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Abstract

The complex mechanical behaviours of steeply inclined and layered surrounding rock in strong and active fault zones result
in control measures that cannot adapt to asymmetric squeezing tunnel and are still unsolved. Hence, the Yuntunbao Tunnel
was taken as an example to study this issue based on geological survey and indoor and outdoor tests. The results showed
that strong geological structures and abundant groundwater undoubtedly deteriorate the mechanical properties of rocks
containing many water-sensitive minerals, approximately 45%. The stepwise growth of deformation characteristics before
reaching the rock peak strength and the gradient to abrupt failure characteristics after reaching the rock peak strength are
determined via triaxial cyclic and static load tests. According to field test results, the unilateral squeezing deformation is
severe and greater than 1.5 m, the average extent of the excavation loosening zone is approximately 10 m, and the highest
deformation rate reaches 12 cm/d. The gradual and sudden changes in tunnel deformation are demonstrated to be consistent
with the postpeak deformation characteristics of layered rock in indoor tests. Moreover, the steel arch exhibits composite
failure characteristics of bending and torsion. Finally, reliable and practical controlling measures are suggested, including
the optimised three-bench excavation method with reserved core soil, advanced parallel pilot tunnel, long and short rock
bolts, and large lock-foot anchor pipe. Compared with tunnel deformation before taking measures, the maximum con-
vergence deformation is reduced from 2.7 to 0.9 m, and the bearing force of the primary support is also reasonable and
stable.

Keywords Inclined and layered rock - Deformation failure characteristics - Squeezing effect - Cyclic loading and
unloading - Deformation control measures

1 Introduction

The complex and changeable geological environment in
Western China has brought significant challenges to large-
scale underground engineering construction [1-4]. These
underground projects were constructed in areas with strong
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tectonic action. Therefore, they are bound to encounter a
series of technical engineering problems, such as water and
mud gushing in the fault fracture zone, rock bursts, and
large deformations. Amongst them, large deformation
tunnels are amongst the most complicated and are
accompanied by severe steel arch bending and breaking,

large area spalling of shotcrete, tunnel lining cracking and
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tunnel face collapse [5-9]. In particular, tunnelling through
layered strata easily causes asymmetric deformation and
failure responses of support structures [10—14].

The anisotropic mechanical properties of layered rock
significantly affected by weak planes have long been
recognised [15, 16]. Considerable research has been
undertaken to study the mechanical behaviour of phyllite,
slate and shale specimens, such as failure characteristics,
strength criteria and bedding planes, under uniaxial and
triaxial stress states [17-21]. However, these studies have
mainly concentrated on static loads, but recent studies have
shown that the fatigue damage and deformation failure of
rock under cyclic loads require increased attention [22-24].
The deformation characteristics, failure modes, mechanical
parameters and irreversible strain of the layered rock were
evaluated via multistage triaxial cyclic load tests [25]. To
explore the mechanical behaviour of sandstone specimens
with prefabricated cracks, true triaxial cyclic loading and
unloading tests were also implemented [26]. In addition,
similar materials were used to make layered rock samples.
Given the deformation and failure of artificial layered
materials with different inclination angles, the smaller the
inclination angle of the structural plane of the sample is,
the greater the ageing deformation and creep rate are [27].

Based on this brief literature survey, the mechanical
response and failure modes of layered rocks under different
stress states are substantially different. However, from an
engineering perspective, the intensity and amplitude of the
disturbed stress in the surrounding rock change dynami-
cally and are not continuous during tunnelling [28, 29].
Therefore, the load characteristics of rock are not simply
subjected to triaxial cyclic loading and unloading; the creep
effect also occurs. Presently, studies on the mechanical
properties of structural plane rock in response to dynamic
loads in the creep state are rare.

Furthermore, because of the unique mechanical proper-
ties and deformation behaviour of layered and soft rock,
many studies have investigated the control of large squeez-
ing deformation tunnels. These include the stress release of
the pilot tunnel [30], tunnel cross-sectional optimization
[31], closure distance of the primary support [32], tunnel
lining with a yielding layer [33], construction time of the
tunnel lining [34] and multilayer primary support structure
[35-37]. Moreover, considering the large deformation
amount and long-duration deformation characteristics,
yielding structures are also applied to control the surround-
ing rock deformation. For example, a retractable arch [38],
compressible concrete members [39] and a primary struc-
tural damper have been adopted [40]. Unlike “passive”
controlling deformation components, the timely application
of anchor bolts, especially prestressed anchor bolts, also
effectively improves the bearing capacity of the surrounding
rock [41-43]. However, for layered and broken surrounding
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rock, prestressed bolts still have several problems associated
with prestress, shear bending and dislocation of rock bolts.

Overall, the deformation failure mechanism of layered
rock under cyclic loads remains poorly understood. More
attention has been given to the loading rate, stress state and
disturbance stress threshold. For squeezing tunnel engi-
neering, the creep behaviour of the surrounding rock is a
main factor that leads to support structure failure. However,
few studies have comprehensively considered the creep
effect and periodic loads on the deformation failure of lay-
ered rock. In addition, for large squeezing tunnels with
inclined layered strata in strong and active tectonic regions,
preventing structural instability of double primary supports
and controlling uncoordinated settlement deformation have
not been performed. Therefore, this paper describes the use
of a typical large squeezing deformation tunnel to study and
resolve this issue via geological investigation and laboratory
and field tests. The research results can provide a reliable
reference for subsequent similar projects.

2 Project Overview
2.1 Strong Regional Tectonism

Relying on the critical engineering of the Chengdu Lanz-
hou Railway-Yuntunpu Tunnel, the total tunnel length is
22.92 km, and the maximum burial depth of the tunnel is
approximately 750 m. The tunnel site is located in the
Minshan uplift fault block, which is located at the eastern
margin of the Tibetan Plateau [44, 45], as shown in Fig. 1.

The eastern, western, southern and northern boundaries of
the Minshan fault block are the Huya, Minjiang, Maowen and
Tazang faults, respectively. Moreover, geological tectonic
activity around fault blocks is frequent [46]. Global Positioning
System (GPS) data show that the Minshan fault block is highly
active, with an overall motion rate exceeding 2 mm/a [47]. The
length of the Minjiang fault is approximately 180 km, and the
fault strikes nearly N—S and dips NW, with a dip angle of 40°—
70°. The layout of the tunnel line is strongly affected by the
Minjiang fault (Fig. 2). The horizontal principal stress is the
main stress in this region, and the maximum measured principal
stress is more than 15 MPa. In addition, many secondary folds
exist around the tunnel site (Fig. 3). Therefore, in the initial
state, a very high squeezing deformation energy is stored inside
the rock mass, the mechanical properties of the rock mass are
very poor, and the stress state of the surrounding rock is also
strongly affected during tunnelling.

2.2 Tunnel Cross-section and Support Structures

The tunnel is a single-hole double-line tunnel with a span of
approximately 16 m and a height of approximately 15 m, and
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Fig. 2 Schematic diagram of the relationship between Minjiang fault
zone and tunnel line

the excavated section area reaches more than 182 m’.
According to the deformation severity of the tunnel, different
supporting structures are adopted, as shown in Fig. 4. The

104.5°

support structures mainly consist of double primary supports
and secondary linings. Table 1 shows the design support
parameters of the surrounding rock with severe large
deformation.

2.3 Complex Rock Structure and Groundwater
Conditions

The groundwater in the tunnel site is very rich. The loose and
broken structure of the surrounding rock provides good
channels for groundwater migration (Fig. Sa, b). For exam-
ple, the water inrush of a tunnel affects the stability of
adjacent rock, resulting in tunnel collapse. In addition, the
underlying bedrock consists of slate, limestone, phyllite, and
so on. The occurrence characteristics of the surrounding rock
of the tunnel face are highly complicated (Fig. 5c, d), and the
surrounding rock is severely distorted and broken.
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Fig. 4 Cross-section dimension of the tunnel (Unit: cm)

3 Rock Mineral Component and Mechanical
Property Failure Behaviour

According to the occurrence characteristics of the surrounding
rock of the tunnel face, an indoor mechanics test is first
carried out to determine the mechanical behaviour of inclined
and layered rock. The authors focussed on exploring the
response mechanism of cyclic stress disturbances and the
creep effect on the mechanical characteristics of rock during
tunnelling. However, since the physical and mechanical

2
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properties of rocks are closely related to their internal mineral
composition, the rock samples are taken from the same
location and same rock block and then are sealed in storage
caverns. In addition, X-ray diffractometer testing should be
carried out to ensure that there are no significant differences
in mineral composition of the rocks.

3.1 X-Ray Diffractometer Tests

The rock mineral components are determined via X-ray
diffraction. A fourth-generation multifunctional high-resolu-
tion diffractometer (Ultima series) produced by a Japanese
mechanical company (Fig. 6) is used for phase qualitative and
quantitative analyses. There are no special requirements for
the sample size in the experiment. A small piece of stone is
crushed and ground to form a powder for the measurements.
The diffraction data are subsequently imported into MDI Jade
6.0 for phase identification and analysis.

As shown in Table 2, the test results reveal little differ-
ence in the types and contents of the rock mineral compo-
nents. The quartz content in the rock is the highest. The
second highest is carbonate minerals, i.e. calcite and dolo-
mite, which account for approximately 30% of the total
content. Clay minerals with illite content account for 15% of
the total. Therefore, rocks contain approximately 45%
water-sensitive minerals. The rock strength is enhanced due
to the high content of quartz. However, rock strength
degrades underwater due to the presence of clay minerals.

3.2 Triaxial Cyclic Loading and Unloading Test
The rock mass in underground engineering often bears

persistent cumulative cyclic loading, which is the main
dynamic factor of fatigue damage and deformation failure
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Table 1 Supporting structures of the tunnel with severe large deformation

Main support structures Structures types Parameters
First layer of primary support Sprayed concrete Type C30
Thickness/cm 27
Rock bolt Type 032
Length/m Tunnel crown (4 m) + sidewall (10 m) + tunnel invert (5 m)
Spacing/m 1.2 x 0.8 (circumferential x longitudinal)
Reinforcing mesh Type HPB300
Spacing/m 0.2 x 0.2 (circumferential x longitudinal)
Steel arch Type HW200
Spacing/m 0.6
Second layer of primary support Sprayed concrete Type C30
Thickness/cm 23
Reinforcing mesh Type HPB300
Spacing/m 0.2 x 0.2 (circumferential x longitudinal)
Steel arch Type HW200
Spacing/m 0.6
Tunnel lining Reinforced concrete Type C35
Thickness/cm 60

Fig. 5 Underground water condition and surrounding rock structure

[48-50]. Therefore, laboratory tests include triaxial cyclic
loading and unloading and triaxial cyclic loading and
unloading with a static load. The test equipment includes
an MTS815 multifunctional electrohydraulic servo control
testing machine. Considering that the maximum tectonic
stress around the tunnel site is approximately 15 MPa, the

maximum confining pressure of the indoor mechanical test
is set at 15 MPa. Moreover, the confining pressure in the
test process is divided into three levels: 5, 10 and 15 MPa.
The conventional triaxial compression test is first carried
out to determine the grading level and stress disturbance
threshold of triaxial cyclic loading and unloading tests.
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Fig. 6 X-ray diffractometer

Table 2 Mineral composition and proportion of the rock sample (%)

No Test result (%)

Quartz Illite  Plagioclase Calcite Dolomite
Rock sample 1 43 15 12 18 12
Rock sample 2 40 15 14 18 13

The axial compression takes 95% of the peak strength as
the critical point. The load control (9 kN/min) is adopted
before the critical point, and the controlling displacement
(0.1 mm/min) is adopted after the critical point. The con-
fining pressure of the test is controlled by the load mode
(0.5 MPa/s), and the pressure was stabilised for 10 s after
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(a) cyclic loading and unloading test

Fig. 7 Stress path of laboratory tests
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the pressure is pressed to the set value. Five loading and
unloading stages are added during the cyclic loading and
unloading test, as shown in Fig. 7a. The load mode is
adopted in the cyclic process. From the previous cycle
stage to the next cycle stage, the axial pressure increases at
a rate of 9 kN/min, and the cyclic loading and unloading
modes are repeated until the five stages are completed.
Then the axial displacement controlling mode (0.1 mm/
min) is utilised until the specimen enters the failure state.
The 0.7 times the conventional triaxial peak strength (o)) is
taken as the maximum value of the cyclic loading strength
(0.70,= Ojf*); then the unloading points of each cycle are 0,
0.20;, 0.40_,«*, 0.60jf*, 0.8(7_,«*, and af*. The difference
between the triaxial cyclic loading and unloading test and
the triaxial cyclic loading and unloading with static load
test is that after the cycle of each stage is completed, a 2 &
pressure stabilisation stage is added for the latter (Fig. 7b).

Under cyclic loading, the structural plane rock samples
exhibit shear failure, and there are apparent sliding scrat-
ches and powdery cuttings during the fracturing process.
With low confining pressure, the deformation failure mode
of the rock specimens is the combined action of tension and
shear, and the rock samples break along the structural plane
to form a separate thin-layered structure. However, with a
high confining pressure (15 MPa), the shear fracture sur-
face of the rock penetrates the upper and lower end faces of
the rock sample, and a main shear fracture surface is reg-
ularly formed (Fig. 8a, b).

The stress—strain relationship is shown in Fig. 9, where
the deformation failure of the rock samples is mainly axial.
With increasing confining pressure, the brittle failure
characteristics of the rock sample are weakened, and duc-
tile characteristics appear. After five loading and unloading
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(b) cyclic loading and unloading with static load test
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(a) cyclic loading and unloading test

(b) cyclic loading and unloading with static
load test

Fig. 8 Deformation failure characteristics of rock with inclined discontinuity plane
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Fig. 9 Stress—strain curves of rock under cyclic loading and unloading test and different confining pressures

cycles, the stress—strain curve of the rock sample shows a
stepwise growth trend, mainly related to irreversible
deformation. It is a concrete reflection of the deterioration
damage degree of the rock sample. In addition, due to the
constraint of confining pressure, the postpeak slip defor-
mation of the rock sample continues to increase, and the
residual bearing capacity remains unchanged. This indi-
cates that the fractured rock bound by confining pressure
can continue to bear through the friction of the fracture
surface. Therefore, during tunnelling, active deformation
control measures such as surrounding rock grouting and
rock bolt application should be adopted in a timely manner
to maximise the residual bearing capacity of the broken
surrounding rock close to the free face of the tunnel.
Moreover, for cyclic loading and unloading with a static
load test, the stress—strain curve characteristics of the rock
prepeak strength are similar to those of the cyclic loading
and unloading test. However, for the stress—strain curve of
the rock postpeak strength, the rock samples with inclined

structural planes exhibit a significant stepwise decrease,
with an evident gradient to sudden failure characteristics.
Furthermore, with increasing confining pressure, the peak
strength of inclined structural plane rock under cyclic
loading first increases and then decreases (Fig. 10). This
phenomenon demonstrates the influence of the stress dis-
turbance amplitude and the static load on the deformation
failure of layered rock.

4 Deformation Characteristics
and Mechanical Response
of the Squeezing Tunnel

4.1 Tunnel Deformation Damage Characteristics
Due to the strong tectonism and complex structural char-

acteristics of the surrounding rock, large deformation
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problems occur in many tunnel sections. The macroscopic
deformation characteristics are as follows.

First, the significant asymmetric deformation of the
surrounding rock is mainly reflected in the severe unilateral
deformation of the tunnel, which leads to cracking and
spalling of the shotcrete and bending and breaking of the
steel arch (Fig. 11a, b). In addition, severe damage to the
support structure occurs in the sidewall. Even when dou-
ble-layer HW200 steel arches with higher bearing capaci-
ties are used, the primary support still experiences bending
and breaking (Fig. 11c, d). Moreover, unlike the common
buckling failure of steel arches along the radial direction of
tunnels, steel arches also experience obvious longitudinal
torsional deformation (Fig. 11e, f).

4.2 Excavation Loosening Zone Test Results

The extent of the excavation loosening zone reflects the
damage degree of the surrounding rock to some extent.
Moreover, the occurrence and development process of the
excavation loosening zone also determine the selection of
deformation control measures. In this paper, the acoustic
wave method is used to test the excavation loosening zone
in the field. Six groups of test boreholes are included, and
the borehole depth is 20 m.

Theory and practise show that the more complete the
surrounding rock is and the more concentrated the stress is,
the greater the reflected wave velocity and amplitude will be.
Therefore, the range of the excavation loosening zone can be
determined by the changes in the reflected wave velocity and
amplitude of the surrounding rock. The test process and
results are shown in Fig. 12. The average range of the final
excavation loosening zone is approximately 10 m, more than
60% of the designed tunnel span. This indicates that the
surrounding rock has poor self-bearing capacity.

4.3 Monitoring and Analysis of the Deformation
of Surrounding Rock

The construction method of the monitoring cross-section is
the three-bench method, and the designed support structures
are shown in Table 1. Here, laser scanning equipment and a
total station are used to collect deformation data (Fig. 13).
The outstanding advantage of this deformation measurement
method is that it abandons the traditional total station “single
point” mapping mode and can be utilised to obtain a large
amount of deformation contour “point cloud” data. This

Fig. 11 Deformation failure characteristics of surrounding rock and support structures
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Fig. 12 Excavation loosening zone test

method can also be used to comprehensively detect tunnel
overbreak, excavation volume, convergence deformation and
other factors and improve the efficiency and accuracy of
tunnel deformation monitoring.

As shown in Fig. 14a, the tunnel deformation shows
pronounced asymmetry and is mainly horizontal conver-
gence. The maximum settlement of the tunnel crown is
approximately 1.0 m, and the maximum horizontal con-
vergence of the upper bench can reach 2.7 m, which is
approximately 2.7 times the settlement of the tunnel crown.
According to the field conditions, the steel arch has been
seriously bent and broken, and the shotcrete has cracked
and fallen off in a large range.

In addition, the time—space effect of tunnel deformation
is significant (Fig. 14b, c). According to the time-history
curve of tunnel deformation, it can be divided into three
stages: (1) rapid deformation development stage, which
lasts approximately 20 to 25 days, from surrounding rock
excavation of upper bench to second primary support
implementation of upper bench; (2) slow deformation
development stage, which lasts approximately 15-20 days,

from second primary support implementation of upper
bench to second primary support implementation of lower
bench; and (3) steady deformation development stage,
which lasts approximately 20-30 days, from second pri-
mary support implementation of lower bench to the whole
second primary support closure into a ring. In addition,
from a spatial perspective, in the rapid deformation
development stage, the distance between the monitoring
cross-section and the tunnel face is usually less than 15 m,
approximately one times the tunnel span. In the slow
deformation development stage, the monitoring cross-sec-
tion is approximately 25 m from the tunnel face, approxi-
mately 1.5 times the tunnel span. In the steady deformation
development stage, the monitoring cross-section is
approximately 25-45 m from the tunnel face, approxi-
mately 1.5-3.0 times the tunnel span.

Figure 14d shows the deformation rate characteristic
curves of the surrounding rock. There are several areas
with sudden changes in the deformation rate. Moreover, the
change frequency and strength of the deformation rate are
very high; the convergence deformation rate of the upper
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(a) Focus™ laser scanhing
equipment

Fig. 13 Monitoring tunnel deformation

bench can reach 12 cm/day, and there are 14 deformation
cycles during tunnelling when the deformation rate of the
surrounding rock exceeds 4 cm/day.

Generally, tunnel deformation is characterised by a large
deformation, a high deformation rate and a long duration.
The deformation of the surrounding rock deformation
exhibits gradual changes to sudden changes, consistent
with the postpeak deformation failure evolution of layered
rock samples from laboratory tests. Furthermore, these
sudden changes in the deformation rate not only accelerate
the deformation of the surrounding rock but also aggravate
the deformation and damage degree of the support
structures.

4.4 Mechanical Response of the Tunnel Lining

Long-term effective monitoring data of the internal force of
the primary support were not obtained because the primary
support was seriously damaged and because the steel arch
needed to be constantly removed and replaced. Here, the
stress characteristics of the tunnel lining are measured and
analysed. The layout of the mechanical monitoring com-
ponents of the tunnel lining is shown in Fig. 15. The
pressure cell is used to monitor the contact pressure
between the primary support and tunnel lining, and a
reinforcement metre is used to monitor the stress state of
the main reinforcement of the tunnel lining.

The evolution and time-history characteristics of the
contact pressure are shown in Fig. 16a, b. During the

VA
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(b) monitoring process

monitoring period of approximately 45 days, the contact
pressure at each measuring point is high; the maximum
value occurs at the left spandrel (0.73 MPa), and the
minimum value occurs at the right sidewall (0.05 MPa).
The phenomenon of bias stress in the tunnel lining is evi-
dent, which is adverse to the overall bearing capacity of the
tunnel lining. In addition, at the initial stage of tunnel
lining construction, because a stable joint bearing system is
not formed with the primary support, the contact pressure
fluctuates considerably, and the fluctuation lasts approxi-
mately 25 days.

The stress characteristics and time-history curve of the
main steel of the tunnel lining are shown in Fig. 16c, d.
The main steel at each monitoring point is under com-
pression. The maximum stress of the main reinforcement is
144.1 MPa at the tunnel crown, and the minimum stress is
57.13 MPa at the left shoulder.

In general, in addition to the geostress, formation
lithology and rock occurrence, the spatiotemporal effect of
tunnel construction also significantly influences the sur-
rounding rock deformation and force characteristics of a
tunnel lining. The cyclic disturbance of tunnel excavation
breaks the stress equilibrium state of the surrounding rock
and leads to an apparent time effect in the development of
joint fissures, deformation energy accumulation and dis-
persion of the surrounding rock. Moreover, the height and
length of the different benches and the closing distances of
the primary support during tunnelling cause tunnel defor-
mation to have significant spatial effects.
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(a) pressure cell installation  (b) reinforcing steel meter installation
Fig. 15 Layout of mechanical monitoring components of the tunnel lining
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(a) envelope diagram of contact pressure
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Fig. 16 Monitoring structures bearing characteristics of tunnel lining (unit: MPa)

5 Tunnel Large Deformation Control
Measures and Evaluation

The deformation control measures of squeezing tunnels
with inclined and layered rock in strong and active fault
zones should comprehensively consider the spatiotemporal
effect. First, the stress state should be improved, and the
mechanical properties of the surrounding rock must be
strengthened. Second, the excavation method and support
structure design should be optimised to restrain and limit
the local asymmetric deformation of the surrounding rock
and form the deformation controlling principle of coordi-
nation of the surrounding rock and support structure
deformation.

5.1 Tunnel Large Deformation Control Measures

(1) Improving the stress state of the surrounding rock:

2
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The gradient and sudden change characteristics of the
deformation failure of surrounding rock are actually the
result of strong instantaneous stress adjustment. For
squeezing surrounding rock, tunnel excavation breaks the
stress balance and produces a high stress difference.
Therefore, it is particularly important to take reasonable
measures to improve the stress state of the surrounding
rock and reduce its stress concentration degree. From a
construction perspective, the following two steps were
taken:

Unlike in conventional two-bench and three-bench
excavation methods, the reserved core soil at the upper
bench of the three-bench excavation method is applied
during tunnelling. Due to the ability of this excavation
method to minimise construction disturbance and stress
differences in the surrounding rock, the construction steps
are shown in Fig. 17. A detailed explanation is given as
follows:
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(a) reserved core soil at upper bench

Fig. 17 Reserved core soil of upper bench of three-bench method

1. By keeping the core soil in place whilst the benches are
being excavated, this method maintains a certain level
of support for the surrounding rock. The reserved core
soil acts as a natural support, minimising the distur-
bance to the surrounding rock, which in turn reduces
stress differences.

2. Excavating in smaller sections allows for a more
controlled readjustment of stresses in the surrounding
rock. Since the surrounding rock is cut away in
portions, the stress redistribution occurs incrementally,
which means that at no point is there a sudden and
complete release of stress that could lead to instability
or failure.

3. Because the middle and lower benches do not leave the
core soil, large construction machinery can conve-
niently operate, and support structures can also be
immediately implemented to control and stabilise the
deformation of the surrounding rock.

In addition, adding an advanced parallel pilot tunnel can
not only improve the stress state but also reduce the
internal water pressure in the surrounding rock of the main
tunnel. Moreover, based on the X-ray diffraction data, the
rock contains a certain amount of water-sensitive minerals.
Therefore, the bearing capacity of the surrounding rock can
also be enhanced eventually, and a large amount of water is
released through the advance parallel pilot tunnel. The
cross-section and layout of the advanced parallel pilot
tunnel are shown in Fig. 18.

(2) Implementation of the long and short rock bolts:

For a squeezing tunnel with steeply inclined and layered
rock, the gradual and sudden change characteristics of the
rock are demonstrated. That is, deformation development
has a significant creep effect. In addition, similar to the
deformation failure characteristics of layered rock revealed

@®

rved core soil

©

(b) construction process

from indoor mechanical tests, the deformation failure is
mainly shear—slip along the fracture surface. Therefore,
long and short rock bolts are proposed for two reasons.
First, the timely implementation of short rock bolts can
restrict the development of slip deformation in broken and
layered rock. Moreover, long rock bolts can enhance the
residual strength and bearing capacity of the surrounding
rock and prevent the deformation of the surrounding rock
from extending to the deep rock mass. Combined with the
test results of the excavation loosening zone, it is deter-
mined that the length of the short rock bolt should not be
less than 5 m and that the length of the long rock bolt
should not be less than 10 m during the construction pro-
cess, as shown in Fig. 19.

(3) Failure mechanism and strengthening measures of
double primary support:

According to the deformation characteristic curve of the
surrounding rock, the bearing mechanism of the double
primary support is shown in Fig. 20. When relying on the
first primary support, the system can only bear the defor-
mation load u; — . Then as the deformation increases, the
primary support structure quickly breaks (shown in the DE
curve). However, suppose that the second primary support
can be followed up before the first primary support has been
damaged (point D). In that case, the combined bearing
capacity of the double primary support can be further exer-
ted. The surrounding rock pressure is released (the sur-
rounding rock pressure drops from P1 to P2), whilst the
surrounding rock deformation can be controlled within u,.

However, the interaction mechanism between the sur-
rounding rock and double primary supports is very com-
plex. First, with increasing surrounding rock deformation,
the first primary support transfers the radial compressive
load and shear effect to the second primary support. Sup-
pose that the shotcrete bonding layer between the first and

2
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Fig. 18 Layout of advanced parallel pilot tunnel and main tunnel

short rockbolt

long rockbolt

Fig. 19 Schematic diagram of implementing short and long rock bolt
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the second primary support is insufficient to resist shear
failure, which leads to the separation of the double primary
support structure into a relatively independent bearing
structure. Compared with the ideal combined bearing
structure, the bearing capacity of the proposed structure is
unsatisfactory. In addition, it is difficult to determine the
construction timing of the second primary support. If the
interval between the first and the second primary support is
too short, then the whole bearing capacity of the primary
support structure seems to increase. The surrounding rock
pressure has not yet been effectively released, which also
causes severe damage to the double support structures. If
the interval time between the double primary supports is
longer, then the surrounding rock load is reasonably
released. However, the best construction timing for the
second primary support may be missed (point D in
Fig. 20), and the first primary support has entered the stage
of residual bearing capacity. Eventually, the formation of a
coordinated bearing system for double primary supports is
problematic, resulting in a poor deformation control effect.
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Fig. 20 Deformation characteristic curve of surrounding rock by
implemented double primary support

As shown in Fig. 21, during tunnelling, the connection
plates and lock-foot rock bolts of the steel arch are the
weak links of deformation damage to the primary support
structure. The steel arch of the double primary supports
that were implemented mainly presented differential con-
vergence deformation in the radial direction and uneven
settlement in the circumferential direction. The uncoordi-
nated deformation of the surrounding rock leads to severe
local bending of the steel arch, shotcrete spalling, and other
damage phenomena.

Based on the analysis of the failure mechanism of the
double primary support, the following two targeted rein-
forcement measures are proposed:

First, a ribbed steel bar or section steel is used to lap the
steel arch (Fig. 22) longitudinally to improve the anti-de-
formation ability and overall stability of the steel arch.
Second, for the uncoordinated settlement deformation of
the steel arch, a large lock-foot anchor pipe (Fig. 23) is
added based on the original design of the conventional
lock-foot structure. The large lock-foot structure, the ®89

(a) crushing failure of double primary support

Fig. 21 Typical failure characteristics of double primary support

(a) steel arches connected by ribbed steel bar

Fig. 22 Improving longitudinal stability of steel arch

(b) torsion failure of double primary support

(b) steel arches connected by ribbed

section steel
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partial profile

(a) position of large lock-foot anchor pipe

(b) field layout of large lock-foot anchor
pipe

Fig. 23 The structure characteristics of large lock-foot anchor pipe

steel pipe with a wall thickness of 6 mm, is arranged
between two steel arches. The length of the large lock-foot
anchor pipe is 9 m. At the same time, to improve its
bearing capacity and bending resistance, a four-leg hoop
reinforcement cage is laid in the anchor pipe, and cement
slurry is poured into the anchor pipe. In addition, the radial
convergence deformation of the steel arch can also be
restrained because of the bonding force and friction action
between the large lock-foot anchor pipe and the sur-
rounding rock.

5.2 Evaluation of Construction Measures

By adopting the above deformation control measures, the
tunnel deformation and structural stress state are

2
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(c) cement slurry pouring into large lock-

foot anchor pipe

determined, as shown in Fig. 24. Although the deformation
rate of the surrounding rock is rapid at the initial stage
during tunnelling, the deformation development duration
tends to be stable at approximately 60 days. The maximum
horizontal convergence deformation is approximately
90 cm, and the maximum vault settlement deformation is
35 cm. Compared with the maximum deformation of the
surrounding rock before adopting control measures, the
deformation of the surrounding rock after taking these
measures is significantly lower. According to the contact
pressure between the surrounding rock and support struc-
ture, the structural stress fluctuates slightly at the beginning
and then gradually enters a stable state. The maximum
contact pressure between the surrounding rock and primary
support structure is approximately 0.56 MPa at the right
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Fig. 24 Surrounding rock deformation and support structures loading of tunnel by implementing comprehensive controlling measures

haunch of the tunnel, and the minimum contact pressure
between the surrounding rock and primary support struc-
ture is approximately 0.12 MPa at the left spandrel of the
tunnel. Generally, by applying deformation controlling
measures, the tunnel deformation is effectively controlled,
the damage degree of the support structures is clearly
alleviated, and sound field application results are eventu-
ally achieved.

6 Conclusion

This paper takes the steeply inclined and layered sur-
rounding rock tunnel in a strong and active fault zone as the
engineering background. Through a geological survey and
laboratory and field tests, the mechanical response char-
acteristics of layered rock and the deformation failure
mechanism of support structures are analysed, and

corresponding large deformation control measures are
ultimately proposed. The following conclusions can be
drawn:

1. From indoor tests, the microscopic mineral composition
and mechanical behaviour of inclined and layered rock
are determined. The layered rock contains many water-
sensitive minerals, such as carbonate and clay, at
approximately 45%. Considering the creep effect and
disturbance stress, the stepwise growth phenomenon of
deformation before the rock reaches its prepeak strength
and gradient to abrupt deformation failure characteristics
after the rock reaches its postpeak strength are evaluated
via triaxial cyclic and static load tests.

2. The deformation of a squeezing tunnel has significant

asymmetry and nonlinearity. The maximum unilateral
convergence deformation of the tunnel is large,
approximately 1.5 m. In addition, gradual and sudden
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changes in tunnel deformation are demonstrated,
consistent with the postpeak deformation failure char-
acteristics of layered rock in indoor tests. The range of
the excavation loosening zone is approximately 10 m,
reaching more than 60% of the tunnel span. The
deformation rate of the surrounding rock during
tunnelling is also very high, and the convergence
deformation rate of the upper bench can reach 12 cm/d.

3. Due to the special structural characteristics of layered
rock, the steel arch exhibits the composite failure
characteristics of bending and torsion during tun-
nelling. Moreover, the time—space effect of tunnel
deformation leads to a significant adverse effect on the
tunnel lining capacity. The contact pressure values at
each measuring point are very different. The maximum
value is located at the left spandrel (0.73 MPa), and the
minimum value is located at the right sidewall (0.05
MPa). The phenomenon of bias stress in the tunnel
lining is evident, which is adverse to the overall
bearing capacity of the tunnel lining.

4. The deformation control principles and corresponding
technologies are summarised based on the large
deformation characteristics of squeezing tunnels with
inclined and layered rock. Controlling tunnel defor-
mation should start from three aspects: adjusting the
stress state of the surrounding rock, strengthening
primary support structures and actively controlling
deformation. Through field test verification, systematic
deformation control technologies have been developed,
mainly including reserved core soil at the upper bench
of the three-bench method, advanced parallel pilot
tunnels, long and short combined rock bolts, steel
arches connected by longitudinal section steel and
large lock-foot anchor pipes. Compared with the tunnel
deformation before taking measures, the maximum
convergence deformation is reduced from 2.7 to 0.9 m,
and the bearing force of the primary support is also
reasonable and stable.
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