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Abstract

To solve the large deformation problem of foliated rock masses in the Changning Tunnel, rock mechanics experiments and
discrete fracture numerical simulation calculations were carried out. The mechanical properties and large deformation mecha-
nism of the foliated rock mass are analyzed. The results show a large strength dispersion in jointed rocks with different dip
angles. Rock strata compression bending and shear slip caused by the rock strata structure and tectonic stress are found to
be the main causes of large deformation in the Changning Tunnel. Five negative Poisson’s ratio (NPR) anchor-cable support
schemes were designed, and field experiments were carried out. The NPR anchor cable can maintain a constant support force
to strengthen the surrounding rock and release the deformation energy by allowing the deformation of the surrounding rock
through a sliding device. In the field test, the number of anchor cables in the five support schemes was gradually reduced. The
reliability of these support schemes was evaluated by various monitoring methods, including surrounding rock displacement,
pressure between the primary support and surrounding rock, pressure between the primary support and secondary lining,
internal stress of the steel arch, and deep displacement and axial force of the NPR anchor cable. The monitoring results show
that the five schemes can control the large deformation of the surrounding rock to varying degrees. The maximum deforma-
tion of the surrounding rock under the original support scheme was greater than 1 m, but the maximum deformation under
the NPR anchor cable support was less than 150 mm, and the support structures were also within the safe range. Therefore,
NPR anchor cable support can effectively control the large deformation of the surrounding rock in the Changning Tunnel.
The research results can provide a reference for the prevention and control of large deformation in similar projects.

Highlights

e The mechanical and failure characteristics of rock sam- e Five supporting schemes of "NPR long anchor cable + PR
ples under different joint angles have been analyzed by short anchor cable + W-shaped steel strip + polyester
rock mechanics tests. fiber mesh" were proposed and tested on site.

¢ A numerical model of the tunnel composed of triangular e The axial force of the NPR anchor cable, pressure on
blocks was established, and the collapse characteristics the primary support, pressure between the primary sup-
and mechanical characteristics of the surrounding rock port and secondary lining, stress of the steel arch, deep
after excavation were analyzed. displacement of the surrounding rock, and deformation

of the initial support were monitored. The mechanical
characteristics of the surrounding rock and supporting
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1 Introduction

Tunnel construction often encounters many engineering
problems, such as water inrush, mud outburst, and large
deformation, which endanger construction and personnel
safety. For example, the continuous semiparallel excavation
of the Bolu Mountain Tunnel in the process of crossing the
fault caused large deformation of the surrounding rock (Brox
and Hagedorn 1999). Under continuous rainfall conditions,
the highly weathered andesite tuff of the Cankurtaran Tun-
nel in eastern Turkey softens in contact with water, resulting
in damage to the support structure of the entrance section
(Kaya et al. 2017). The plastic flow of the surrounding rock,
the shear sliding of the wedge rock, and the bending of the
thin-layered soft rock were the main reasons for the failure of
the support structure in the Zhegushan Tunnel (Meng et al.
2013). Affected by the thin-layered carbonaceous slate struc-
tural effect, the surrounding rock was severely deformed
after excavation, with the displacement settlement exceed-
ing 2000 mm in the Muzhailing Tunnel (Chen et al. 2020).
Under the changing in situ stress influence, large surround-
ing rock deformation occurred in the Sinop Dranaz Tunnel
(Aydin et al. 2004). The deformation and failure factors of
the surrounding rock vary, among which high geostress is
an important cause, especially in the weak rock zone, which
has a significant impact on tunnel construction and may lead
to large deformation (Li et al. 2021; Bao 2014). In addi-
tion, the weak joints and rock composition also have a great
impact on the rock mass strength, which are the reasons for
the decline in rock mass strength after excavation in tunnels
(Sun et al. 2017; He et al. 2013). Therefore, the problem
of large deformation in soft rock tunnels is still a difficult
problem in the engineering community.

The surrounding rock is in equilibrium under the influ-
ence of the geostress field before excavation. The free face
appears on one side of the surrounding rock after excavation.
Then, the surrounding rock will change from the original
three-dimensional stress balance state to a two-dimensional
stress state that easily loses stability. If enough supporting
force cannot be applied to the surrounding rock, the sur-
rounding rock may lose stability and deformation due to
stress loss. The factors of large deformation include tunnel
excavation, stress level, rock lithology, temperature, rock
structure, fissure water, etc. Rock mass strength and geo-
stress are the key factors affecting the stability of the sur-
rounding rock (Hoek and Marinos 2000; Anagnostou 1993;
Wang et al. 2022). Moreover, the factors affecting the rock
structure, including the rock strata dip, thickness of the rock
layer, and integrity of the rock mass, have a greater impact
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on the anisotropy of the surrounding rock (Ang et al. 2018;
Yang et al. 2018; Meguid and Rowe 2006; Gao et al. 2022).
In addition, large squeezing deformation of the surrounding
rock is also a challenge in construction engineering (Cui
et al. 2020; Liu et al. 2021; Zhang and Zhou 2017; Bosman
et al. 2000; Gao et al. 2021).

At present, support measures include increasing the
strength of the support structure (Chen et al. 2011), yield-
ing support (Bonini and Barla 2012; Wu et al. 2018, 2019),
flexible support (Tian et al. 2011), and prestressed bolt
support (Sun et al. 2021; Zhang et al. 2022; Zhu and Ghee
2011; Tahmasebinia et al. 2018; Sengani and Zvarivadza
2018; Nguyen et al. 2015). The rock mass is the main load-
bearing unit in the tunnel structure. During construction, the
rock mass must be fully supported to minimize interference
with the rock mass and avoid excessive damage to the rock
mass strength (Aygar et al. 2020; Ng et al. 2004; Zhang et al.
2018; Zhu et al. 2021; Cao et al. 2021; Chen et al. 2022).
Many experts and scholars have proposed many effective
support methods for the large deformation of soft rock tun-
nels. Merlini et al. (2018) used shotcrete support, anchor bolt
support, fiber-reinforced shotcrete, and steel arch support in
solving the large deformation problem of the Ceneri Base
Tunnel and effectively controlled the deformation of the sur-
rounding rock. Dalgi¢ (2002) analyzed the deformation and
damage caused by the strike-slip fault in the Bolu Tunnel
and proposed that it could be overcome by flexible or super-
heavy support systems. Rahimi et al. (2014) examined the
possibility of multiple block irregular failures and shallow
shear failures in the surrounding rock of the Qazvin—Rasht
railway tunnel and suggested the use of the “shotcrete + steel
mesh + light rib steel group (IPE160)” support form. Lai
et al. (2018) proposed a comprehensive support method of
“advance pipe umbrella + presupport advance pipe + pre-
strengthening cartridge bolt+ foot-locking bolt” to solve the
large deformation problem of phyllite tunnels. Kimura et al.
(1987) analyzed the deformation characteristics of Enasan
Tunnel II, and the reason for the large deformation was the
compression of the surrounding rock caused by high ground
stress. Two support methods were proposed: the first is that
the tunnel be excavated following the NATM excavation
method, using a flexible support system to allow deforma-
tion of the surrounding rock, and the second is to resist rock
pressure through a stronger support system. However, the
current support technology primarily focuses on passively
releasing the pressure of the support structure and improving
its strength. It still belongs to the passive support method,
which may not be applicable in soft rock tunnels with more
complex geological conditions.
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Addressing the large deformation of the foliated rock
mass of the Changning Tunnel, a combined support
method of “NPR long anchor cable + PR short anchor
cable + W-shaped steel strip + polyester fiber mesh” was
proposed. This is a high prestress compensation support
method. A PR prestressed short anchor cable is used to
strengthen the shallow surrounding rock to form an arch
structure. The NPR high prestressed long anchor cable can
not only suspend the shallow surrounding rock but also com-
bine the deep rock mass with the shallow surrounding rock
to form a double-layer reinforced arch structure to control
the stability of the surrounding rock. Moreover, the constant
resistance device of the NPR anchor cable can allow a cer-
tain amount of deformation of the surrounding rock while
maintaining high prestress to release stress and prevent stress
concentration in the surrounding rock. In this paper, the sur-
rounding rock characteristics and initial failure character-
istics of the Changning Tunnel were first analyzed. Then,
the uniaxial compressive strength of standard rock samples
with different joint dips was measured by rock mechanics
tests to explain the influence of joint dip on the surrounding
rock stability. The numerical model of a tunnel was estab-
lished, and the failure characteristics, stress distribution
characteristics, and plastic zone range of the surrounding
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Fig. 1 Location of Changning Tunnel

rock were analyzed. Finally, field tests of five types of NPR
cable anchor supports were carried out in the Changning
Tunnel. The number of NPR anchor cables in each scheme
was gradually reduced, and the support effect was evaluated
through a variety of monitoring data.

2 Engineering Background
2.1 Geographical Position

The Chang-Bao Expressway is located in Changning
County, Baoshan City, Yunnan Province. It is an important
transportation line connecting Baoshan City and Changn-
ing County and plays an important role in improving local
economic development (Fig. 1). At present, the construction
of the Chang-Bao Expressway has been completed except
for the Changning Tunnel. The construction progress of the
Changning Tunnel was very slow due to a series of geologi-
cal disasters such as large deformation of asymmetric soft
rock, water inrush, mud inrush, and collapse.

Yunnan B
Province Py i
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2.2 Geological Conditions

The Changning Tunnel is a separate two-hole four-lane
expressway tunnel with a design speed of 80 km/h. The start-
ing mileage of the right tunnel is YK28 4+ 031, and the end-
ing mileage is YK33 4456, with a total length of 5,425 m
and a maximum buried depth of approximately 416 m. The
starting mileage of the left tunnel is ZK28 + 058, and the
ending mileage is ZK33 + 510, with a total length of 5,452 m
and a maximum buried depth of approximately 456 m.
The elevation of the tunnel area is between 1470.0 m and
2038.0 m, and the relative elevation difference is approxi-
mately 568 m. It is in a mountain area with denudation and
topographic fluctuation. The section with a burial depth of
more than 300 m accounts for 40.5% of the total length.
The excavation span of the two tunnels is 12 m, the height
is 10 m, and the distance between the two tunnels is 20 m.
As shown in Fig. 2, the fault is developed, and the main
faults that the tunnel passes through are F30, F32, and F33.
Fault F30 (47°4£60°) is an inactive strike-slip fault with a
width of approximately 80 m. Fault F32 (73°£65°) is an
inactive strike-slip fault with a width of approximately
100 m. Fault F32 (73°£65°) is an inactive strike-slip fault
with a width of approximately 80 m. The faults consist of
crushed rock and argillaceous filler, with low strength and
easily collapsed after excavation (Fig. 3). As shown in Fig. 4,
the rock stratum is complex, and the surrounding rocks are
moderately weathered metamorphic sandstone intercalated
with schist. In addition, it also includes dacite, sandstone,
sandstone mixed with conglomerate, limestone mixed with

metasandstone, etc. The test tunnel section is buried between
360 and 390 m. The exposed surrounding rock on the face
of the tunnel is shown in Fig. 5. The structural forms of the
surrounding rock include fault development, orderly struc-
tural rock stratum, and disordered structural rock stratum.
The joints and fissures are developed in layered and foliated
structures. The dip angle of the rock stratum is between 7°
and 15°, and the thickness is between 10 and 60 mm, which
is not uniform. The mineral components of rock are quartz
and clay minerals. Clay minerals include illite and chlorite,
accounting for approximately 48%. In its natural state, chlo-
rite schist tends to soften and decompose when it contacts
water. According to the geological survey data, the average
compressive strength of the rock mass is 10-60 MPa, the
tensile strength is 2.1-3.6 MPa, the Poisson's ratio, cohe-
sion, and internal friction angle are 0.19-0.22, 0.5-0.6 MPa,
and 22°-28°, respectively. The maximum principal stress is
horizontal in the tunnel site, reaching 15—-18 MPa, with a
dominant direction between NW38 and NW51°. The verti-
cal stress is approximately 8.5. Due to the broken rock mass,
the development of fault structure, and fissure water, there
are great hidden dangers of water inrush, mud inrush, and
collapse.

2.3 The Original Support Design of the Tunnel

As shown in Fig. 6a, the excavation method was a three-
bench seven-step excavation method with reserved core soil
(TSEM) (Li et al. 2016). The lengths of the three benches
(upper, middle, and lower) were 3—5 m, 3—5 m, and 8-10 m,

Changning tunnel

Length: 5452m
Maximum buried depth: 5452m
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; Experimental tunnel
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Fig.2 Longitudinal geology profile and test section of the Changning Tunnel
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Fig.3 Surrounding rock collapse at fault

Fig.4 Proportion of different Lithology proportion
rocks in the tunnel

B Moderately weathered limestone interbedded with
metamorphic sandstone
m Moderately weathered metasandstone with schist
B Moderately weathered dacite
Strongly weathered conglomerate with sandstone

B Strongly weathered metasandstone with schist

m Strongly weathered conglomerate with sandstone

e
(c) Disordered rock stratum

(a) Fault development (b) Orderly rock stratum

Fig.5 Surrounding rock of the tunnel face

respectively. The original support design was a composite  excavated rock mass. As shown in Fig. 6c, since the imple-
support form (Fig. 6b), and the 122a type steel arch and  mentation of the scheme, the average daily deformation of
hollow grouting bolts (3.5 m) were used to support the  the primary support structure was 1-2 cm, the deformation
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Upper bench Primary lining
Secondary lining

Core soil Middle bench

Lower bench

(a) Tunnel excavation method

Hollow grouting bolt (3.5m),

Steel arch 120a, longitudinal spacing 60cm

spacing 1mx0.6m Steel mesh ®8mm, 20cm grid,

27cm thickness of C25 early strength concrete

60cm thick secondary lining of
C30 reinforced concrete

lisocts 7
(b) SuppOI't form of tunnel

Fig.6 Construction overview of the original tunnel support scheme

time exceeding 2 cm/d accounted for 41% of the time from
the excavation step to the invert closure, and the maximum
deformation exceeded more than 1 m. The section where
the deformation exceeded 700 mm accounted for 60% of the
total length. The steel arch replacement rate was more than
33%. Therefore, this scheme was not effective in controlling
the deformation of the surrounding rock. The surrounding
rock was mainly deformed asymmetrically, and the defor-
mation on both sides was greater than that of the vault. In
the severely deformed section, the broken surrounding rock
was extruded from the primary support and collapsed. Even
using a double-layer steel arch support could not effectively
control the deformation. The failure characteristics of the
primary support structure are shown in Fig. 7.

@ Springer
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(c¢) Tunnel deformation monitoring

3 Analysis of the Deformation Mechanism
of the Surrounding Rock

3.1 Rock Mechanics Tests

The MTS815.04 rock mechanics test system of the State
Key Laboratory of Rock Mechanics and Geological Hazard
Experimental Center was used for rock mechanics tests, as
shown in Fig. 8. The experimental system is equipped with a
variety of high-performance modules, which can accurately
test the physical and mechanical characteristic parameters
of the sample under various complex conditions. The stiff-
ness of the reaction force frame of the equipment can reach
11.0x 106 kN/m, the maximum axial force of 4600 kN can
be applied, and the maximum confining pressure can reach
140 MPa.
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Double steel arch deformation

[\

Fig. 7 Deformation of the initial support

Fig.8 MTS experimental system
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3.1.1 Tensile Strength Test (Split Test)

Rock samples with joint dips of 0°, 30°, 45°, 60°, and 90°
were selected to test their tensile strength (Fig. 9a). The
foliated structure of the rock mass is obvious. As shown in
Fig. 9b, the failure of rock samples was mainly slip failure,
and the failure of some rock samples was splitting failure.
The experimental results are shown in Fig. 10. The tensile
strength of the rock mass was between 2.14 and 3.67 MPa.
With increasing joint dip, the tensile strength of the rock
mass decreased gradually. The tensile strength was the
smallest at 60° and rose at 90°.

3.1.2 Uniaxial Compression Test

To explore the influence of the joint dip angle on the rock
mass strength, the angles of the prepared standard rock sam-
ples were 0°, 30°, 45°, 60°, 75°, and 90°. Photographs of
some rock samples before and after the uniaxial compres-
sion test are shown in Fig. 11. The experimental results are
shown in Fig. 12. The average uniaxial strength of the rock
was between 18.2 and 51.2 MPa. The strength distribution
of the rock samples at various dip angles shows that the
strength of the rock samples at a fixed dip angle is rela-
tively close. When the joint dip is 60°, the strength, elastic
modulus, and Poisson's ratio of the rock sample are all the
smallest, indicating that the rock sample has a larger axial
strain during the experiment. When the dip angle is 0°, the
uniaxial strength of the rock sample is the highest, with an
average value of 51.7 MPa. The curve of uniaxial strength
is U-shaped. Except for the fracture and failure of the rock
sample at 0°, all other samples have slipped failure along the
structural surface.

From the above rock mechanics test, it can be found that
the structural plane of the rock mass is a weak part, and

5.0
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Fig. 10 Tensile strength test results

most of the samples slip between the rock layers under the
action of the load. Therefore, after the surrounding rock is
excavated, the sliding deformation between the rock layers
will become dominant under the effect of ground stress.

3.2 Numerical Simulation Analysis
3.2.1 Establishment of the Numerical Model

The tunnel numerical model was established using 3DEC
based on the discrete element method to analyze the main
causes of large deformation. The surrounding rock of the
Changning Tunnel is layered with obvious cracks, and the
thickness of the rock stratum is not uniform. To make the
numerical model closer to the actual rock mass structure,

(a) Rock sample before experiment

Fig. 9 Photos before and after the failure of the rock sample
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(b) Rock sample after test
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Fig. 11 Characteristics of rock samples before and after the uniaxial compression test
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12 Test results of the uniaxial compression test of the rock sam-

tetrahedral blocks were first established to form the rock
blocks of the surrounding rock, and then a discrete frac-
ture network (DFN) was used to cut the blocks to form the
rock structural plane. The discrete fracture joint model of a
rock stratum with random thickness was established by this
method. In the process of simulating the mechanical behav-
ior of a rock mass, the rock mass was divided into two basic
elements: a rock block and a joint. The joints are divided
into dispersed joints and dominant joints. Dispersed joints
simulate rock cracks after tunnel excavation, and dominant
joints simulate the structural plane between rock strata. The
Lagrangian solution method has natural advantages in solv-
ing the failure process of discontinuous media and is suit-
able for analyzing the large deformation or failure behav-
ior of rock masses under dynamic and static loads. In this
paper, the Hock—Brown constitutive model was used for rock
blocks, and the Coulomb slip model was used for the joints
(Fig. 13).

The model size is 50 m X 50 m X 1 m, the tunnel width
is 12 m, and the height is 9 m, as shown in Fig. 13. The
model is composed of 39,268 blocks with edges of 0.5-1 m

@ Springer
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in length, and the rock stratum dip is 15° (Sun et al. 2019;
Bahrani and Hadjigeorgiou 2018). Stress constraints were
imposed on the left, right and upper parts of the model,
and the bottom was fixed. According to geological data, the
maximum principal stress is 15 MPa, the vertical stress is
8.5 MPa, and the minimum principal stress is 10 MPa. The
maximum horizontal principal stress is parallel to the tunnel
axis, and the minimum horizontal principal stress is perpen-
dicular to the tunnel axis. Therefore, the stresses applied
in the x, y, and z directions of the numerical model were
15 MPa, 10 MPa, and 8.5 MPa, respectively. First, the model
runs to the equilibrium state to simulate the in situ stress
state, and then the tunnel undergoes full section excavation
to simulate the deformation mechanical characteristics of the
surrounding rock without support.

3.2.2 Determination of Parameters
If the parameters of the numerical model are directly
selected from the laboratory rock mass mechanics data, the

calculation results may be quite different from the actual
situation. The reason is that the rock samples obtained are

8.5MPa

15MPa

Fig. 13 Numerical model of the tunnel
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often taken from relatively complete rock blocks on site,
while most of the actual surrounding rock mass is broken
rocks, and the measured rock mechanical parameters are
high. Therefore, the mechanical parameters of the rock mass
should be reduced according to the experimental data.

According to the uniaxial test results of the experiment,
the uniaxial strength of the complete rock mass sample
with 15° joints was approximately 45 MPa. The selection
of parameters not only needs to consider the fixed attributes
of rock, such as rock strength but also needs to be com-
bined with the occurrence environment and structural char-
acteristics of the rock mass. Hoek and Diederichs (2006)
established a set of methods based on the GSI geological
classification index and used the following formula for rock
strength conversion:

Enm 1-D)2

Fi =002+ 1 + e(60+15D-GsD/11) )’ (1)

. =O_'mb+4s—a(mb—8s)< m, >as—1 ®
cmass T 21+ a)2 + a) 445 ’

« >

Dispers

ed joint :
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Table 1 Rock mass parameters

. - Rock Constant Rock mass
after the reduction calculation
o (MPa) E; (GPa) GSI m; m, s a Oemass E,., (GPa)
(MPa)
45 7.6 40 15 1.2 0.0006 0.511 6.4 0.5
Table 2 Mechanical parameters of the rock mass
Rock mass Dispersed joint
density (kg/m®)  K(GPa) G (GPa) C®(MPa) ¢ " (MPa) K,(GPa) k (GPa) C (MPa) ¢ o, (MPa)
2500 0.27 0.21 1.1 22 8.5 3.42 2.7 29 2.4
m mexp(GSI_ 100) 3) 7.5 it : "
— . , ressive strengt
b i 28 _ 14D niaxial compressive streng
GSI - 100
§ = exp( 100, ’
LAEY @ 50-
<
o
1 Gst 2 E
a=5+1/6(615—es>, 5) 2
b=,
. . . 2]
where E.,, is the elastic modulus of the rock mass, 6, 1S 254
the uniaxial compressive strength of the rock mass, GSI is
the geological strength index, E; is the deformation modulus
of the rock, and o is the uniaxial compressive strength of
the intact rock. The parameter calculation formula follows 0.0 . . ' : ‘ ‘ . '
0.0 0.5 1.0 1.5 2.0

Egs. (1)—(9). The rock mass parameters obtained after cal-
culation are shown in Tables 1 and 2. The dominant joint
parameters of the rock mass were determined by numerical
simulation inversion of uniaxial experiments, and the cou-
pling method of the discrete fracture network and discrete
element method (DFN-DEM coupling method) was used.
After several inversions, it was determined that the index of
the representative elementary volume (REV) of the model
was 20 mx 10 m X 10 m. As shown in Fig. 14, after several
uniaxial numerical simulations and inversion analyses, com-
bined with the field-measured surrounding rock deformation
data, jkn=12e9, jks =1e9, jcoh=1e5, jfr=25, and jten =5e4
were selected as the dominant joint parameters.

E

k=320 6)
E

M "

K+%G
K, =10] —*"

Az ®

min

Strain / %o

Fig. 14 Results of uniaxial numerical simulation of rock mass

K, = 04K, ©)

3.2.3 Result Analysis

In the rock mechanics test, the structural surface of the
rock mass is relatively smooth, and the rock mass is easily
separated and slipped, which is more consistent with the
numerical simulation results. As shown in Fig. 15a, separa-
tion and shear slip occurred on both shoulders of the tunnel,
and the collapse after excavation was obvious. The defor-
mation of the surrounding rocks on both sides will produce
a greater pressure on the primary support, so the primary
support vault is cracked and extruded. The plastic zone range
of the surrounding rock presented a “4” shape, the failure
of the surrounding rock was dominated by shearing. Only
the shallow rock was damaged by tension. (Fig. 15b). The
extension range of the plastic zone was approximately 0.9
times the tunnel span on the left and right sides, and the
range of the plastic zone in the upper and lower parts of the
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Displacement
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“ Bulge Vault cracking

(a) Deformation characteristics of surrounding rock

shear-n
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shear-n tension-n shear-p tension-p
shear-p

. shear-p tension-p

. tension-n shear-p tension-p

(b) Plastic zone

Fig. 15 Mechanical characteristics of the surrounding rock

tunnel exceeded the tunnel span. Figure 15¢ shows the core  the coring-machine performance, the core depth can only be
obtained on the right side of the tunnel. The rock is broken 10 m, which does not mean that under the ground support,
within 10 m (the tunnel span is 12 m), which is similar to  the plastic zone of the surrounding rock is 10 m, which may
the numerical simulation results. Due to the limitations of  be deeper. The failure of the tunnel support structure also
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Fig. 15 (continued)

shows this point. A large number of broken rocks collapse,
and the ground support cannot maintain the integrity and
stability of the surrounding rock. The stress concentration
area of the surrounding rock was mainly located in the vault

and invert (Fig. 15d). The stress release area of the shallow
surrounding rock tended to be consistent with the deforma-
tion range of the surrounding rock. Therefore, the active sup-
port method to improve the interlayer friction and the overall
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strength of the surrounding rock has become the direction to
solve the large deformation of the surrounding rock.

3.3 Mechanism Analysis of Large Deformation

Through the above analysis, the main causes of the large
deformation of the Changning Tunnel are related to the tec-
tonic stress, rock structure, and strength of the rock mass.
The surrounding rock of the tunnel is layered, the rock mass
strength is greatly affected by the rock structure, and the
cohesion between rock layers is weak, so the rock layer
will slip along the existing structural plane. Under the joint
action of vertical stress and tectonic stress, coupled with the
different values and directions of the two stress fields, the
wedge-shaped blocks generated by the failure of the sur-
rounding rock will appear randomly in different parts of the
tunnel, resulting in large-scale or local deformation of the
tunnel, as shown in Fig. 16a. After the tunnel is excavated,
under the action of the initial stress field, the surrounding
rock changes from the original three-dimensional stress state
to a two-dimensional stress state, upsetting the stress balance
of the surrounding rock. Under the stress field action, the
normal direction of the rock stratum will be affected by the
tangential stress, which will move the rock stratum toward
the direction of the free face, cause the bending moment of
the rock stratum, and easily cause the bending failure of the
surrounding rock, as shown in Fig. 16b. According to the
above research, the compression bending and shear sliding
of rock strata caused by the rock structure and tectonic stress
are the main reasons for the large deformation of the Chang-
ning Tunnel. The support shall be strengthened for the parts
where that damage occurs.

Fig. 16 Tunnel failure mode

-n
x

e B

(a) Rock stratum sliding
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4 NPR Anchor Cable Support Design

4.1 Composition and Characteristics of the NPR
Anchor Cable

As shown in Fig. 17a, the negative Poisson's ratio anchor
cable (NPR anchor cable) is composed of a constant resist-
ance device, steel pallet, locking device, and anchor cable.
The constant resistance device is composed of a cone body
and casing pipe. According to the tensile curve (Fig. 17b),
the deformation process of the NPR anchor cable is divided
into three stages: the elastic tensile stage, constant resistance
stage, and failure phase. The elastic stage refers to the stress
of the NPR anchor cable not reaching the constant resistance
value (350 kN), and the cable is elastically deformed under
the influence of tension. The constant resistance stage means
that when the force of the anchor cable reaches the allowable
tensile stress (350 kN) of the constant resistance device, the
cone body will slip in the casing pipe, resulting in a constant
resistance sliding effect. In this process, the diameter of the
cone body is larger than the inner diameter of the casing
pipe, and the casing pipe expands with the extrusion of the
cone body, resulting in a generalized negative Poisson's ratio
effect. The failure stage means that the sliding distance of
the cone body is close to the length of the casing pipe, and
the cone body is gradually pulled out of the casing pipe.
The test results showed that the constant resistance tensile
distance of the NPR anchor cable is approximately 300 mm,
and the average tensile force can reach 350 kN.

Fy

TTTT

—

Fy

Fy

(b) Rock stratum bending
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Fig. 17 Constant resistance and
large deformation anchor cable
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(a) Structure of NPR anchor cable
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4.2 NPR Anchor Cable Support Principle
NPR long anchor cable q Main compression arch
AN A N

Traditional tunnel support measures cannot effectively
control the large deformation of the surrounding rock, so
a combined support form of "NPR long anchor cable + PR
short anchor cable" is proposed, as shown in Fig. 18. The
Poisson's ratio anchor cable (PR anchor cable) refers to
the classic prestressed anchor cable (without the constant
resistance device). This kind of support method was applied
to tunnel engineering for the first time. After the PR short
anchor cable is prestressed, it interacts with the shallow sur-
rounding rock to form an arch structure. At the same time,
the NPR long anchor cable can link the deep surrounding
rock and form a double-layer arch structure with the shal-
low surrounding rock reinforced by the short anchor cable
to actively strengthen the surrounding rock. Since the main
component is an NPR long anchor cable, on the one hand,
the mutual compression force is generated between the
anchor cables in the surrounding rock with a large relaxation
range, forming a compression arch (main compression arch),
which greatly improves the stability of the surrounding rock.

NN N

Secondary compression arch

RN

Fig. 18 Structure of the double-layer composite arch

On the other hand, the surrounding rock produces a shear
force on the anchor cable, evenly transmits the tension to
the anchor body and deep stable rock mass through the free
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section, and provides sufficient anchoring force. Moreover,
the secondary compression arch formed by the PR short
anchor cable not only improves the stability of the surround-
ing rock over a large range but also bears a considerable part
of the surrounding rock stress and reduces the load acting
on the main compression arch. From an engineering point
of view, the secondary compression arch formed by dense
PR short anchor cables plays a decisive role in the long-term
stability of the soft and weak surrounding rock.

Figure 19 shows that the prestressed NPR anchor cable
can effectively strengthen the surrounding rock while allow-
ing the surrounding rock to deform because the deformation
of the surrounding rock can force the cone body in the casing
pipe to slip. The constant resistance device can prevent the
failure of the anchorage section of the anchor cable or the
breaking of the anchor cable due to the deformation of the
surrounding rock. Constant friction is generated in the pro-
cess of cone body sliding to ensure that the anchoring force
of the anchor cable satisfies the engineering requirements.

4.3 Support Scheme of NPR Anchor Cable

The support scheme of "NPR anchor cable + PR anchor
cable + W-shaped steel strip + polyester fiber mesh" is shown
in Fig. 20a. To solve the problem of large deformation of
the Changning Tunnel, five support schemes were proposed.
The difference between these support schemes is the number
and length of NPR anchor cables. The support schemes are
shown in Fig. 20b—f. The first scheme had the maximum
support strength (Fig. 20b). The length of the NPR anchor

Fig. 19 Interaction between the
NPR anchor cable and the sur-

rounding rock
Rock mass

cable was 10.3 m, and the length of the PR anchor cable was
6.3 m. The two kinds of anchor cables were installed alter-
nately. In the second scheme (Fig. 20c), the row spacing of
each type of anchor cable was increased from 1.2 to 1.6 m.
The third scheme (Fig. 20d) reduced the length of the NPR
anchor cable on both sides of the tunnel from 10.3 to 6.3 m,
and the other parameters remained unchanged. The fourth
scheme (Fig. 20e) increased the row spacing of each type of
anchor cable to 2 m. The fifth scheme (Fig. 20f) removed
the additional NPR long anchor cable at the left shoulder of
the tunnel and then reduced the row spacing of each type
of anchor cable to 1.6 m. The on-site support form of the
NPR anchor cable is shown in Fig. 21. The detailed support
parameters of each test section are shown in Table 3.

5 Field Test and Analysis
5.1 Field Monitoring Schemes

The test section is located at the exit of the right tunnel, with
a mileage of K324 407-307, totaling 100 m. The 100 m test
section is further divided into five small test sections, each of
which is 20 m. An NPR anchor cable support scheme should
be applied to each small test section. Each small test section
has a monitoring station located in the middle, at K32 +397,
K32+377,K32+357, K32+ 337, and K32+317, as shown
in Fig. 22. The monitoring data include primary support
deformation, pressure between the primary support and sur-
rounding rock, pressure between the primary and secondary
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Fig.20 Support scheme of each
test section
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Fig. 20 (continued)
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Fig.21 Schematic diagram of test section support

lining, internal stress of the steel arch, axial force of the
NPR anchor cable, and deep displacement of the surround-
ing rock. The monitoring equipment is shown in Fig. 23,
which includes pressure axial force gauges, pressure gauges,
stress gauges, and displacement gauges. The data acquisi-
tion box can automatically collect relevant monitoring data
for long-term monitoring. The axial force gauge is used to
monitor the axial force change of the NPR anchor cable. The

@ Springer

pressure gauge is used to monitor the pressure between the
surrounding rock and primary support, as well as the pres-
sure between the primary support and secondary lining. The
stress gauge is used to monitor the internal stress of the steel
arch support, and the multipoint displacement gauge is used
to monitor the displacement of the deep surrounding rock.
Each monitoring station has 5 monitoring points located on
the vault, left and right waist, and left and right shoulders.
The installation of the multipoint displacement meter was
complex, so only one was installed in each monitoring sec-
tion. The monitoring frequency was once per day. The sensor
placement is shown in Fig. 24.

5.2 Safety Criteria

The safety assessment of the tunnel lining in this paper
should be based on the mechanical response considering
internal stress, pressure and displacement. By comparing
the monitoring data with material strength and allowable
deformation, the safety of the tunnel lining can be directly
assessed. Table 4 shows safety standards according to Code
for Design on Tunnel of Railway (TB 10003-2016 2016),
Technical Specification for Monitoring Measurement of
Railway Tunnel (Q/CR 9218-2015 2015), and Specifications
for Design of Highway Tunnels (JTG 3370.1-2018 2018)
in China. The strength-based safety factor is the critical
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Table 3 Main support parameters of five schemes

Support scheme I Support scheme II Support scheme III Support scheme IV Support scheme V

Items

K32+327-307

350 mm

K32+347-327

350 mm

K32+367-347

350 mm

K32+387-367

500 mm

K32+407-387

650 mm

Scope of test section

Reserved deformation

1.6 m/day
> 300 kN
350 kN

2.0 m/day
>300 kN
350 kN

1.6 m/day
>300 kN
350 kN

1.6 m/day
>300 kN
350 kN

1.2 m/day
>300 kN
350 kN

Excavation length

prestress

Anchoring force

@21.8, L=10.3m @21.8, L=103m @21.8, L=10.3 m @21.8, L=103m

@21.8,L=10.3m

NPR anchor cable

=6.3m

P21.8, L

6.3 m

@218, L

=6.3m

D218, L

6.3 m

120a@60 cm

®21.8, L

6.3 m

120a@60 cm

@21.8, L

6.3 m

120a@60 cm

@21.8, L

6.3 m

120a@80 cm

@21.8, L

6.3 m

120a@60 cm

@21.8, L

PR anchor cable

Steel rib

C25, T=15cm C25, T=15cm C25, T=15cm

C25, T=15cm

27 cm
2200 mm x 300 mm X 2.8 mm

C25, T

Shotcrete

2200 mm X 300 mm X 2.8 mm 2200 mm x 300 mm X 2.8 mm 2200 mm X 300 mm X 2.8 mm

2200 mm X 300 mm X 2.8 mm

‘W-shaped steel strip

®8%20 cmx20 cm
100 mm x 100 mm

@820 cmx20 cm ®8%20 cmx20 cm ®8x%20 cmx20 cm @820 cmx20 cm
100 mm x 100 mm 100 mm x 100 mm

100 mm x 100 mm

Steel mesh

100 mm x 100 mm

Polyester fiber mesh

=50 cm

C30, T

=50 cm

C30, T

=50 cm

C30, T

=50 cm

C30, T

=60 cm

C30, T

Reinforced concrete

parameter to evaluate the construction risk, as defined by
Eq. (10). The safety of the secondary lining is indirectly
reflected by referring to the sharing proportion of the pri-
mary support and secondary lining compression, as defined
by Eq. (11).

Standard strength of supporting structure

Safety factor = -
Measured stress of supporting structure

(10)
Second lining load sharing ratio
Pressure on the second lining

= )

" Pressure on the primary support
x 100%

5.3 Monitoring Results and Analysis
5.3.1 Deformation Behaviors

Figure 25a shows the maximum displacement of each moni-
toring section. The NPR anchor cable support strength of
Support scheme I was the highest, and the surrounding rock
deformation was the smallest. The maximum deformation of
this section was 38 mm. With the decrease in the number of
NPR anchor cables in each scheme, the displacement of the
surrounding rock gradually increases. The maximum defor-
mation was 135 mm, which appeared in Support scheme
IV, but it was still less than the standard 190 mm in the
specification. The deformation rates of different schemes
are recorded in Fig. 25b. The deformation of the surround-
ing rock was divided into two stages. Before the excava-
tion of the lower bench, the surrounding rock was in the
rapid deformation stage, and the maximum deformation rate
was 21 mm/day. After the excavation of the lower bench,
the deformation rate of the surrounding rock gradually
decreased to 0 mm/day and changed to a stable stage. The
deformation of the surrounding rock was basically stable
within approximately 25 days.

5.3.2 Internal Stress of Steel Arch

Figure 26a shows the maximum value of the internal stress
of the steel arch in each monitoring section. In the moni-
toring results, the value is positive under tensile stress and
negative under compressive stress. In the whole process of
excavation and support, the steel arch was tensioned first
and then gradually changed to the compression state. After
the excavation of the lower bench, the internal stress of the
steel arch gradually decreased in a stable process. The results
show that the closure of the primary support is beneficial in
reducing the internal stress of the steel arch and improving
its safety. According to Eq. (10), the standard axial strength
is compared with the maximum internal stress value of the
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steel arch in each monitoring section; the results are shown
in Fig. 26b. The safety factor of the primary support in each
support section is greater than 1, and the maximum value of
the internal stress of the steel arch (280 MPa) is within the
standard range (335 MPa). The results show that the primary
support structure is relatively safe.

5.3.3 Deep Multipoint Displacement

The sensor installation depth was located at 1 m, 6 m, and
10 m away from the free face to observe the displacement of
the surrounding rock within the length range of the anchor
cable. Select the monitoring results of Support schemes IV,
as shown in Fig. 27, the displacement of the 10 m measuring

points was small, but the displacement of the 1 m and 6 m
measuring points was large. Therefore, the displacement of
the surrounding rock was concentrated in the shallow part,
and the surrounding rock at 10 m depth was basically stable.
The surrounding rock displacement trend covered by the
PR short anchor cable (6 m) was consistent, while the sur-
rounding rock displacement change covered by NPR long
anchor cable (10 m) was small. This showed that the PR
short anchor cable support formed the shallow rock arch
structure and had overall displacement, and the NPR long
anchor cable formed the second stable rock arch structure
and limited the displacement of the shallow arch structure,
ensuring the stability of deep surrounding rock.

Fig.22 Location of the tunnel K32+407 K324+307
monitoring station and test K32+387 K32+367 K32+347 K32+327
section . 20m ‘l‘ 20m L 20m ‘L 20m .I « 20m
Test section 1 | Test section 2 Test section 3 | Test section 4 ] Test section 5
Support scheme I *  Support scheme I~ Support scheme I * Support scheme IV ' Support scheme V
K32+397 K32+377 K32+357 K32+337 K32+317
- 10m | 1| 20m | 10m

100m

Fig. 23 Tunnel monitoring equipment
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Fig. 24 Measuring points of the
monitoring station

NPR anchor cable

Stress gauge

Axial force gauge

Multi-point displacement gague

5.3.4 Primary Support Pressure and Secondary Lining

Table 4 Chinese standards of tunnel displacement and internal stress
in support structures

Rock mass Tunnel Standard axial ~ Proportion of
grade displacement  compressive/ secondary lining
(mm) tensile strength load
of steel frame
(MPa)
v 190 335 60-80%
Pressure
—=— Support scheme I o Support scheme II —4— Support scheme III

—v— Support scheme IV —— Support scheme V
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(a) Surrounding rock displacement

Fig. 25 Displacement of the primary support

Figure 28a and b records the pressure value change trend of
the maximum pressure measuring point of each monitor-
ing station. As shown in Fig. 28a, the pressure between the
primary support and surrounding rock was basically consist-
ent with the change trend of the surrounding rock displace-
ment, which was also divided into a rapid growth stage and
a stable stage. As shown in Fig. 28b, after the construction
of the secondary lining, the pressure between the primary
support and the secondary lining increased rapidly during
the 14-day curing period, and then the pressure growth rate
slowed down. After 28 days, the concrete strength reached
the maximum value, and the pressure on the secondary lin-
ing gradually stabilized. According to Eq. (11), the final

—=— Support scheme I —e— Support scheme II —4— Support scheme III
—v— Support scheme IV —&— Support scheme V

251 Right middle bench excavation
} Left middle bench excavation
P
B
201 i Left lower bench excavation

Hi
iy ‘ Right lower bench excavation
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)
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" — T v - T T 1
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Time /d
(b) Displacement rate
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(a) Internal stress of steel arch

Fig. 26 Internal stress monitoring results of the primary support

monitoring results of the two pressures are compared to
determine the load proportion of the secondary lining, and
the results are shown in Fig. 28c. The results showed that
the load proportion of the secondary lining was between 8.1
and 14.1%, which was less than the range recommended by
the standard (60-80%). The pressure borne by the second-
ary lining was small, and the pressure was mainly borne by
the primary support. Therefore, the secondary lining partici-
pates in tunnel support as a basic safety reserve.

5.3.5 Axial Force of Anchor Cable

Figure 29 records the axial force change of the NPR anchor
cable at the maximum displacement at each monitoring sta-
tion. After more than 300 kN of prestress was applied to
the anchor cable and before the initial support was closed,
the axial force of the NPR anchor cable first increased, then
decreased, and finally tended to be stable. In the stable
stage, the axial force of the anchor cable was approximately
350 kN, reaching a constant resistance value, which showed
that the NPR anchor cable plays a high prestressed constant
resistance role in places with large displacements.

5.3.6 Reserve Deformation of the Surrounding Rock

The reserved deformation of the tunnel is an important guar-
antee for controlling the deformation of the surrounding rock
without intrusion, and it also affects the construction cost
of the tunnel. Therefore, each support scheme must con-
sider these two factors and determine a reasonably reserved
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Fig. 27 Deep displacement of the surrounding rock

deformation of the surrounding rock. Figure 30 records the
reserved deformation of the tunnel design and the remaining
minimum reserved deformation. Under the five NPR anchor
cable tunnel support schemes, the reserved deformation and
the remaining reserved deformation show a positive correla-
tion trend. Fitting the difference between the two, the dif-
ference curve gradually becomes stable from large to small.
The average value of the difference between the five test sec-
tions is approximately 210 mm. The maximum deformation
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Fig. 28 Pressure monitoring results of the supporting structure

of the surrounding rock in the test section of 135 mm can be
added to the difference, and the obtained 345 mm is basi-
cally consistent with the design value (350 mm). This value
can be used as the minimum reserved deformation of the
tunnel and provides a reference for the determination of the
reserved deformation of the subsequent tunnel construction.

5.4 Support Effect

Based on the above monitoring results, when the tunnel used
Support scheme V with the least number of NPR anchor
cables, the monitoring data of the surrounding rock are
within the controllable range, and the safety of the primary
support and secondary lining can be effectively guaranteed.

Therefore, Support scheme V is the best. After adopting the
support scheme, the support effect is shown in Fig. 31. At
the boundary between the test section and the nontest sec-
tion, the concrete on the vault of the nontest section cracked
and fell off, and the initial support structure of the test sec-
tion was intact, indicating that the NPR anchor cable can
effectively control the stability of the surrounding rock.

6 Conclusion
The Changning Tunnel construction process was seriously

affected by the large soft rock deformation. The deformation
characteristics of the tunnel were analyzed in this paper, and
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Fig. 30 Reserved deformation of the tunnel

the deformation mechanism of the surrounding rock was
analyzed by laboratory rock mechanical tests and numeri-
cal simulations. Field tests were used on the 5 NPR anchor
cable support schemes, and the support effects were ana-
lyzed through on-site monitoring. The main conclusions
drawn are as follows.

@ Springer

1.

The Changning Tunnel is a typical jointed soft rock tun-
nel. Under different joint dips, the strength distribution
of the rock stratum is discrete. The failure character-
istics of the rock mass are mainly a sliding failure of
the structural plane. Under the tectonic stress action,
low-strength rock masses are prone to plastic failure,
resulting in large deformation of the primary support.
The field investigation, numerical analysis, and labora-
tory test indicate that rock strata compression bending
and shear slip caused by the rock strata structure and
tectonic stress are the main causes of large deformation
in the Changning Tunnel.

The large deformation of the Changning Tunnel is
uncontrollable under conventional support measures.
The NPR anchor cable exhibited the advantages of high
constant resistance (350 kN) and large tensile capacity
(300 mm). The NPR anchor cable and the PR anchor
cable can actively strengthen the surrounding rock
together to form a double-layer reinforced arch structure.
The prestressed dense PR short anchor cables reinforced
the shallow surrounding rock and reduced the shear slip
tendency between rock layers. The high prestressed NPR
long anchor cables could adaptively adjust the deforma-
tion of the surrounding rock while further strengthening
the surrounding rock and controlling the deformation of
the surrounding rock within 300 mm.

Five support schemes of "NPR anchor cable 4+ PR anchor
cable" were tested in the field. The NPR anchor cable
was installed alternately with a length of 10.3 m, and
the PR anchor cable was installed alternately with a
length of 6.3 m. The number of NPR anchor cables was
different in each of the five schemes, but these support
schemes can control the deformation of the surrounding
rock to varying degrees. The maximum deformation of
the Changning Tunnel was less than 150 mm. After the
excavation of the working face, the surrounding rock
deformation converged within 25 days. After the con-
struction of the NPR anchor cable, the contact pressure
between the primary lining and surrounding rock and
the contact pressure between the primary lining and the
secondary lining were far less than the maximum bear-
ing capacity of the structure. The research results can
provide a reference for the prevention and control of
large deformation in similar projects.
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Fig. 31 Support effect of the NPR anchor cable
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