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Abstract

The Muzhailing tunnel is located in the plateau and mountainous areas. Under the combined action of strong earthquakes,
large fault zones and dense and huge tectonic stresses, the weak surrounding rock of the tunnel is usually fissured. Repeated,
irregular and asymmetric large deformation and damage accidents often occur during the construction process. To explore
the asymmetric large deformation and failure characteristics of the surrounding rock caused by asymmetric stress, this paper
considers the equal straight wall arch tunnel as the research object and explores the deformation mechanism of a carbonaceous
slate tunnel under asymmetric stress by applying the physical model experiment. Initially, based on the actual geometric
characteristics, spatial distribution characteristics and engineering geological conditions of the tunnel, the optimal similar-
ity ratio is determined, and the tunnel physical model under asymmetric stress is established. Afterward, by analyzing the
variation laws of displacement, surrounding rock strain anchor cable axial force under asymmetric load, the deformation
mechanism of the tunnel surrounded by carbonaceous slate under asymmetric load is revealed. The influence mechanism and
control countermeasures of asymmetric stress on the tunnel surrounded by carbonaceous slate are explored by integrating
the macro failure characteristics and failure forms of the tunnel. Finally, the 1G-NPR anchor cable characterized by constant
resistance and large deformation with a negative Poisson's ratio and the 2G-NPR bolts with long and short combination sup-
port are selected to propose control measures for carbonaceous slate tunnels affected by asymmetric stress. The asymmetric
support measures are verified by on-site support tools. The research results indicate that with the loading of asymmetrical
stress, obvious asymmetrical deformation occurs in the carbonaceous slate tunnel model due to stress concentration, such as
bending deformation, block falling and surface peeling of the sidewall and the bottom. The deformation can be effectively
controlled by a combination of long and short bolts and cables, which provides a theoretical basis and practical guidance for
the design of tunnel asymmetric support with a similar engineering background.
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Highlights

e The failure in the study area represents a parallel or small angle oblique fault mode, leading to severe, non-uniform pres-

sure failure.

e The sudden increase of the axial force of the monitoring anchor bolt can be used as a monitoring and early warning tool

for detecting tunnel deformations.

e The effect of 2G-NPR large deformation bolt support in controlling asymmetric large deformation failure of tunnel is

verified on the geomechanical model experiment and field.

Keywords Asymmetric deformation - Soft rock tunnel - Physical model experiment - Fault structure - 2G-NPR bolt

1 Introduction

During the construction and operation stages of tunnels built
in China and abroad, it is usually difficult to predict and
control the large asymmetric deformation of the tunnel sur-
rounding rock mass. This has attracted considerable atten-
tion from researchers working in this field. Unpredictable
asymmetric damage disasters are frequently encountered
during the construction, operation, and maintenance stages,
which are caused by several factors, such as the manual
excavation deflection of the soft rock in tunnels (Grew 1974,
Zheng et al. 2022), the extrusion rock mass deformation
(Aydan et al. 1993; Zhang et al. 2012), the landform (Lei
et al. 2015), the lithology of the surrounding rock mass, the
structural and the various comprehensive asymmetric defor-
mations during the operation and maintenance stages (Liu
et al. 2022; Sun et al. 2019). If the surrounding rock mass of
the tunnel is deformed and damaged asymmetrically, it will
critically endanger the safety and regular use of the tunnel.

This asymmetric failure problem has sparked great
interest for national and foreign researchers. The mechani-
cal properties of the underground cavern structure and the
asymmetric large deformation failure mechanism of the sur-
rounding rock mass and the tunnel excavation are studied by
applying theoretical research, physical simulation experi-
ments, and numerical simulations. Vitali et al. (2019) stud-
ied the axial displacement and the axial shear stress under
the action of the far-field shear stress and concluded that
the analytical solutions of the principal stress on the elastic
foundation are inconsistent with the shallow buried tunnel.
Chen et al. (2019) and Yang et al. (2017) analyzed the influ-
ence of the shear coupling effect between the layered soft
rock and the joint plane. In addition, they investigated the
interaction of parallel joints on the mechanical behavior of
the jointed rock mass model through the asymmetric defor-
mation of the surrounding rock mass and the cracking of
the secondary lining. Xiong et al. (2020) and Zhang et al.
(2020) examined the asymmetric characteristics of the road-
way top, floor, and the left and right sides by combining
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theoretical analysis and numerical simulations according to
the asymmetric deformation and failure characteristics of
the roadway surrounding rock mass in the mining area. The
obvious asymmetric deformation during the tunnel exca-
vation process was studied using the physical model test,
and its failure mechanism and mechanical properties, such
as the bottom drum, were analyzed (Sun et al. 2017, 2018;
Yang et al. 2018; Guo et al. 2021; Zheng et al. 2022). Lin
et al. (2018) studied the asymmetric deformation and the
cracking characteristics of dam abutment using three model
tests of the Jinping arch dam. Zheng et al. (2021) applied
the geomechanical model test and the numerical analysis
to study the mechanical properties of the middle soil pillar
(MSP) soil column between asymmetric dense parallel tun-
nels. The results indicate that the final damage mode of the
MSP is asymmetric. Liu al. (2021) investigated the scale
test of different bias voltages, the lining crack evolution pro-
cess, and the cracking mechanism caused by bias voltage
by XFEM. To research the asymmetry of the supporting
structure caused by the local topography and the bedding
structure during construction. Chen al. (2020) and Peng al.
(2021) studied the asymmetric instability of kilometers deep
roadway with different lithologies using the acoustic emis-
sion signal of the in-situ rock and the three-dimensional in-
situ stress. In addition, they examined the shallow tunnel, the
soft rocks, the landslide sediments passing through the fault
zone, and the deep tunnel passing through the soft and the
hard rocks. To clarify the damage caused by the large defor-
mation of the surrounding rock mass to the underground
caverns, Chen et al. (2020a, b) and Yu et al. (2020) proposed
strengthening the stability of the roadway surrounding rock
mass with the constant resistance large deformation bolt
(CRLB), while Tao et al. (2021) suggested using the NPR
anchor cable to prevent the large-scale overturning instabil-
ity failure of the layered upward slope.

In the study of the asymmetric failure mechanism of
tunnel surrounding rock, Chen (1982) found that the large
deformation of roadway surrounding rock is closely related
to the complicated geological structure. Aydan et al. (1993)
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investigated rock squeezing tunnels in Japan and found that
the extrusion deformation of roadway surrounding rock was
slow and gradual. Wang et al. (2009) studied the Wushaoling
tunnel in China and concluded that stress-induced dilatancy
of surrounding rocks led to the deformation. Zhao et al.
(2019) studied the degradation, softening, and expansion
of carbonaceous slate resulting from groundwater during
construction, caused large deformation failure in the bottom
structure of the carbonaceous slate tunnel directly. Guo et al.
(2021) analyzed the large deformation failure of the layered
tunnel in Minxian county with the help of the geomechanical
Model Experiment. The available literature on the asymmet-
ric failure mechanism of tunnel surrounding rock primarily
focuses on the impact of shallow tunnel conditions (such as
topography, landform, and disturbance) and the physical and
mechanical parameters of surrounding rock lithology (such
as the influence of groundwater on soft rock).

Limiting large asymmetric deformation and ensuring the
safety and stability of the tunnel is a research topic worthy of
attention researchers. Lei et al. (2015) studied the variation law
and failure mechanism of surrounding rock stress of shallow
buried tunnels under asymmetric load. They proposed that tar-
geted support measures should be taken by closely monitoring
the development of the morphological characteristics of the
lining structure during tunnel construction. Hu et al. (2020)
studied the shield tunnel passing through the jointed rock mass.
To limit the asymmetric deformation of jointed rock mass, the
method of adding anchor cable and reinforcing grouting was
proposed. Qi et al. (2020) put forward the control method of
strengthening asymmetric coupling support for asymmetric
problems. Wu et al. (2020) used long anchor cables to restrain
the serious asymmetric deformation of the roadway and uti-
lized short cables and closed U-shaped steel to improve the
in-situ stress state of the roadway caused by mining. Ta et al.
(2021) proposed a collaborative control technology of roof
cutting for pressure relief and support strengthening based on
the asymmetric deformation mechanism of the coal mining
roadway. Chen et al. (2021) studied the influencing factors
of asymmetric deformation of surrounding rock in the deep
roadway and adjusted the surface deformation of surround-
ing rock by improving the closed support scheme to make
the asymmetric deformation close to the symmetrical distribu-
tion. Xu et al. (2021) put forward a control strategy based on
asymmetric high prestressed truss anchor cable to address the
asymmetric deformation of surrounding rock caused by strong
mining. Although there has been no significant advancement
in new support materials, the traditional bolt/cable support
system is still used for asymmetric support. Under the influ-
ence of macrostructure and strength parameters of surrounding
rock, there is still a lot of research space for the new bolt cable
support system with asymmetric failure.

By selecting the ventilation duct of the Muzhailing tunnel
2# inclined shaft as the study area, this paper proposes the

physical model of the tunnel surrounded by carbonaceous
slate based on the similarity theory. Besides, it carries out
the physical model test of the single-side fault tunnel under
asymmetric stress. This paper reveals the deformation mech-
anism of the carbonaceous slate surrounding the rock tun-
nel under asymmetric load by analyzing the variation laws
of displacement, surrounding rock stress, and anchor cable
axial force under asymmetric load. In addition, by combin-
ing the obtained data with the macro failure characteristics
and the failure forms of the tunnel, this paper explores the
influence mechanism and the control countermeasures of
asymmetric stress on the tunnel surrounded by a carbona-
ceous slate. In addition, it verifies the asymmetric support
countermeasures by field application to provide a theoreti-
cal basis and practical guidance for designing asymmetric
support for tunnels with a similar engineering background.

2 Geological Engineering Conditions
2.1 Formation Lithology and Geological Structure

The primary lithology of the tunnel surrounding rock mass
is represented by a moderately weathered carbonaceous slate
characterized by horizontal stratification. The thickness of
the slate beds varies between 4 and 20 cm. The dip angle is
affected by the structural fault zone. During the sampling
process, the surrounding rock was identified as highly frag-
mented and belonged to the class V type surrounding rock.
In addition, under the influence of strong active faults, the
fault phenomenon is further intensified to form the influence
area of the fault fracture zone (Fig. 1).

The Muzhailing 2# inclined shaft tunnel is located at
the intersection of multiple active tectonic plates and is
characterized by strong seismic activity (Fig. 2). The fault
structural zones are dense and large, while the small faults
are staggered. The small fault fracture zones are clustered,
and the influence range of the fault zones is wide. The self-
stability ability of the surrounding rock is poor. Due to the
combined action of the Himalayan movement and the Yan-
shan paleo movement, a unique geological environment was
created. The surrounding rock mass of the tunnel is rep-
resented by carbonaceous slates and weathered sandstones
with intercalations of carbonaceous slates. Occasionally,
strongly weathered sandstones can be distinguished among
the predominant lithologies.

2.2 Initial In-Situ Stress
The construction orientations show the NWW and EW, and
the maximum principal stress is the NNE orientation. The

maximum horizontal principal stress is greater than the
minimum horizontal principal stress, and both are higher
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than the vertical stress. After performing the calculations,
the ratio between the rock uniaxial compressive strength to
the maximum in-situ stress is less than 4, as indicated in
Table 1. The in-situ stress in this area can be attributed to
the extra high ground stress category.

2.3 Physical and Mechanical Properties
of the Surrounding Rock

The SC-300 automatic coring machine was utilized to
process the standard specimen of the carbonaceous slate
sample, while the uniaxial compressive strength and vari-
ous physical parameters were measured using the 2000 kN
indoor uniaxial triaxial system. The results of the uniaxial
compression test are shown in Table 2.

Low strength, strong expansibility, and easy deforma-
tion define the surrounding rock. The development of the
surrounding rock joints is irregular, and the degree of frag-
mentation is high. The strength of the specimens selected
for analyses is high, resulting in 4 groups of splitting
failure and a group of shear failure. However, the actual
situation should be that most of them are characterized
by shear failure. By analyzing the microstructure features
(Fig. 3), it must be considered that the microstructure
plane also presents a thin layer, indicating a good “self-
similar characteristic”.

3 Geomechanical Model Tests

3.1 Similar Simulation Parameter Design
and Material Test

3.1.1 Parameter Test of the Carbonaceous Slate
and Simulation Material

This study considers the left air duct section of the Muzhail-
ing tunnel 2# inclined shaft as the research object. The shape
of the tunnel is a straight wall circular arch. The widest part

Borehole S-SKO05
K218+400

Entrance

Moderately weathered

Weathered silty
carbonaceous slate

sandstone
Entrance slope
debris

=—— "\ Fault
/fracture zone

Fig. 1 Schematic diagram of the 2# inclined shaft crossing the rock
strata

of the tunnel is 7756 mm, the height is 8090 mm, and the
radius of the circular arch is 4000 mm. The bedding angle
of the rock mass varies between 0 and 30°. Multiple hori-
zontally stratified rock layers represent geological succes-
sion. The surrounding rock is classified as grade V engineer-
ing rock mass. The predominant lithology is a moderately
weathered carbonaceous slate with rare intercalations of
strongly weathered sandstone. Its structure is characterized
by a lamellar structure with high joint development, as illus-
trated in Fig. 4.

According to the similarity theory, the geometric similar-
ity constant is 26, and the density similarity ratio is 0.57.
Therefore, the thickness of the slate model will be controlled
by 1.5-10 mm. The physical and mechanical properties of
the surrounding rock prototype are indicated in Table 3.

The primary preparation materials are river sand, barite
powder, gypsum, and water. The mix proportion is illus-
trated in Table 4. Indoor uniaxial compressive strength
tests were performed on each sample to obtain the uniaxial
compressive strength curve, as shown in Fig. 5.

3.1.2 Experiment on the Mechanical Properties of the NPR
Simulated Materials

This experiment selects the 1G-NPR anchor cable and the
2G-NPR bolt as new support materials. Figure 6 illustrates
the support working principle of the 1G-NPR anchor cable
and the 2G-NPR bolt. The working principle of the 1G-NPR
anchor cable primarily depends on the movement of the

Cluster medium fault

In-situ stress test depth

Large fracture zone

Fig.2 Geological section of the Muzhailing tunnel
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Table 1 Ratio of in-situ stress and R, for the Muzhailing tunnel

No Test depth (m) Sy /MPa Rc / MPa R: / MPa

1 250 11.37 20-30 1.76-2.64
2 270 12.14 20-30 1.65-2.47
3 300 11.37 20-30 1.76-2.64
4 320 14.93 20-30 1.34-2.01
5 365 14.84 20-30 1.35-2.02
6 370 12.98 20-30 1.11-1.67
7 397 16.28 20-30 1.23-1.84
8 427 18.76 20-30 1.07-1.60

constant resistance body to obtain the negative Poisson’s ratio
effect in the macro dimension of the structure. The 2G-NPR
bolt is uniformly deformed by the tension of its material and
can withstand significant deformations. When the deforma-
tion of the surrounding rock reaches the limit value, the load
it bears is lower than its limit bearing capacity to achieve the
final stable support. During the tension process, the Poisson
ratio is small, and there is no yield platform. The strain value
is not less than 0.2, with high strength, tensile fracture, and
no noticeable necking effect. It can be observed from Fig. 7
that the static tensile curve of the 2G-NPR bolt includes the
elastic deformation period, the constant resistance stage, and
the failure stage, while the static tensile curve of the 1G-NPR
anchor cable contains the elastic deformation period, the plas-
tic strengthening stage and the failure stage. The remarkable
feature is that the area surrounded under all tensile curves has
arectangular or approximately rectangular shape. This study
uses the micro bolt model with the same working principle
and tensile characteristics as the 2G-NPR bolt to support the
experimental model. According to the load similarity ratio
Cpr=C pC? =0.57%26° ~ 10,000, aluminum wire, iron wire,
tin wire, and other simulated materials were selected for the
tensile test. Based on the geometric and mechanical similar-
ity, the solder wire with a diameter of 1.2 mm and a length
of 150 mm is selected to simulate the 2G-NPR anchor rod
with a length of 3900 mm and a breaking force of 230 kN.
The solder wire with a diameter of 1.8 mm and a length of
300 mm is chosen to imitate the 1G-NPR anchor cable with a
length of 7800 mm and a constant resistance force of 350 kN.

3.2 Principle of the Experimental System
and the Monitoring Equipment

The asymmetric stress application device is designed and
manufactured based on the static vector synthesis principle
(Fig. 8) to carry out the asymmetric stress release simula-
tion similar to the prototype engineering case. In addition,
the application device is tightly fixed in the upper right
corner of the model loading frame through rigid bolts.
The device is made of high-strength steel assembled by

Table 2 Results of the uniaxial compression test

Failure characteristics

Uniaxial compressive Average value

Average value y

Poisson's ratio y

Modulus of elasticity ~ Average value/GPa

E/GPa

No

/MPa

strength o /MPa

Split

74.0

74.8

0.154

0.15
0.18
0.16
0.13
0.15

11.22

11.5
10.8

S1

Shear

76.9

S2

Split

72.1

12.1

S3

Split

75.2

10.5

S4

Split

71.0

11.2

S5
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Fig.3 Self-similarity of the
micro-thin layer structure

High-resolution scanning electron

microscope image#1 (500X)

indicates the fractal

characterization of the rock

structure

Fig.4 Geometric similarity
model

(a) Tunnel support surface

welding, and its shape is an isosceles right-angled trian-
gle. Its upper part is connected to the steel column heads
of the first two groups of loaders from right to left with
U-shaped bolts. Six steel rollers are installed on the right
side and closely fit with the first two groups of steel col-
umn heads of the right loading frame through the steel
backing plate. The four groups of hydraulic column heads

Sampled rock
specimen

500X scanning electron microscope
image 2#

(b) Tunnel model to be excavated

at the upper right corner slowly extend when the load is
applied through the high-precision static servo-hydraulic
console. When the inclined edge of the loading device is
about to contact the model body, the inclined edge base
plate is added to increase the contact area to prevent the
steel frame from penetrating the soft model body. The
static force is transmitted through the loading device to

Table 3 Physical and

. Main lithology Uniaxial compressive Poisson’s ratio u Gravity y Modulus of
mechanical parameters of the strength/MPa /kN/m? elasticity E/
prototype and model GPa

Carbonaceous slate 29-29.5 0.154 26.85 11.22
Similar model materials 1.96-2.02 0.154 15.30 0.757
Table 4 Ratio of similar simulated materials for the surrounding rock
Sample no  Total mass’kg  River sand/kg  Barite powder/kg  Gypsum/kg  water/kg  Forming state  Simulated material
Sample 1 1.00 0.200 0.550 0.130 0.120 Forming Surrounding rock
Sample 2 1.00 0.180 0.570 0.130 0.120 Forming Surrounding rock
Sample 3 1.05 0.155 0.600 0.140 0.110 Forming Initial shotcrete C25
Sample 4 1.02 0.142 0.600 0.150 0.110 Forming Secondary lining concrete C30
Sample 5 1.02 0.180 0.600 0.142 0.098 Unformed /
Sample 6 1.00 0.190 0.600 0.140 0.070 Unformed /
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Fig.5 Uniaxial compressive 20
strength experiments on the ’
simulated materials I8F===========""""77
W6 N\ __
14
g 12
2
Z 10
a
08 -
0.6 -
Sample 1
| Sample 2
04 Sample 3
Sample 4
02 |
0.0 1 1 1 1 1 1 1
0.0 05 1.0 15 20 25 3.0 3.5 40

(a) Uniaxial compression system

realize the asymmetric static force application using the
application and synthesis of the upper and the right pres-
sure. Simultaneously, the displacement and deformation of
the surrounding rock are collected by the digital speckle
displacement and deformation field test system.

3.3 Experimental Scheme

A BW resistance strain earth pressure sensor and a BF120-
3BA biaxial right angle strain rosette are used for the
monitoring process. The design of monitoring points is
illustrated in Fig. 9. The anchor/cable is used as the sup-
port mechanism to study the failure of the model during
the support state. At the same time, the anchor cable is
required to have control and monitoring characteristics.
AC1, AC3, and ACS5 with a length of 300 mm are consid-
ered 1G-NPR anchor cables, while the others with a length

Fig.6 Working principle of
the anchor cable with constant
resistance gmm---

Anchorage section

Anchor
cable

Constant
resistance
section

(a) 1G-NPR anchor cable support principle

Strain (*E-03)

(b) The obtained stress-strain curves

of 150 mm are 2G-NPR bolts. The support monitoring
scheme is shown in Fig. 10.

The hydraulic device is loaded with simulated confin-
ing pressure in this model test. The maximum vertical in-
situ stress of the buried depth can reach 12.50 MPa, while
the maximum horizontal principal stress is 21.00 MPa. The
stress similarity ratio of the test model is 15, the vertical load
18 0.83 MPa, and the horizontal load is 1.40 MPa. The initial
asymmetric load is equal to 2.0 MPa and gradually increases
until it reaches the overload failure state. Load application
parameters are indicated in Table 5.

The stress loading path of this test can be divided into
three stages: (1) load the vertical and the horizontal stress
to the initial stress state, (2) stabilize the existing pressure,
excavate the tunnel according to the preset excavation line
through a one-time excavation procedure of the whole sec-
tion, and add an anchor bolt/anchor cable and lining sup-
port after clearing the sundries, (3) asymmetric stress is
applied to the model failure, as illustrated in Fig. 11. Stage

Anchorage section

Sleeve

(b) 2G-NPR bolt support principle
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' 300
500 o aanchor cable') —— 2G-NPR Bolt 1
—— 1G-] anchor cable-
—— 2G-NPR Bolt 2
— 1G-NPR anchor cable-3
150 ~— 1G-NPR anchor cable-4 250 2G-NPR Bolt 3
~— 1G-NPR anchor cable-5
400
Z g W
£ £
g = 150 F
=
; 2
8 E
100 |-
50
L L L L L L L L | 0 L ! ! ! L |
100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350

Deformation Value /mm

(a) Static tensile curve of the 1G-NPR anchor cable

Fig. 7 Mechanical characteristics of the anchor cable/bolt

A represents the excavation stage, and stage B is the stage,
where asymmetrical stress is implemented. (Note: the verti-
cal stress curve coincides with the horizontal stress curve
before the 0—80 min time interval).

4 Results
4.1 Macroscopic Deformation Characteristics
The entire loading process is divided into three stages, and

the macro failure characteristics of each loading stage are
illustrated in Fig. 12.

Speckle surface
to be measured

Cold light source

Image data

CCD camera

processing system

Deformation Value /mm

(b) Static tensile curve of the 2G-NPR bolt

Initially, the unit plates were preloaded so that they were
compacted and stable for 20 min after each loading stage.
The deformation of the surrounding rock near the cavern is
shown in Fig. 12 (stage A). A few tension cracks appeared
in the unit plate when the load reached the A4 stage.

After that, during the stage B loading process, the stable
pressure was maintained horizontally and vertically, and a
rapid one-time full-face excavation was carried out. The
deformation of the cavern is illustrated in Fig. 12 (stage
B). Figure 12d indicates the moment after the excava-
tion is completed. At this time, the roof had a large tensile
crack (1.6 mm width) on one side of the free face of the
arch crown due to excavation, accompanied by a collapse
trend, and there was no obvious deformation on the left and
the right sides. Figure 12e shows that when the excavation

Hydraulic device
U-bolt

USteel base plate

Fig.8 Speckle test system components and the non-uniform stress application device
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is stable at the 140 min mark, the tension crack begins to
expand and leads to the falling of the local roof. The inward
horizontal sliding occurred at the free surfaces of the two
sides, and most of the unit plates were accompanied by an
outward extension trend. Figure 12f indicates that after the
bolt/cable support and the lining, a small amount of falling
debris appears on the arch crown at the 160 min mark, and
no evident deformation continued to occur in other areas.
A relatively stable state characterizes the surrounding rock
during the entire process.

Ring sensor

e T T SIS S S -
! 1
1 !
1 1
1 !
1 i
) ]
1 T
1 ]
1 T
1 1
1 T
1 1
* b
1 T
1 1
1 '
1 T
1 )
t )
1 1
1 !
1 ]
1 ]
1 i
L B >

(a) Strain monitoring point diagram

When the loading stage reaches stage C, the horizontal
and vertical pressure stabilization state is extended, the
pressure of the loading device is adjusted, the asymmetric
external load is applied, and the deformation process of the
cavern in the characteristic period of stage C is recorded
(Fig. 12).

When the applied asymmetric load reaches 1.6 MPa, the
tunnel maintains the phase B shape for 160 min without suf-
fering any damage. The primary anomaly is that loud noise
is produced. The actual situation should be that individual

Earth pressure box

(b) Earth pressure monitoring points diagram

Fig.9 Tensile pressure and the strain monitoring system

(a) Axonometric drawing of anchor cable support

Fig. 10 Anchor cable model support design

AC3

AC4 AC2

AC5V{ \VAC1

ACE—l o JlACT

ACT AC10

AC8 AC9

(b) Front view of anchor cable support design
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Table 5 Stress simulation parameters

Stress category Vertical stress/ Horizontal Asymmet-
MPa stress/MPa ric stress/
MPa
Prototype stress 12.50 21.00 30.00
Model stress 0.83 1.40 2.00

4.8 - Stage A:Initial Stress

Horizontal Stress
Vertical Stress
Asymmetric Stress

4.4 | Stage B:Excavate

4.0

Stage C: Asymmetric stress

3.6

32 L Stage A Stage B

28
24

Stress /MPa

20
1.6

0.8

04

0.0 PR R S S W T T S S S S S S R
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Time /min

Fig. 11 Three parts of the loading process

plates in the model break and fly dust appear simultaneously.
When the applied load reaches 2.0 MPa, i.e., the process is at
the 180 min mark in the C2 period, the surrounding rock in
the upper right side of the cavern is bent and deformed, and
the overall average surrounding rock settlement is measured
manually as 6 mm. The rock stratum is broken and bulged
with fragments on the right side of the cavern, while the
right arch and the sidewall are cracked. The cracks repre-
sent the internal spalling caused by the expansion of tension
cracks, and there are micro-cracks on the left side of the bot-
tom plate, which tend to bulge upward. The whole model is
in a critically unstable state. When the applied load reaches
2.4 MPa, when the process is at the 200 min mark in the C3
period, the overall shape does not change. When the applied
load reaches 2.8 MPa, that is, the process is at the 220 min
mark in the C4 period, the bending deformation of the sur-
rounding rock in the upper right area of the cavern is intensi-
fied, and the average manually measured value of the settle-
ment is 9 mm. In addition, significant spalling failure occurs
at the vault, the surrounding overlying rock is separated,
several tension cracks appear, multiple roof collapses occur,
and the vault and right arch waist have an offset of 5-7 mm
from the original contour line. The cracks at the left arch
waist and the right arch foot of the tunnel gradually develop
and have a continuously increasing trend. At this stage,

@ Springer

there is an obvious bottom bulge phenomenon. According
to the division of the tunnel center line, it can be inferred
that there is an obvious bias deformation on the right side,
mainly manifested by asymmetric crack distribution and
block falling. When the applied load reaches 3.2 MPa, i.e.,
at the 240-260 min mark in the C5 period, the average defor-
mation of the surrounding rock in the upper right side of the
cavern reaches 15 mm, and the spalling failure at the vault
is intensified. At the same time, the vault has a horizontal
dislocation, and the left and right-side walls shrink inward.
In contrast, the right-side wall and arch waist have more pro-
nounced asymmetric deformations, the convergence on the
right side of the cavern is significantly higher than on the left
side, and distinct unilateral settlement occurs. The manually
measured value of the deformation is 13 mm. When the roof
and the floor are damaged, it is observed that the deep sur-
rounding rock of the upper and lower free faces is also dam-
aged in the same direction. The bottom heave is seriously
damaged at this phase, and the manually measured value
is 13 mm. When the applied load reaches 3.6 to 4.0 MPa,
severe damage causes the model body to lose its integrity,
and an overall collapse occurs.

The analysis indicates that an asymmetric deformation
field is generated around the model cavern with the applica-
tion of asymmetric stress. Initially, the inward sliding of the
surrounding rock is generated at one sidewall. Afterward, a
tension crack appears on the roof. With the increase of the
tension failure on the inner side of the free face, the deflec-
tion deformation failure of the roof occurs at the maximum
deflection, and the failure area is close to the left side of
the cavern. The damage degree of the floor heave is more
severe than the roof. First, the floor fracture causes the chain
arching of the lower surrounding rock and finally causes
the damage of the floor heave to become more significant.
With the load increase, the tunnel displays split deforma-
tion along the left side of the arch crown and failure of the
floor heave. In addition, the deformation on the right side
increases, resulting in asymmetric deformation.

In this experiment, the damage evolution process of
cracks is primarily represented by the crack incubation stage,
the crack propagation stage, and the crack penetration stage,
as illustrated in Fig. 13.

Crack incubation stage: before applying asymmetric
stress, the cracks in the model body are predominantly unit
plate arrangement cracks in the initial construction period.
With the subsequent compaction and excavation processes,
the number of cracks decreases, while material fractures
gradually appear, represented by the crack incubation at the
top and the bottom plate. It is mainly the micro crack caused
by flexural deformation. The width measured by the feeler
gauge is generally 0.05 mm and 0.1 mm, primarily concen-
trated near the tunnel chamber.
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Fig. 12 Deformation process
of the surrounding rock in the
loading stage
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Crack propagation stage: it generally happens at the
beginning of the C2 stage, and the small cracks develop into
wide cracks. When the crack is created, the stress initially
borne by a layer of crack is not in contact, and the stress bal-
ance state of the nearby element suddenly changes, resulting
in the local ejection fracture of the crack and the secondary
fracture of the nearby element plate. The crack width ranges
from 1 to 2 mm.

The fracture connectivity stage in the high-density area
primarily occurs in the C6 and subsequent stages. Due to
the increase of stress, the crack propagates and loosens the
whole model structure, and the dense crack is the first part
of the penetration region. The connected cracks frequently
form a large cavity, resulting in local crushing and silty dam-
age, and finally lead to the collapse of the whole model,
which is mainly concentrated between the upper right part
of the cavern and the asymmetric stress release point.

By recording the crack propagation process during each
stage, it can be observed that the crack propagation mode
represents an approximate circumferential range with the
tunnel as the center point and gradually moves to an ellip-
tical range toward the upper right side, as illustrated in
Fig. 13.

4.2 Displacement Variation Analysis of the Tunnel
The digital image correlation (DIC) processing technol-

ogy was applied to extract the data points from the stage C
instantaneous image of the experimental loading path and
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form the change cloud diagram of the global displacement
field of the surrounding rock at the specific time points. As
indicated in Fig. 14, the horizontal right and the vertical
down are designated as the positive direction. (Note: C2.5X
represents the displacement in the horizontal direction
within the 5 min interval in the C2 stage, and so on).
When the experiment reaches the C2 stage, it is notice-
able that the absolute value of the displacement in the hori-
zontal direction is small, which generally remains around
the 2 mm mark. It happens in such a manner, because, after
applying the horizontal confining pressure and the vertical
confining pressure in the early stage, the model achieves the
preliminary compaction in the horizontal direction, and the
horizontal displacement caused by friction between the unit
plates becomes very limited. At the same time, the vertical
displacement field in this period shows the bottom drum's
emergence or manifestation. The positive and reverse dis-
placement areas are symmetrical around the vertical direc-
tion. The positive displacement area spreads and opens from
the loading area, while the displacement of the surrounding
rock at the bottom plate and the free surface of the bot-
tom plate increases. The bottom drum is about 3 mm at the
20 min mark. At this interval, the damage degree of the sur-
rounding rock is correlated to the occurrence of bottom plate
cracks. When the experiment reaches the C4 stage, the abso-
lute value of the horizontal displacement increases and cor-
responds to an average value of 5 mm. The maximum hori-
zontal displacement is concentrated in the upper area of the
cavern, and the lower area is not affected. Simultaneously,
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Fig. 13 Fracture damage law and crack propagation characteristics
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the vertical displacement increases and reaches an aver-
age value of 12 mm. The maximum bottom drum position
appears in the left part of the middle of the bottom plate,
which is consistent with the measured phenomenon. The
maximum vertical displacement value in the upper right cor-
ner is 24 mm, and the reverse displacement area shifts to the
lower-left corner, which is different from the essential sym-
metry in the C2 stage. At this interval, prominent asymmet-
ric characteristics are visible. When the experiment reaches
the C5 stage, the absolute value of the horizontal displace-
ment increases and reaches an average value of 6 mm. The
overall displacement band shows similar characteristics as
in the C4 stage. The asymmetric phenomenon of the vertical
displacement field intensifies, and the maximum value in the
upper right corner is 28 mm. The peak value of the reverse
displacement at the bottom plate reaches 15 mm and spreads
to the upper left side. At this interval, the large deformation
phenomenon of the measured model is consistent.

By analyzing the previously mentioned data, it can be
concluded that the phenomena of bias deformation, bottom
drum deformation, and unilateral settlement of the model
can be explained by the evolution characteristics of the dis-
placement zone. By selecting the horizontal and the vertical
directions as examples, the displacement zone is divided
into the forward and the reverse displacement zone, that is,
the displacement generated by conforming to or against the
direction of the reaction force application, as illustrated in
Fig. 15.

The horizontal displacement zone is constrained by the
lower right part of the cavern, forming the duality of the dis-
placement zone. The vertical displacement zone is divided
by the axis passing through the cavern and the radial bound-
ary at the upper right corner. The ray of the displacement
zone is symmetrical around the horizontal 30° included
angle at the first quadrant. Due to a large number of sud-
den vibrations in a small area generated by the displacement
zone's upper displacement, the model's damaged parts are
concentrated near the displacement zone.

4.3 Displacement Change Analysis of the Tunnel
Key Points

As indicated in Fig. 16, the characteristic vital points are
selected at the top plate, the bottom plate, the arch waist, and
the sidewall of the tunnel. Full-time displacement monitor-
ing and analysis are carried out, and the two-way displace-
ment loading path curve is obtained.

Figure 16a shows the horizontal displacement moni-
toring curve of the tunnel key points, where the D1-D6
points represent the monitoring points. Since the sur-
rounding rock during the early stage of excavation
(stage B) and the initial confining pressure (stage A)
are relatively stable with practically no displacement,

the asymmetric loading stage during the late stage of
excavation and the subsequent phases are studied. The
displacement of the monitoring points slightly fluctu-
ates due to the redistribution of the surrounding rock
stress during the late stage of excavation before and after
the 160 min mark. When the asymmetric load equal to
1.4 MPa to 1.6 MPa is applied in the C1 stage after the
160 min mark, due to the certain lag of load transmission
to the cavern, at the 170 min mark, the displacement of
each measuring point begins to develop and gradually
widen the gap. Among these, the displacement of the D1
measuring point at the top plate has the fastest variation,
while the D4 measuring point at the bottom plate has the
slowest variation. When the load is applied, all measur-
ing points form negative displacements, i.e., horizontal
right displacement. During the C2-C6 stages, the dis-
placement of the measuring points D1, D2, and D3 are
always synchronized and greater than the displacement
of other measuring points, while the displacement of the
measuring point D4 at the bottom plate always has the
smallest values. This phenomenon generates, because the
unit plate is staggered primarily by the horizontal driv-
ing force, and these three measuring points are located
on the right side of the cavern and are vulnerable to the
effects of thrust forcers. Therefore, the horizontal bound-
ary restriction at the bottom plate leads to the creation of
a small displacement. Each measuring point reaches the
horizontal stable state during the C4—C5 stages. With the
increase of asymmetric pressure during the C6 and C7
stages, each measuring point enters the critically unstable
and complete failure state, and the displacement value
suddenly increases.

Figure 16b indicates the vertical displacement moni-
toring curve of the tunnel key points, where the D1-D6
points represent the monitoring points. When the load is
applied, the displacement of each monitoring point shows
signs of duality. Accordingly, the displacement values of
D1, D2, and D3 are always positive during the C1 stage
and after it, indicating that they always move vertically
downward, while the displacement values of D4, D5,
and D6 are positive before the 195 min and the 210 min
marks. Afterward, the values are negative, indicating that
they always move vertically upward. This phenomenon
occurs when the D1, D2, D3, D4, D5, and D6 points are
located on both sides of the displacement zone. At this
time interval, the deformation process of the correspond-
ing model body is represented by the asymmetric bottom
drum inoculation and the bottom drum deformation. From
the C2 to the C6 stage, the absolute value of the displace-
ment at each point increases with the increasing load, and
the displacement at each point stabilizes after the C4-C5
stages. The sudden increase of the displacement at the D2
measuring point in the final failure stage indicates that the
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(a) Nephogram of horizontal and vertical displacement of the surrounding rock in the C2 stage

(b) Nephogram of transverse and longitudinal displacement of the surrounding rock in the C4 stage

Fig. 14 Cloud map of the surrounding rock displacement field characteristics
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(c) Nephogram of transverse and longitudinal displacement of the surrounding rock in the C5 stage

Fig. 14 (continued)

Fig. 15 Displacement model

deformation of this point has the largest values, because it
is facing the load application area.

4.4 Strain Analysis of the Tunnel Surrounding Rock

The extraction of the strain slice monitoring data gener-
ates the stress field cloud map in the characteristic stage,
which can reflect the stress type of the surrounding rock at
each point. As shown in Fig. 17, the radial strain cloud map

loaded at the C2 and the C4 stages is utilized to characterize
the stress state of the surrounding rock. When the C2 stage
is loaded at the 5 min mark, there is a tensile strain zone at
the bottom plate of the cavern with a maximum peak micro
strain equal to 295 pe, a tensile strain zone above the roof
with a maximum peak strain equal to 185 ue, and a compres-
sive strain zone at the upper right boundary of the surround-
ing rock with a maximum strain equal to 2400 ue, indicating
that the area is in a compressive stress state. When loading
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Fig. 16 Displacement monitoring and analysis of the key points

at the 10 min mark, the range of the deep tensile strain zone
of the surrounding rock near the bottom plate and the roof is
further expanded, and the maximum microstrain is 300 and
230 ue. The tensile strain zone appears on the left and right
sides of the cavern, and the surrounding rock located dis-
tantly from the two sides is in a state of compressive strain.
The compressive strain zone spreads to the cavern’s center,
which tends to surround the tensile strain zone. When the
C2 stage is loaded for 20 min, the compressive strain zone
surrounds the tensile strain zone, and the tensile strain zone
at the bottom plate expands significantly with a peak strain
equal to 395 pe. When the loading continues to the C4 stage
for 5 min, the tensile strain area above the roof accelerates
diagonally upward from the left arch waist of the tunnel,
and the extension direction points to the asymmetric load-
ing side. The tensile peak strain under the floor increases to
870 ue. During the loading process, the tensile strain area
near the roof and the free surface of the floor are gradually
connected. The upper tensile strain area presents an inverted
water drop shape, and the higher tensile strain area at the
floor extends to the free surface. During this period, the bot-
tom plate of the tunnel is subjected to tensile stress, and the
floor heave is separated.

Based on the obtained results, the distribution character-
istics of the strain zone indicate asymmetric characteristics.
The free face of the tunnel is prone to early failure at the area
defined by large tensile strain. Compared to the measured
damage of the model body, it can be observed that the frac-
ture position of the tunnel vault is distributed between the
left arch waist and the vault, which confirms the distribution
characteristics of the strain field.
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4.5 Surrounding Rock Pressure Analysis
of the Tunnel Chamber

The monitoring value of the earth pressure box in the sur-
rounding rock model changes with time, as illustrated in
Fig. 18. Figure 18a shows the earth pressure box monitoring
process in the annular cavern area. It can be observed that
the pressure curve of each measuring point generally pre-
sents a wave shape. Due to the influence of the initial in-situ
stress state during the excavation stage, the balance breaks
apart, so the stress value of each measuring point suddenly
drops after the 160 min excavation mark. The stress drop of
the measuring point above the right arch waist and the roof
is minor. As the loading stage proceeds to the C1-C4 stages,
the earth pressure values of all measuring points except
E1-3 and E1-8 indicate a stepped upward trend. This is
explained by the location of the measuring points E1-3 and
E1-8 in the surrounding rock area of the roof and the floor.
During this interval, the phenomenon of roof subsidence and
floor heave occurs in this area, and the separation of the sur-
rounding rock leads to the continuous decrease of the earth
pressure box value, in which the earth pressure box value at
the floor is close to O MPa. It suggests that the surrounding
rock failure zone at the bottom plate has spread to 150 mm
below the bottom plate. Thus, the surrounding rock failure
leads to the instability of this point and cannot transfer the
load to the stress surface of the earth pressure box. As the
loading continues, the stress at each measuring point begins
to decrease around the 240-260 min mark, while the stress
at the E1-2 measuring point considerably decreases, because
the crack propagation strength of the unit plate continues to
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Fig. 17 Model body strain monitoring and analysis

drop and the force acting on the earth pressure box gradually
decreases with the loading. The points with high-pressure
values in the surrounding area of the tunnel are E1-2, E1-4,
E1-7, and E1-9, respectively. The values of points 2 and 9
are higher than points 4 and 7, implying that the surround-
ing rock pressure on the right side of the tunnel is higher
than on the left side. Figure 18b shows the earth pressure
box monitoring in the asymmetric loading area. The curve
highlights a zigzag trend with a certain degree of similarity
and synchronization. The overall pressure of the measuring
points E2—1, E2-2, and E2-5 is high, because this area is
located close to the uneven pressure release area, far away
from the cavern, and the surrounding rock strength is enor-
mous. With the increase of load, the crack extends to the
depth of the surrounding rock, points E2-3 and E2—4 are
close to the cavern, and the surrounding rock strength is
low. Consequently, the pressure value suddenly drops at the
240 min mark.

After performing the analysis, the earth pressure value
indicates that the cavern's right side is higher than its left
side. In addition, the stress in the asymmetric loading area is
higher than in the ring cavern area and gradually decreases
along the loading direction.

4.6 Axial Force and Deformation Analysis
of the Tunnel Anchor Cable

The axial force of the monitoring anchor cable in the model
experiment is extracted, and the monitoring curve of the
axial force loading stage is created. At the same time, the
displacement and the deformation values of the local meas-
uring points corresponding to the anchor cable anchorage
area are compared and analyzed, as shown in (Fig. 20).
AC1-ACS are the anchor cables in the vault area, and
AC6-ACI11 is the sidewall anchor cables. AC1, AC3, and
ACS serve as the long anchor cables. D1X represents the
deformation of the anchor points in the vault area in the
horizontal direction.

Figure 19a shows that the axial force of each monitoring
anchor cable in the vault area generally is a steady step-by-
step upward trend. Simultaneously, a zoning phenomenon
occurs, which means that the axial force of the monitoring
anchor cables AC1 and AC3 is synchronous and reaches the
constant resistance value in the terminal part of the loading
stage. In contrast, the axial force of the other anchor cables
is asynchronous and does not reach the constant resistance
value. This is because the monitoring anchor cables AC1
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(a) Earth pressure in the annular cavern area

Fig. 18 Earth pressure monitoring and analysis

and AC3 are located in the cavern's middle and right sides
and are exposed to asymmetric stress. The surrounding rock
in the anchorage range deforms horizontally to the left and
vertically downward. The long anchor cable stabilizes the
deep surrounding rock and bears a large tension to lock the
surrounding rock. Since the anchor cables, AC2 and AC4,
are in the gap of the long anchor cable, the stress is shared
by the adjacent long anchor cable, which generates a small
axial force. In combination with the deformation state of
the anchor point at the top plate and the arch waist, it can be
observed that the deformation of the anchor point is greatly
intensified before and after the 220 min mark. At the same
time, the axial force curve of each monitoring anchor cable
is accelerated, and then the rising speed of the axial force
returns to normal until it is in a stable state.

The axial force of the monitoring anchor cable on the
two sides also suggests an upward trend, as illustrated in
(Fig. 19b). The axial forces of AC9 and AC10 are synchro-
nous before the 220 min mark, and the axial force of AC10
disappears after the 220 min mark. The fragmentation of the
unit plate explains this at the anchor point and the inability
to fix the monitoring sensor continuously. The anchor cable
AC9 reaches the constant resistance value, while the remain-
ing anchor cables do not reach this value. The deformation
of the anchor point accelerates around the 200 min mark.
During this period, the axial force curve accelerates at vary-
ing degrees, and the rising speed recovers until it is stable.

The obtained results revealed that the monitoring anchor
cable in this experiment did not break. The whole load-
ing process accompanies the axial force monitoring curve,
which often increases abruptly when the model body
begins to deform. Therefore, it can be demonstrated that the
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(b) Earth pressure in the asymmetric loading area

monitoring anchor cable can undertake tunnel deformation
monitoring and early warning functions. After the sudden
increase of the axial force, the deformation of the anchor
point converges and stops growing. At this interval, the axial
force of the anchor cable transits from slow growth to a sta-
ble state. It proves that the 2G-NPR bolt has energy absorp-
tion and buffer characteristics, does not break itself during
the process of following the deformation of the surrounding
rock, and remains intact when subjected to complex shear
action in the surrounding rock deformation. Thus, it accom-
plishes the integration of support and monitoring.

5 Field Application
5.1 Field Monitoring Equipment

The displacement sensor set on the test site measures the
deformation of the surrounding rock. The axial force sensor
of the NPR anchor cable is utilized to monitor the supporting
load of the anchor cable on the rock wall under the work-
ing state. The axial force sensor is installed between the
anchor cable tray and the fastening nut. When the force of
the anchor cable changes, the force on the axial force sensor
between the anchor cable tray and the fastening nut changes
correspondingly, causing fiber Bragg grating wavelength
change. The pressure change on the anchor cable can be
converted by detecting the fiber Bragg grating signal proces-
sor, as shown in (Fig. 20).

The NPR anchor bolts/cables field test is conducted at
mileage stake YK219 4+ 504-520 of the Muzhailing tunnel.
The material specifications consist of the 1G-NPR anchor
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Fig. 19 Axial force of the anchor cable and the tunnel deformation

cable with a 21.8 mm diameter for the long anchor cable
and the 2G-NPR anchor bolt with an 18 mm diameter for
the short anchor bolt. The main test processes are illustrated
in (Fig. 21). The test layout process requires a short time,
the timeliness of construction is good, and the preload of a
21.8 mm diameter 1G-NPR anchor cable is 350 kN, and an
18 mm diameter 2G-NPR anchor bolt is 280 kN.

The combined support of the 1G-NPR anchor cable/2G-
NPR anchor bolt has achieved favorable control measures
of asymmetric large deformation disasters, as shown in
(Fig. 22a).

At the same time, the early warning and monitoring
equipment is used to monitor the real-time displacement of
the critical parts. The convergence of the engineering rock
mass after NPR anchor cable support on the project site
shows stabilization characteristics in approximately 25 days.

Among them, the displacement of the left shoulder and the
vault is large, the other parts are small, and the maximum
displacement does not exceed 220 mm and is always below
the preset deformation value of 500 mm (Fig. 22b, ¢). In the
experimental model from this study, when the asymmetric
seismic damage load is continuously increased, the peak
deformation of the surrounding rock under extremely high
seismic damage conditions for the C2, C4 to C5 stages is 7,
12, and 13.3 mm, respectively. It is converted into 186.2,
319, and 345.8 mm, respectively, by applying the similar-
ity ratio. The process is below the preset deformation value
of 500 mm, indicating that the combined support of the
1G-NPR anchor cable/2G-NPR anchor bolt can demonstrate
good energy absorption and extension characteristics under
high and extremely asymmetric stress. The deformation of
the surrounding rock can be controlled within a safe range.

@ Springer



7606

X.Yang et al.

Load sensor Displacement sensor

Fig. 20 Field sensor layout

Figure 22d indicates the stress of the anchor cable at
the left and right spandrels of the Muzhailing 2# inclined
shaft section. When the NPR anchor cable is installed, the
force of the anchor cable on the surrounding rock after the
arrangement is 290-305 kN due to the loss of preload. With
the increase of surrounding rock deformation, the stress on
the anchor cable increases. At first, the stress on the anchor
cable is linear with the observation time. After reaching
its constant resistance value, the stress on the anchor cable
floats between 341 and 365 kN. NPR anchor cable rheostat
plays a good role in controlling the asymmetric deformation
of surrounding rock through an adaptive adjustment with the
surrounding rock.

The geomechanical model experiment and field applica-
tion show that NPR anchor cable has a good constant resist-
ance effect in controlling large asymmetric deformation and

(a) Location

Fig. 21 Stages of the construction process
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(b) Borehole anchorage

good control and early warning effect for unforeseen engi-
neering deformation.

6 Conclusions

Based on the large-scale geomechanical model test of the
Muzhailing tunnel, the damage evolution law, the displace-
ment field, and the strain field of the surrounding rock under
asymmetric load are studied in this paper. According to the
physical model experiment and the field application effect,
the following conclusions can be summarized:

(1) The failure in the study area represents a parallel or
small angle oblique fault mode, leading to severe, non-
uniform pressure failure. The upper right corner of the
surrounding rock plastic zone indicates that the exten-
sion line is parallel to the fault plane, and the extension
direction is related to the stress release angle. With the
fault dip angle increasing, the stress concentration area
on the right side of the surrounding rock moves down-
ward.

(2) The evolution law of surrounding rock cracks is divided
into three stages: incubation, expansion, and overall
connection, and the cracks with a width of more than
2 mm gradually spread from the periphery of the tunnel
to the oval range at the upper right of the surrounding
rock. The displacement field is divided into a positive
and reverse displacement zone distributed along the
connecting line between the tunnel’s left arch waist
and the right arch foot.

(3) The pressure value of the surrounding rock near the
tunnel arch crown and right arch waist was greater than
that on the left side of the tunnel. There was a tensile
strain zone on the bottom plate, and the roof and the
tensile strain zone eventually formed an asymmetric
butterfly range that was symmetrical around the 30°
direction of the first quadrant. The sudden increase

Sl

(c) Axial force sensor installation
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(a) Treatment effect of asymmetric large deformation disaster
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Fig. 22 Support results of the NPR anchor cable
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of the axial force of the monitoring anchor cable was
accompanied by a large deformation of the surround-
ing rock, which can be used as a monitoring and early
warning tool for detecting tunnel deformations.

(4) The geomechanical model experiment and field appli-
cation showed that the anchor cable of the model does
not break during the deformation process of surround-
ing rock, which can effectively control the large defor-
mation of surrounding rock and have a good impedance
energy absorption effect on crack propagation, forming
efficient ductile support under asymmetric load condi-
tions. NPR anchor cable showed a good constant resist-
ance effect in controlling large asymmetric deformation
and had reasonable control and early warning effect for
unforeseen engineering deformation.

This paper primarily studies the deformation and failure
characteristics and the support application of the asymmetric
stress in the lower layer slate tunnel. The deformation law of
symmetric stress in the lower layer slate tunnel needs further
comparative analysis. In addition, the deformation, the fail-
ure, and the support countermeasures of asymmetric stress
under different influencing factors (including rock stratum
angle, lithology, etc.) will be investigated in the future in
combination with the numerical model method.
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