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Abstract: The complexity of a rock masses structure can lead to high uncertainties and risk during underground
engineering construction. Laboratory tests on fractured rock-like materials containing a tunnel were conducted, and two-
dimensional particle flow models were established. The principal stress and principal strain distributions surrounding the
four-arc-shaped and inverted U-shaped tunnels were investigated, respectively. Numerical results indicated that the dip
angle combination of preexisting fractures directly affects the principal stress, principal strain distribution and the failure
characteristics around the tunnel. The larger the absolute value of the preexisting fracture inclination angle, the higher the
crushing degree of compression splitting near the hance and the larger the V-shaped failure zone. With a decrease in the
absolute value of the preexisting fracture inclination angle, the compressive stress concentration of the sidewall with
preexisting fractures gradually increases. The types of cracks initiated around the four-arc-shaped tunnel and the inverted
U-shape tunnel are different. When the fractures are almost vertical, they have a significant influence on the stress of the
sidewall force of the four-arc-shaped tunnel. When the fractures are almost horizontal, they have a significant influence
on the stress of the sidewall of the inverted U-shaped tunnel. The findings provide a theoretical support for the local
strengthening design of the tunnel supporting structure.
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1 Introduction

Jointed rock masses are widely found in nature.
Owing to the uncertainty in the distribution of
internal joints and fractures, the mechanical
properties of rock masses are significantly discrete.
Thus, research on this aspect has always been
challenging in modern rock mechanics. The
discreteness of rock masses increases the

complexity and risk of engineering construction.
Underground engineering projects have been
gradually increasing for a long time. The
mechanical characteristics of jointed rock masses
subject to excavation disturbances have been
investigated. Numerous studies [1 − 4] have been
conducted in this regard including theoretical
mechanisms, experiments and practical applications.
Early researches focused on fracture mechanics,
rock mechanics, and material mechanics. The
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growth criterion and evolution law of micro-
fractures around a single fracture have been
explored [5 − 6]. However, actual rock masses
generally have more than one fracture. Based on the
research on types and cracking mechanisms of
single fracture, specimens with specific fractures
have been prepared via cutting or prefabrication.
The initiation, growth and evolution processes of
cracks models with single preexisting fracture
or multiple preexisting fractures have been
studied [7 − 10]. With advances in research theory
and technology, further studies have not only been
conducted on the single mechanical properties of
jointed rock masses. Research models considering
actual rock masses properties have gradually been
developed. Thus, considering actual layered rock
masses, specimens with horizontal fractures have
been prefabricated. By changing parameters such as
the number, strike, spacing, dip angle, and
connectivity rate of preexisting fractures [11 − 17],
using the control variable method, the influence of
various factors on the overall failure mode of rock
mass models has been analyzed. Furthermore,
several scholars have considered the influence of
fractures filling on crack evolution [18− 19]. Early
research on jointed rock masses approaches based
on a single fracture has progressed to the study of
actual rock masses properties.

Recently, for rock materials or rock-like
materials under various combinations of fractures
and openings, many scholars have investigated the
difference in the strength and the mechanism of
crack initiation, growth, and evolution of the
materials. Research has been conducted from single
fracture to multiple fractures as well as single round
hole to multi-type porous mediums. Currently,
significant research is being conducted on the
cracking mechanism of rock masses models with a
single-layer horizontal fracture and a cross fracture.
The stress and strain characteristics of the opening
hole model under the interaction of multiple
fractures have been analyzed. First, for a rock-like
material model with holes, by controlling the factors
such as the dip angle, location, and connectivity of
fractures, the influence of fractures on the failure
characteristics around openings has been studied.
The types of holes that have been considered
include round [20−25], square [26], horseshoe [27−

28], and oval [29]. In addition, the failure
characteristics of a porous rock mass model have
been studied in detail. The effect of the number of
holes [30], distance between holes [31], hole
fillers [32], and a combination of holes and
preexisting fractures inclination angle [4, 32−37] on
the uniaxial compressive strength and crack
evolution mode of specimens has been studied. And
their corresponding influence on the mechanics,
deformation, and failure characteristics of a fracture
model with holes has been analyzed. On this basis,
the cracking failure mechanism of fractured rock
masses with holes under multiaxial stresses has
been further analyzed [38].

Till now, numerous experimental and
numerical modeling studies were conducted
focusing on the mechanical properties, failure
modes of rock masses, and their relationship with
the type of rock material [39−40]. However, owing
to the uniqueness of underground engineering
construction and the anisotropy, complexity, and
discreteness of rock masses, several other problems
need to be further explored, for instance, the relation
between stress or stain distribution and combination
of fracture angle, and the relation between
surrounding rock failure and fracture distribution.
Therefore, to study the mechanical and failure
characteristics of fractured rock masses more
comprehensively, two types of reduction size tunnel
sections were generated within fractured rock-like
material models. Based on the observed failure
phenomenon and combining the particle flow code
approach, the failure characteristics, the principal
stress and principal strain distributions around the
two types of tunnel profiles within four different
combinations of fracture inclination angles were
analyzed. Compared with the previous researchers,
the principal stress distributions and failure
characteristics of tunnel sidewall under different
fractures distribution forms were obtained, which
provides certain theoretical support for the
strengthening design of tunnel engineering
supporting structure.

2 Experiment and numerical modeling

2.1 Specimen preparation
In the experiment, high-strength gypsum was

also used. The water-gypsum ratio (mass ratio of
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water to gypsum powder) of the rock-like materials
was 1:1. Considering the fracture distribution within
the actual layered rock masses, a specific simplified
group of parallel fracture combinations was
selected. As shown in Figure 1, the center point of
the entire distribution of a single set of fractures was
considered the reference point O. The angle
between the fracture and the positive direction of
the horizontal axis (x axis) is called the fracture
inclination angle. The α1 group of fractures was
formed by counterclockwise rotation of point O
rotation. And the α2 group of fractures was formed
by clockwise rotation of point O rotation. The
fracture combination types required for the study
were established by superposing the two fracture
groups. The fracture combinations (α1, α2) were
(30°, 30°), (45°, 45°), (60°, 60°), and (90°, 180°).
The width of the fractures was 2 mm and the
maximum length of the fractures was 30 mm. The
connectivity of the fractures was 0.5, the lateral
spacing of the preexisting fractures was 50 mm, and
the center spacing of the adjacent parallel fractures
was 45 mm. A fractured specimen with a tunnel was
thus established (Figure 2). Further, the dimensions
were length × width × height = 300 mm×300 mm×
50 mm. And the tunnel center coincided with the
model center. In this study, a four-arc-shaped tunnel
section and an inverted U-shaped tunnel section
were selected as the research objects and scaled
according to the similarity ratio. The specific
dimensions are shown in detail in Figure 3. The
width of the four-arc-shaped tunnel was 60 mm and
the height was 48 mm. The width of the inverted
U-shape tunnel was 60 mm and the height was
60 mm. In the process of specimen preparation, two
types of solid columns like the designed tunnels

described above were first prepared using a 3D
printing technology, and then fixed at the specimen
center during the casting. Further, the fractures were
generated by inserting mica sheets according to the
above-mentioned configuration.

After determining the sizes of the specimen
and the geometrical parameters of the fractures and
joints, cube specimens were prepared using the
pouring method. The parameters of the specimens
including the type of tunnel and the combination of
fracture inclination angles are listed in Table 1.

Thus, the specimens were numbered based on
the tunnel types and combination of fractures. For
example, R-30-30 indicated that the tunnel type
considered was a four-arc-shaped tunnel, and the
combination of fracture inclination angles
considered was (30° , 30° ). U-30-30 indicated that
the tunnel type considered was an inverted
U-shaped tunnel, and the combination of
fracture inclination angles considered was (30° ,
30°). Simultaneously, cylindrical gypsum specimens
of the same age were prepared to conveniently
determine the macroscopic mechanical parameters
of rock-like materials. The loading test is referred to
Ref. [39].

2.2 Creation of numerical fractured tunnel model
The calibration of meso-parameters is referred

to Ref. [39]. This research model included four
fracture inclination angle combinations (30°-30°, 45°-
45°, 60°-60°, and 90°-180°) and two opening types
(four-arc-shaped opening and inverted-U-shaped
opening). The thickness of the model was one-sixth
of the length and width, and the fractures and
tunnels ran along the thickness direction. Thus, the
three-dimensional research model was simplified to

Figure 1 Schematics of the joint geometry configurations in the specimens (unit: mm) [39]
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a two-dimensional state. Subsequently, a two-
dimensional particle flow model with sizes of
300 mm × 300 mm (length × width) was
established. The preexisting fractures and tunnels
were created using the deletion method, as shown in
Figure 4. According to the eight groups of fractured
tunnel models, the numerical results were obtained.

3 Characteristics of crack evolution
around openings

To analyze the evolution characteristics of
fractures at different positions around the tunnel, a
certain area around the opening was partitioned
as M-1 (roof), M-2 (left spandrel), M-3 (right
spandrel), M-4 (left haunch), M-5 (right haunch),
M-6 (left arch), M-7 (right arch), and M-8 (floor)
(see Figure 5). By comparing the results of the
laboratory tests with those numerically obtained by
a two-dimensional particle flow model, the
macroscopic fracture characteristics of the model
and the evolution characteristics of the fractures
around the tunnel were obtained (see Table 2).
When the tunnel section type is a four-arc-shaped
tunnel, it was found that the pre-existing fracture
inclination angle directly determined the cracking
degree of the fractured rock masses. Furthermore, a
difference in the cracking characteristics was
observed around the tunnel.

The laboratory test results indicated that all
specimens were prone to tensile failure at the vault
or arch bottom and crushing failure near the hance.
This can lead to a V-shaped failure zone on the
tunnel sidewall. For specimen R-30-30, tensile
failure occurred at the arch bottom, and crushing
failure occurred at the hance. For specimen
R-45-45, tensile failure occurred at the vault and
arch bottom, and crushing failure occurred at the
hance. For specimen R-60-60, tensile failure
occurred at the vault and arch bottom, and crushing
failure occurred at the hance. For specimen
R-90-180, tensile failure occurred at the vault and

Figure 2 Schematic of the dimensions of the specimens
[39]

Figure 3 Specific dimensions of four-arc-shaped tunnel
section (a) and U-shaped tunnel section (b) (unit: mm)

Table 1 Tunnel type and combination of flaw angles

Number

1

2

3

4

5

6

7

8

Specimen
ID

R-30-30

R-45-45

R-60-60

R-90-180

U-30-30

U-45-45

U-60-60

U-90-180

Type of
tunnels

R

R

R

R

U

U

U

U

Flaw angle/(°)

α1

30

45

60

90

30

45

60

90

α2

30

45

60

180

30

45

60

180

Note: R and U represent four-arc-shaped and U-shaped tunnel
section, respectively, and 30-30 indicates the combination of
fracture inclination angle degrees of 30° and 30°.
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arch bottom, and crushing failure occurred at the
hance. With an increase in the absolute value of the
inclination angle of the preexisting fractures, the
tunnel sidewall cracked significantly.

Combined with the numerical modeling results,
different fracture inclination angles not only led to
different overall crack initiation mechanisms of the
fractured rock tunnel model, but also created
different initiation sequences of cracks around the
tunnel. Thus, by studying the zones around the
tunnel, the initiation sequences of cracks around the
tunnel were marked. For specimen R-30-30, micro-
fractures first appeared in M-5, and then occurred in

M-4 and M-1. Finally, under uniaxial compression,
micro-fractures gradually evolved into macro-cracks
and spread to other modules. For specimen R-45-45,
cracks were initiated around the opening mainly in
M-4 and M-5, and they developed in M-1 slightly
later than M-8. For specimen R-60-60, cracks
around the opening mainly also appeared in M-4
and M-5, but micro-fractures appeared at the earliest
in M-1. For specimen R-90-180, tensile micro-
fractures appeared in M-8, but the degree of
crushing failure was small near M-4 and M-5.
Further, there was obvious breakage near M-2 and
M-3.

Figure 4 Establishment of numerical fractured rock-like tunnel models: (a) R-30-30; (b) R-45-45; (c) R-60-60; (d) R-90-
180; (e) U-30-30; (f) U-45-45; (g) U-60-60; (h) U-90-180

Figure 5 Schematic diagram of the zoning around the opening: (a) Four-arc-shaped tunnel; (b) U-shaped tunnel
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In conclusion, under the action of
unidirectional stress, with an increase in the
absolute value of the fracture inclination angle, the
crack initiation position around the four-arc-shaped
tunnel gradually transitions from the hance (M-4,
M-5) to the vault (M-1). Concurrently, a positive
correlation is observed between the absolute value
of the fracture inclination angle and the degree of
damage to the sidewall.

In the overall failure mode and the fracture
around the opening, many similarities and
differences were observed between the inverted U-
shaped tunnel and the four-arc-shaped tunnel. When
the preexisting fracture combination types were
30° -30° , 45° -45° , and 60° -60° , the overall failure
modes of the two tunnel models were similar based
on the experimental and numerical results (see

Table 3). However, under the preexisting fracture
combination type 90° -180° , R-shaped specimens
showed shear sliding failure at the spandrel (M-2
and M-3), while U-shaped specimens showed shear
dislocation at the arch springing (M-6 and M-7).
Combined with the failure modes determined
through the numerical model, the evolution degree
of cracks around the inverted U-shaped tunnel was
less than that around the four-arc-shaped tunnel.
However, with an increase in the absolute value of
the preexisting fracture inclination angle, splitting
failure near the sidewall was gradually observed to
intensify, forming a V-shaped failure zone with an
inward opening. Tensile cracks further developed
near the failure zone (near the opening), while shear
cracks were more common at the far end of the
failure zone. When the combination type of the

Table 2 Fracture around the four-arc-shaped tunnel (the black line is tensile micro-cracks and the red line is shear micro-
cracks)

Sample ID

R-30-30

R-45-45

R-60-60

R-90-180

Experimental Numerical
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preexisting fracture inclination angle was 30° -30° ,

cracks were initiated in M-4. When the combination

type of the preexisting fracture inclination angle

was 45°-45°, cracks were initiated in M-6. When the

combination type of the preexisting fracture

inclination angle was 60°-60°, cracks were initiated

in M-7.

In conclusion, when preexisting fractures are

almost vertical, the stress concentration regions

around the tunnel gradually shift from the vicinity

of the sidewall to the top and bottom of the tunnel.

Thus, the cracking order is as follows: hance→arch

springing/spandrel→arch bottom/vault. For both

types of tunnels, there is a consistent correlation

between the fracture degree and fracture inclination

angle.

4 Local stress and strain around tunnel

4.1 Qualitative analysis of stress around tunnel
To study the stress distribution characteristics

around the opening, two stages were selected for the
analysis: the stage of crack initiation (S-W-CI) for
the whole model and the stage of crack initiation
first appearing around the tunnel (S-T-CI). Thus,
using the contact force monitoring function in
PFC2D, the force chain distribution characteristics of
each model could be obtained. The blue lines
indicate compressive stress while the green lines
indicate tensile stress. In addition, the thickness of
the lines indicates the magnitude of the particle
contact force.

As listed in Table 4, when the fractured rock
tunnel model was at the stage of S-W-CI, no micro-

Table 3 Cracking around the inverted U-shaped tunnel

Sample ID

U-30-30

U-45-45

U-60-60

U-90-180

Experimental Numerical
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fractures appeared. With a decrease in the absolute
value of the preexisting fracture inclination
angle (60°→45°→30°), the compressive stress
concentration of the sidewall with the preexisting
fractures gradually increased. Simultaneously, the
tensile stress concentration near the vault and arch
bottom reduced (the green areas became lighter),
and the compressive stress concentration near the
hance also reduced (the blue areas became lighter).
This indicates that the distribution of the inclination
angle of the preexisting fractures directly
determines the transmission effect of the axial load.

As shown in Figure 6, the influence of
preexisting fractures on the stress around the tunnel
was plotted, and a law of axial stress transfer was
established. When preexisting fractures are arranged
almost horizontally, under the action of an external
load, during the downward transmission of the axial
stress (σN), a triangular tensile stress zone appears
around the lateral wall of preexisting fractures in the
horizontal direction, which causes the axial stress to
decrease (k1>1). 1/k1 and 1/k2 are the assumed
reduction coefficients. The reduced axial stress (σN')
causes the tensile stress areas at the vault and arch
bottom of the tunnel and the compressive stress
areas at the arch waist to decrease. However, when
preexisting fractures distributed vertically, the
triangular tensile stress areas around the sidewall of
preexisting fractures in the vertical direction are
much smaller than those of horizontal fractures,
which reduces the axial stress loss (k1> k2>1). Thus,
the concentration of the compressive stress and
tensile stress around the tunnel increases. In
addition, because of the absence of a filler in the
middle of the fractures, a “squeezing and closing”

tendency under the action of axial stress is
observed, which further affects the cracking degree
around the tunnel.

At the beginning of S-T-CI, mixed micro-
fractures appeared in the tunnel sidewall of
specimens with the preexisting fracture combination
type 30-30. Tensile cracks and shear micro-fractures
appeared near the preexisting fractures.
Simultaneously, when compared with models of
different fracture combination types, crack initiation
was observed in several positions around the tunnel
with an increase in the absolute value of the fracture
inclination angle. However, the degree of cracking
around preexisting fractures was reduced until no
cracking occurs. Tensile micro-fractures (cracks)
mainly developed owing to the preexisting vertical
fractures. Small tensile stress existed near the new
cracks (the green areas became lighter), but large
tensile stress existed at the crack tip (the green areas
became darker). Thus, the cracks had a tendency to
continuously expand. Contrarily, the shear micro-
fractures were mainly distributed in areas with a
high compressive stress concentration and almost no
tensile stress.

The influence of preexisting fracture
distribution characteristics on the stress around the
tunnel for the inverted U-shaped tunnel model was
consistent with that of the four-arc-shaped tunnel
model (see Table 5).

The failure of the model was observed to be
from S-W-CI to S-T-CI. Owing to the increase in the
overall fracture degree of the model, the tensile
stress areas near the vault and arch bottom gradually
decreased, but the compressive stress areas
gradually increased. Simultaneously, the

Table 4 Contact force distribution around four-arc-shaped tunnel

Failure stage

S-W-CI

S-T-CI

R-30-30 R-45-45 R-60-60 R-90-180
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compression stress concentration near the hance
(sidewall) of the tunnel became increasingly
evident. In the specimens with fracture inclination

angle combinations of 30°-30° , the aforementioned
laws were more obvious. This shows that the
fracture inclination angle combination not only has

Figure 6 Effect of flaw on stress around four-arc-shaped tunnel: (a) Horizontal flaws; (b) Vertical flaws

Table 5 Contact force distribution around inverted U-shaped tunnel

Failure stage

S-W-CI

S-T-CI

U-30-30 U-45-45 U-60-60 U-90-180
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an impact on the stress concentration degree around
the tunnel, but also has a relatively large impact on
the stress attenuation amplitude during crack
evolution.

4.2 Quantitative analysis of stress around tunnel
To compare and analyze the stress and

deformation characteristics around the two tunnels,
as illustrated in Figure 7, the measured circles were
arranged at the vault (I), left spandrel (II), right
spandrel (III), left hance (IV), right hance (V), left
arch springing (VI), right arch springing (VII), and
arch bottom (VIII) to monitor the stress and strain at
each position. The prescribed positive direction of
the principal stress and principal strain is consistent
with that in rock mechanics theory.

As shown in Figures 8 and 9, when the axial
stress of each model reached 0.5 MPa, the stress
distribution characteristics around different tunnel
types were affected by different fracture
combination types. When a four-arc-shaped tunnel
type was considered, the absolute value of the
minimum principal stress reached a maximum at the
vault and arch bottom. The minimum principal
stress at the other positions was approximately zero.
Hence, under uniaxial stress, the vault and arch
bottom are under tensile stress, and the sidewall is
almost free from tensile stress. Simultaneously, the
maximum principal stress is approximately zero at
the vault and arch bottom. And the maximum
principal stress is positive at the other positions. The
tunnel sidewall (i. e., the other position) is mainly
under pressure, and the vault and arch bottom are
not under pressure. The distribution characteristics
of the principal stress around the inverted U-shaped
tunnel are consistent with those of the four-arc-
shaped tunnel.

Under the same axial stress level, the tensile

stress at the vault and arch bottom of the two
tunnels has a certain correlation with the fracture
combination type. For the specimens with fracture
combinations of 30° -30° , the tensile stress at the
vault is approximately zero, but the tensile stress of
the arch bottom is large. With an increase in the
absolute value of fracture inclination angle (30º→
45º→60º), the tensile stress at the vault and arch
bottom of the two tunnels gradually increases.
However, with a decrease in the absolute value of
the preexisting fracture inclination angle, the
compressive stress around the two tunnels near the
hance (sidewall) increases. The compressive stress
at the arch springing follows the same law.
However, the change law of the compressive stress
at the spandrel is the opposite. In addition, for the

Figure 7 Measure point layout: (a) Four-arc-shaped
tunnel; (b) U-shaped tunnel

Figure 8 Distribution of principal stress around four-arc-
shaped tunnel (unit: MPa): (a) Maximum principal axial
stress (σ1); (b) Minimum principal axial stress (σ3)
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fractured tunnel specimens with the same fracture
combination type, near the vault and arch
bottom, the maximum principal stress σ1 ( U ) in

the inverted U-shaped tunnel was less than the
maximum principal stress σ1 (R ) in the four-arc-

shaped tunnel. The absolute value of the minimum

principal stress | σ3 ( U ) | in the inverted U-shaped

tunnel was less than the absolute value of the

minimum principal stress | σ3 (R ) | in the four-arc-

shaped tunnel near the hance (sidewall). And σ1 (R )

is higher than σ1 ( U ) near the arch springing.

Hence, the stress around the four-arc-shaped tunnel
is relatively uniform, while the compressive stress
of the inverted U-shaped tunnel is concentrated near
the arch springing, which is prone to shear failure or

compression−shear failure.
To analyze the critical cracking stress around

the tunnel, cracks initiated around the tunnel (S-T-
CI) were evaluated, and the critical cracking stress
characteristics of each model were presented. As
shown in Figures 10 and 11, at the vault and arch
bottom of the two tunnels, the tensile stress was
proportional to the absolute value of the preexisting
fracture inclination angle. In the specimens with a
preexisting fracture combination of 90°−180° , the
tensile stress near the vault and arch bottom was
less than that of the specimens with a
preexisting fracture combination of 60°-60° . |σ1|(R-
60-60)> |σ1|(R-90-180)> |σ1|(R-45-45)> |σ1|(R-30-30),
|σ1|(U-60-60) > |σ1|(U-90-180) > |σ1|(U-45-45) > σ1|(U-
30-30).

There was no difference in the distribution of
the compressive stress in the hance (sidewall)

Figure 9 Distribution of principal axial stress around
inverted U-shaped tunnel (unit: MPa): (a) Maximum
principal axial stress (σ1); (b) Minimum principal axial
stress (σ3)

Figure 10 Distribution of principal tensile stress around
four-arc-shaped tunnel (unit: MPa): (a) Maximum
principal tensile stress (σ1); (b) Minimum principal
tensile stress (σ3)
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between the two tunnel types. Here, |σ3|(R-60-60) >
|σ3|(R-45-45) > |σ3|(R-30-30) > |σ3|(R-90-180), |σ3|(U-
60-60)>|σ3|(U-45-45)>|σ3|(U-30-30)>|σ3|(U-90-180).

This indicates that when the fractures are
almost vertical, the stress of the sidewall force of
the four-arc-shaped tunnel is significantly affected.
When the fractures are almost horizontal, the stress
on the sidewall of the inverted U-shaped tunnel is
significantly affected. This is mainly due to the
relatively uniform stress around the four-arc-shaped
(quasi-circular) tunnel and comparatively strong
bearing capacity. However, under the action of axial
stress, when the preexisting fractures are almost
vertical, cracking is easily caused by the stress
concentration at the arch springing of the inverted

U-shaped tunnel. Therefore, the stress around the
tunnel is less during failure.

4.3 Correlation analysis of crack initiation type
and principal strain around tunnel
By monitoring the strain using numerical

modeling, and on the basis of material mechanics
formulae, the distribution characteristics of the
maximum principal strain and the minimum
principal strain around the tunnel were determined.
Subsequently, the correlation between crack
initiation and strain distribution was studied. It can
be seen from Table 6 that the four-arc-shaped tunnel
was prone to crack initiation at the vault, arch
bottom, and hance. When the combination type of
fracture inclination angle was 30°-30°, sidewall
cracks first appeared near the right hance and
were predominantly mixed micro-fractures. Here,
the corresponding compressive and tensile strain

ratio (
|

|

|
||
| σ3

σ1

|

|

|
||
|
, see Table 6, type of flaw 30° -30° ) was

approximately 2.5, but the tensile strain was the
largest. It can be seen that cracking in this type of
tunnel was mainly caused by surface splitting
failure. When the fracture inclination angle
combination type was 45°-45° , shear cracks were
the dominant type of cracks in the left hance. The
corresponding compressive and tensile strain ratio
was approximately 15.3, and the tensile strain was
less than that at the arch bottom. When the fracture
inclination angle combination type was 60°-60°, the
mixed cracks were the dominant type of cracks in
the left hance. The corresponding compressive and
tensile strain ratios were approximately 8.4, and
shear cracks were predominantly observed. Thus,
for the four-arc-shaped tunnel model, the generation
of shear micro-fractures was mainly determined by
the compressive strain, and the ratio of the
compressive strain to tensile strain was
approximately 10. When the tensile strain around
the surrounding rock reached a certain value, tensile
micro-fractures occurred. In addition, in the four-
arc-shaped tunnel, mixed micro-fractures (tensile
micro-fractures and shear micro-fractures) could
easily be observed near the hance. The types of
macroscopic cracks are further determined by the
relative magnitudes of the tensile and compressive
strains.

Figure 11 Distribution of principal tensile stress around
inverted U-shaped tunnel (unit: MPa): (a) Maximum
principal tensile stress (σ1); (b) Minimum principal
tensile stress (σ3)
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The correlation between the types of cracks
initiated and the principal strain around the inverted
U-shaped tunnel model was similar to that around
the four-arc-shaped tunnel model. Cracks around the
tunnel were mainly initiated in the vault, hance, and
arch springing (Table 7). The occurrence of tensile
micro-fractures was mainly determined by the

tensile strain value, and the generation of shear
micro-fractures was directly determined by the
compressive strain. Moreover, when compared with
the four-arc-shaped tunnel, for the tunnel model
with the same fracture combination type, when the
cracks appeared around the inverted U-shaped
tunnel, the sidewall compressive stress was smaller

Table 6 Distribution of micro-crack and strain around four-arc-shaped tunnel (when the axial stress was equal to the
crack initiation stress)

Type of flaws

30°-30°

45°-45°

60°-60°

90°-90°

Cracking around opening Principal strain around opening/10−4
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than that of the former, while the vault tensile strain

was larger than that of the former.

5 Conclusions

1) When combined with the evolution

characteristics of cracks around the tunnel, the

larger the absolute value of the preexisting fracture

inclination angle, the higher is the crushing degree

of compression splitting near the hance (M-4 and

M-5) and the larger the V-shaped failure zone.

Moreover, cracks gradually develop around the

opening and are mainly distributed in the vault

(M-1), arch bottom (M-8), and hance (M-4 and

Table 7 Distribution of micro-crack and strain around inverted U-shaped tunnel (When the axial stress was equal to the
crack initiation stress)

Type of flaws

30°-30°

45°-45°

60°-60°

90°-90°

Cracking around opening Principal strain around opening /10-4
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M-5). However, with an increase in the absolute
value of the preexisting fracture inclination angle,
the initiation sequence of cracks around the tunnel
gradually shifts from the hance (M-4 and M-5) to
the arch vault (M-1).

2) With a decrease in the absolute value of the
preexisting fracture inclination angle (60°→45°→
30°), the compressive stress concentration of the
sidewall with preexisting fractures gradually
increases. Concurrently, the tensile stress
concentration near the vault and arch bottom
reduces, and the compressive stress concentration
near the hance reduces. Under the action of an
external load, during the downward transmission of
axial stress, a triangular tensile stress zone appears
around the preexisting fracture sidewall in the
horizontal direction, which causes a certain loss in
the axial stress.

3) On the same axial stress level, the tensile
stress at the vault and arch bottom has a certain
correlation with the fracture combination type. Near
the hance (sidewall), the compressive stress around
the two tunnels increases with a decrease in the
absolute value of the preexisting fracture inclination
angle, and the same behavior is observed at the arch
springing. However, the change law of the
compressive stress at the spandrel is the opposite. In
addition, for the fractured tunnel specimens with the
same fracture combination type, the principal stress
near the vault and arch bottom is σ3 (R )>σ3 ( U ),

and σ1 (R )>σ1 ( U ) near the hance (sidewall).

4) When the fractures are almost vertical, they
have a significant influence on the stress of the
sidewall force of the four-arc-shaped tunnel. When
the fractures are almost horizontal, they have a
significant influence on the stress of the sidewall of
the inverted U-shaped tunnel. This is mainly due to
the relatively uniform stress around the four-arc-
shaped (quasi-circular) tunnel and its comparatively
strong bearing capacity. However, under the action
of axial stress, when the preexisting fractures are
almost vertical, the stress concentration at the arch
springing of the inverted U-shaped tunnel can easily
cause cracking. Therefore, the stress around the
tunnel is less during failure.

5) There is a significant relationship between
the type of micro-fractures initiated around the

tunnel and the distribution of principal strain. When
the maximum principal strain reaches its peak, it is
accompanied by the generation of tensile micro-
fractures. The generation of shear micro-fractures is
mainly determined by the minimum principal strain.
In addition, mixed micro-fractures (tensile micro-
fractures and shear micro-fractures) can be easily
observed near the hance of the four-arc-shaped
tunnel. The types of macroscopic cracks are further
determined by the relative magnitudes of the tensile
and compressive strains.
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(Edited by YANG Hua)

裂隙化类岩材料中两种不同形状开孔周围的应力分布和破坏机理

摘要摘要：：岩体结构的复杂性会导致地下工程在施工过程中的高度不确定性和风险。本研究采用类岩材料

室内试验和二维颗粒流数值模拟相结合的方式，分别研究了四心圆形隧道和马蹄形隧道周围的主应力

和主应变分布。数值结果表明，既有的裂隙倾角组合直接影响隧道周围的主应力、主应变分布和破坏

特征。预裂隙的倾角绝对值越大，两类隧洞均在拱腰(M-4和M-5)附近的挤压劈裂破碎程度逐渐加剧，

“V”形破坏区也越大。随着预裂隙倾角绝对值的减小(60°→45°→30°)，预裂隙的侧壁压应力集中程度

逐渐增加。四心圆形隧道和马蹄形隧道周围产生的裂缝类型不同。当裂隙近于垂直时，对四心圆形隧

洞侧壁受力影响较大；而当裂隙近于水平时，对马蹄形隧洞边墙受力影响较大。以上发现，为隧道支

护结构的局部加固设计提供了理论支持。

关键词关键词：：隧洞；裂隙化类岩材料；二维颗粒流；裂纹起裂；应力分布

中文导读中文导读

1932


