.
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