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Abstract Aiming at the large deformation of sur-
rounding rock during tunnel construction under high
ground stresses, this paper takes a high ground stress
soft rock tunnel project in Yunnan Province as the
background. According to the uniaxial and triaxial
compression and creep experiments of rock, a creep
constitutive damage model suitable for this project is
built. Then, this creep damage constitutive model is
applied in FLAC3D numerical analysis software to
analyze the deformation characteristics of each moni-
toring point of the tunnel and the plastic zone change
characteristics of the surrounding rock during tunnel
excavation during tunnel excavation, and a support
optimization scheme is proposed for the project. The
results show that the numerical calculation results
are consistent with the actual monitoring data, which
confirms the accuracy and rationality of the proposed
creep constitutive model. In addition, when the tun-
nel is under different stress states, the location of the
largest displacement deformation of the tunnel varies.
Under self-weight stress, the maximum deformation
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is located at the vault and invert, while under tectonic
stress, the maximum deformation is located near the
spandrel and haunch. Finally, according to the numer-
ical calculation results under different working con-
ditions, the optimized support schemes for the two
working conditions are proposed respectively. Adopt-
ing combined group anchor surrounding rock rein-
forcement technology and constructing the inverted
arch pipe pile, so that the shallow surrounding rock
and deep surrounding rock together to form a com-
plete system of coordinated deformation, and the use
of large stiffness double-layer primary support tech-
nology to improve the ability of the primary support
to absorb the deformation, which effectively reduces
the creep characteristics of the surrounding rock,
to control the large deformation of the tunnel. The
research results of this paper can provide a reference
for the support design of high geostress tunnels.

Keywords High geostress - Creep experiment -
Support optimization - Double primary support -
Numerical simulation

1 Introduction

The large deformation of tunnels under high ground
stresses has always been a major problem in tunnel
engineering (Chen et al. 2022). However, there are
many mountainous areas in Northwest and Southwest
China, and the geological conditions are relatively
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complex. With the in-depth promotion of national
western development, the Belt and Road Initiative
and other major strategies, many tunnel projects have
emerged in western mountainous areas (Zhang et al.
2022a; Li et al. 2020a, b). These mountain tunnel
projects generally encounter weak strata such as weak
interlayer zones, which are buried deep and bear
complex geological tectonic movements (Sun et al.
2018). If not handled properly, then these projects are
prone to undergo damage to the supporting structure,
large deformation collapse and other disasters (Li
et al. 2020a, b).

Aiming at the problem of the large deformation of
soft rock tunnels under high ground stresses, Chinese
scholars have conducted in-depth research on the
deformation characteristics and optimization support
schemes of typical large-deformation tunnels (Bao
et al. 2022; Chen et al. 2019; Deng et al. 2022; He
et al. 2022; Liu et al. 2022a, b; Meng et al. 2013;
Wang et al. 2021a, b; Zhang et al. 2022a, b, c, d;
Zhang et al. 2022b). The above tunnels are mostly
located in mountains and at large burial depths,
and the surrounding rock lithology of the tunnels is
mainly soft rock. Under the action of high ground
stress, the tunnels have undergone great deformation
(Chen et al. 2021; Zhang et al. 2021). To better
understand the actual deformation characteristics
of such tunnels, scholars have mainly examined the
factors affecting deformation through experiments or
numerical simulations based on the analysis of on-site
deformation monitoring data, combined with the
characteristics of actual tunnel engineering lithology,
stress, etc., and have proposed and analyzed the effect
of countermeasures to reduce tunnel deformation
(Tian et al. 2022; Xu, et al. 2022; Yang et al. 2018).
The above studies have enriched our understanding of
large tunnel deformation under high ground stresses
and have contributed to further research on tunnel
deformation.

In addition, the measured data of large tunnel
deformation are often related to the rheological
characteristics of the surrounding rock; that
is, the deformation of a data monitoring point
is often not static but has a certain time effect
(Gutierrez-Ch et al. 2022; Xu and Gutierrez
2021). However, it is difficult for scholars to form
a unified theory to quantitatively describe the
rheological characteristics of all of the surrounding
rock of the tunnel. Therefore, most researchers
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have investigated the creep characteristics and
constitutive equations of rock samples collected in
the field to explore the rheological characteristics
of tunnel surrounding rock (Ji et al. 2020; Jia et al.
2018; Liu et al. 2020; Wang et al. 2021a, b). For
instance, in terms of the creep characteristics
of rocks, most of the current research focuses
on the creep characteristics of the same type of
rocks under different working conditions or the
creep characteristics of different types of rocks
(Niu et al. 2021; Sabitova et al. 2021; Qiao et al.
2022). In terms of rock creep constitutive model,
scholars mainly use the combination of mechanical
components to form the creep constitutive model,
and introduce the damage factor to establish the
creep damage constitutive model that can reflect
the various creep stages of the rock (Okuka et al.
2019; Frenelus et al. 2022; Kamdem et al. 2023).
To date, research studies of creep models have
mainly focused on the mechanical properties and
parameter analyses of the creep behavior of a single
rock (Hou et al. 2019; Taheri et al. 2020). However,
there is a lack of practical engineering case studies
for this model, such as extending the creep model
of rock to the mechanical response during actual
tunnel excavation and operation (Oggeri et al. 2022;
Xu et al. 2020; Yin et al. 2022). And the research
on the optimization of tunnel support measures
mostly focuses on the single stress situation, and
lacks the research in complex situations, such as
the reasonable optimization of support measures in
complex geological situations (Sun et al. 2023; Yu
et al. 2020; Azad et al. 2023).

Therefore, to  explore the rheological
characteristics of tunnels under high ground stresses,
in this study, uniaxial and triaxial compression creep
tests of natural rock samples were carried out based
on the actual project of a tunnel in Yunnan Province,
China. On this basis, a fractional-order creep damage
model reflecting the characteristics of different
creep stages of different natural rocks was obtained
by connecting classical mechanical components
based on fractional-order theory and strain control.
In addition, parameter identification was conducted
according to the experimental data to verify the
rationality of the model. Finally, via finite difference
software, the proposed constitutive model was
used to analyze the long-term stability of different
tunnels under the action of high ground stress, and
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corresponding support optimization measures were
proposed according to the tunnel deformation under
different ground stresses. The conclusions of this
paper can provide theoretical support for the design
and construction of tunnels under high ground
stresses.

2 Project Overview
2.1 Engineering Background

As shown in Fig. 1, the tunnel is located in Liji-
ang city, Yunnan Province, and is an important part
of the Huaping-Lijiang Expressway. The starting
and ending points of the left line of the bid section
are ZK70+180~ZK75+278, and the total length
of the demarcation section is 5098 m. The start-
ing and ending pile numbers of the right line are
YK70+ 130~ YK75+335, and the total length of the

Fig. 1 Geographic position
and geological structure of
the tunnel
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boundary section is 5205 m. The altitude is between
1869.951 and 2512.482 m, and the relative height dif-
ference is approximately 642.53 m. The geological
conditions of the tunnel are complex, with engineer-
ing problems such as faults, karsts, and landslides.
The surrounding rock of the tunnel is mainly (approx-
imately 70%) grade IV and grade V. The maximum
burial depth of the tunnel is approximately 613 m,
and it passes through the F3 fault section, which an
active Holocene seismogenic fault. The width of the
fault zone is approximately 95 m, and the fault occur-
rence is 310°£72°, indicating a compressive reverse
fault. According to the geological exploration data,
taking the F3 fault section as the boundary, the lithol-
ogy of the surrounding rock at the entrance of the
Huaping direction of the tunnel is mainly mudstone,
mixed with quartz sandstone, argillaceous sandstone
and argillaceous siltstone. The lithology of the sur-
rounding rock at the outlet of the Lijiang direction is
mainly limestone and dolomitic limestone, as shown
in Fig. 1b. The lithologies of the surrounding rock on
the two sides of the fault are quite different, but these
rocks are mainly metamorphic rocks represented by
mudstone and limestone, with the characteristics of
rock mass fragmentation and obvious rheological
properties.

2.2 Construction Techniques

The construction technology of the tunnel is mainly
based on the three-bench excavation method, and the
excavation process is as follows:

1.1.1. First, the upper bench is excavated, and
the initial support of the upper hole structure
is applied after the completion of the upper
excavation. That is, 4 cm thick concrete is
initially sprayed, and the steel frame is erected.
Then, the system anchor is drilled and resprayed
to the design thickness, and the bench height is
approximately 3.4 m.

2.2.2. After the construction of the upper bench
to 3~5 m, the middle bench is excavated, the
steel frame is extended, and the initial support
and bottom sealing of the tunnel structure are
applied. The process is the same as that of the
upper bench, and the height of the bench is
approximately 3.0 m.
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3.3.3. After 5~8 m of excavation of the middle
bench, the lower bench is excavated, and the
initial support is closed in time. The process
is the same as that of the upper bench, and the
height of the bench is approximately 3.0 m.
After the excavation of the lower bench is
completed, the inverted arch and the tunnel
bottom are filled in time;

4.4.4. Finally, the lining template trolley is used to
construct the secondary lining (the arched wall
lining is constructed once).

The support measures of the tunnel adopt the
anchor spray support method, and the support
parameters are shown in Table 1.

2.3 Deformation Characteristics and Stress
Environment

The surrounding rock of the tunnel is mainly com-
posed of level five surrounding rock and level four
surrounding rock, which exhibit rheological, volume,
hydrological changes and have poor self-stability
characteristics. After applying certain support meas-
ures to the tunnel after excavation, disasters such as
cracking of the initial support shotcrete, block fall-
ing, arch shoulder cracking, deformation of the arch
waist, and uplift and deformation of the arch bot-
tom occurred in some locations over time. Figure 2
shows the time history curve of a section of the tun-
nel. Within 60 days after the three-bench excavation,
the final value of vault settlement is 660.46 mm,
the final value of spandrel settlement is 512.99 mm,
the horizontal convergence value of the haunch is
416.08 mm, and the uplift value of the inverted arch
at the arch bottom is 595.15 mm. This shows that

Table 1 Supporting structure design parameters

Supporting structure Design parameter

A42,L=450 cm, 180 cm x 30 cm

Shotcrete: C25; Thickness=27 cm
Steel mesh: A8@15 cm X 15 cm
Steel rib: 120a@60 cm
Hollow grouted bolt: A25,

L=450 cm, and 100 cm x50 cm
Deformation allowance: 15 cm

Concrete: C35; Thickness =70 cm
Deformation allowance: 50 cm

Advanced small pipe
Primary support

Secondary lining
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Fig. 2 On-site monitoring -
points and section deforma- >
tion monitoring results of
the tunnel
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after the completion of excavation, the deformation
of the surrounding rock is large with characteristics
of rheological changes, which seriously endangers the
safety of construction personnel.

The tunnel is bounded by the F3 fault zone, and
the lithologic characteristics on both sides of the
fault are quite different. The in situ stress of the
surrounding rock at the entrance of the tunnel in
the Huaping direction is mainly self-weight stress.
The field monitoring data show that the measured
in situ stress of the vault is approximately 7 MPa,
the measured in situ stress near the horizontal
arch waist is approximately 2 MPa, and the lateral
pressure coefficient is approximately 0.3. The in situ
stress of the surrounding rock at the exit end of the
tunnel in the Lijiang direction is mainly horizontal
tectonic stress, with a horizontal tectonic stress of
approximately 17.52 MPa and a vertical tectonic
stress of approximately 14.79 MPa. Therefore, the
in situ stress environment of the tunnel is relatively
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harsh, and the deformation and failure modes may
change with increasing tunnel depth.

Based on the engineering background, taking the
F3 fault zone as the boundary, two calculation condi-
tions of the self-weight stress field and tectonic stress
field are constructed, which are divided into working
condition I and working condition II, respectively.
Figure 3 shows the ground stress on the two working
conditions, where o, and o, are the horizontal and ver-
tical components of the ground stress, respectively.

3 Creep Test and Constitutive Equation

3.1 Experimental Scheme

It can be seen from the second section of this paper
that the surrounding rock of the tunnel is mainly mud-

stone and dolomite limestone, so the rock samples
used in the creep test are taken from the tunnel site.
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Uniaxial and triaxial creep
(mudstone)

 Uniaxial and triaxial compression
(mudstone)

| b
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(limestone)

Uniaxial and triaxial creep
(limestone)

Fig. 4 Test equipment and specimen loading

Table 2 Strength of rock specimens under different confining
pressures

Rock Con- Strength  Rock  Confining  Strength

sample fining (MPa) sample press (MPa)
press (MPa)
(MPa)

Mudstone 0 18.54 Lime- 0 66.88
2 23.59 stone g 94.19
4 29.38 15 115.24

Through the drilling core sampling, indoor cutting,
grinding and other processes, the rock is processed
into a standard sample with a diameter of 50 mm and
a height of 100 mm. Figure 4 shows the experimental
equipment and experimental loading diagram. Before
the creep test, it is necessary to determine the grading
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load loading grade of a rock sample. Therefore, three
mudstones and three limestones are selected for uni-
axial and triaxial compression tests to determine the
compressive strength of the rock. The strength values
of the mudstones and limestones under different con-
fining pressures are shown in Table 2.

For the creep test, three mudstone and three lime-
stone samples are selected, and the compression
creep test of the rock samples under the same confin-
ing pressure is set according to the uniaxial and tri-
axial compressive strength obtained by conventional
compression testing. The loading level of the preset
rock sample is 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90
times the strength under the corresponding confining
pressure conditions, which is divided into 6 levels of
loading, as shown in Table 3.
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Table 3 Rock creep

Stress levels at all levels of loading (MPa)

1 2 3 4 5 6

loading stress grade Rock sample Confining
under different confining pressure (MPa)
pressures
Mudstone 0
2
4
Limestone 0
8
15

2.78 5.56 8.34 11.12 13.90 16.69
3.54 7.08 10.62 14.15 17.69 21.23
441 8.81 13.22 17.63 22.03 26.44
10.03 20.06 30.09 40.13 50.16 60.19
14.13 28.26 42.39 56.51 70.64 84.77
17.29 34.57 51.86 69.14 86.43 103.72
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Fig. 5 Creep theory process curve

3.2 Creep Damage Constitutive Equation

The results of the triaxial compression creep tests
of the rock samples show that the creep loading
curve of rock samples is composed of instantane-
ous elastic deformation, attenuation creep defor-
mation, stable creep deformation and accelerated
creep deformation, and the constitutive relation-
ship of instantaneous creep deformation g; can be
expressed by the elastomer constitutive relationship.
The constitutive relationship of the sum g, of the
attenuation creep deformation and the stable creep
deformation can be expressed by the Scott-Blair
model (Wu et al. 2020). When the strain of the rock
sample reaches a certain threshold, the creep defor-
mation of the rock sample rapidly enters the stage of
accelerated creep from stable creep deformation, so
the constitutive relationship of creep deformation ;,
at this stage can be represented by a nonlinear creep
body with strain triggering, as shown in Fig. 5.

The constitutive equation of instantaneous elastic
deformation €, can be expressed as

&= E, ey

where o, is the long-term load and E is the elastic
modulus of the elastomer.

The constitutive equation of the sum of decay
creep deformation and steady creep deformation ¢,
is represented by the Scott-Blair model (Wang and
Zhou 2020; Gao and Yin 2021), The creep equation
expression of the Scott-Blair fractional element can
be obtained by integrating the fractional calculus with
the Riemann—Liouville fractional operator(Liu et al.
2022a, b; Zhang et al. 2022a, b, c, d)

— 60 ti
6sw - rlnl F(l +/1) (2)

where, (1) = [ t*~1e~'dr (t>0), n,,, is the viscosity
coefficient of the material, A is the fractional order,
and 0<A<L1.

In this paper, the strain parameter is used to
characterize whether the rock enters the accelerated
creep stage. An improved nonlinear creep body
with strain triggering is introduced to describe the
deformation of the rock in the accelerated creep stage
(Jiang et al. 2013). Let 5,, be the nonlinear viscosity
coefficient and [/, be the creep parameter. The
constitutive relation of the nonlinear viscous cylinder
is defined as

%9

ol

t+lnlz> (e>¢€,)
(e<eg,)

e:exp(

3
. 3)

In the formula, #,, is a nonlinear viscosity
coefficient, /; and [, are creep parameters, and ¢, is
the strain threshold.
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Therefore, according to the viewpoint of rock
rheological mechanics, the time-dependent deformation
characteristics of rock under long-term loading
can be quantitatively described by connecting the
abovementioned spring body, Scott-Blair fractional
order element and strain-triggered improved nonlinear
creep body in series to form a strain-controlled
constitutive model that can characterize the creep
deformation of rock under the time effect. Therefore,
the one-dimensional creep total strain expression of the
rock sample is

o _0
Mt l"(1+1)
%0

Mt r(1+z)

e(t) =
e(t) =

(e<eg,)

Bl NSNS

+ exp(—t+ Inl,) (e > ¢,)

C))

In addition to the uniaxial compression creep test,
the triaxial compression creep test is also carried out
in this study, so it is necessary to expand Eq. (4) in
three dimensions. According to the theory of elastic
mechanics, the stress tensor o;; can be decomposed into
the stress spherical tensor o,, and the partial tensor Sy,
and the strain tensor ¢; can be decomposed into the

strain spherical tensor ¢,, and the partial tensor e;;.

0'—50' +S

ij“m

4-—65 +e;

ij<m

®

where 6,-]- is the Kronecker delta.
According to the generalized Hooke’s law, the three-
dimensional constitutive relation of an elastic body is

S o, 0

s J m-i

%726, T 3K, ©

where ¢ is the strain of the elastomer, and G, and
K, are the elastic shear modulus and bulk modulus,
respectively.

For Scott-Blair model elements, the three-
dimensional constitutive relation is

= )
F(l +A)

where ¢; bW(t) is the strain of the fractional element,
and G, is the viscous shear modulus.

For a strain-triggered improved nonlinear creep
body, its three-dimensional constitutive relation is

@ Springer

S;
g5 — ) €XP (mt+ ln12> (e>¢,) ®
v 0 (e<¢g,)

Therefore, the triaxial loading creep constitutive
equation of the rock sample is

N 0,0, S,

i m0ij i *

= 26, T 3K, 26, I+
GO=) 8 e s o + S t4nl,) (e2e,)
exp (g rt+ing ) (e2¢,

(e<eg,)

S owdy 4
2G, ' 3K, ' 2G,, T(+A)

©))
Under the condition of a constant confining
pressure creep test, o, =03,

1
= 5(61 +0,)
2
A =‘71_5m:§(‘71_03) (10
Sy =0y—0,

1
= 3(53 - 51)

Therefore, the axial creep equation based on
Egs. (9) and (10) is

oj=03 | oj+203 | oj-03 _i*
() = 3Gy * ok, 9Ky 3Gew T(1+2) (e<e,)
YT ) op-o3 | oj+203 +20-3 op-o3 _i 2l rr"
3Gs + — 4+ - oo TOHD) +exp E t+1n L) (e>¢,)

3.3 Parameter Identification and Model Validation

Due to space limitations, this paper only shows
the creep model fitting parameters of mudstone
and limestone under triaxial loading. Tables 4 and
5 show the creep model fitting parameters of mud-
stone and limestone under different confining pres-
sures in the first five loading stages and the last
loading stage, respectively, where L represents the
loading grade, the specific stress applied to the rock
samples under various working conditions under
the loading grade is shown in the Table 3, and o;
represents the confining pressure. The bulk modu-
lus G, elastic shear modulus K and viscous shear
modulus G, of mudstone and limestone gradually
decrease with increasing loading grade and confin-
ing pressure. The fractional order A, viscosity coef-
ficient 7,,, and creep parameters /; and /, have no
obvious change trend with increasing loading level
and confining pressure, which is related to the creep
properties of rock samples. The strain threshold ¢,
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Table 4 Creep model identification parameters for the first five loading levels

Rock type L Test specimen 6;=2 MPa

Test specimen ;=4 MPa

G, (GPa) K, (GPa) G, (GPa‘h) A G, (GPa) K, (GPa) G, (GPah) A
Mudstone 1 4.53 2.73 9.93 0.05 3.83 2.05 9.15 0.09
2 3.95 2.46 8.73 0.08 3.75 1.95 8.03 0.10
3 2.85 1.76 7.69 0.11 3.05 1.52 7.35 0.11
4 2.01 1.18 6.89 0.10 2.18 1.23 6.84 0.17
5 1.52 0.97 6.04 0.13 1.57 1.01 5.74 0.13
Rock type L Test specimen o3 =8 MPa Test specimen o3=15 MPa
G, (GPa) K, (GPa) G, (GPah) A G, (GPa) K, (GPa) G, (GPah) A
Limestone 1 10.03 5.83 15.06 0.08 9.03 5.73 15.11 0.07
2 9.53 5.34 12.13 0.12 8.81 5.82 18.02 0.06
3 8.06 4.29 11.63 0.11 6.71 4.69 13.15 0.12
4 6.30 2.79 10.24 0.20 5.27 2.81 12.01 0.13
5 4.76 2.09 9.54 0.22 5.07 221 10.55 0.15
Table 5 Creep model identification parameters for the last loading level
Rock type o3 (MPa)  ¢,(102)  G,(GPa) K, (GPa) G, (GPah) 7, (GPah) A 1,10 1,107
Mudstone 2 1.05 1.28 0.73 4.98 94.8 0.14 7.21 0.82
1.27 1.03 0.91 5.02 49.3 0.23 9.04 0.79
Limestone 8 1.63 3.86 1.49 9.03 75.3 0.21 9.72 0.32
15 1.71 4.49 1.95 9.33 37.5 0.24 99.03 2.10

increases gradually with increasing confining pres-
sure, which indicates that the creep deformation that
can occur in rock samples increases with increasing
confining pressure.

Figure 6 shows the comparison between the the-
oretical and experimental curves of creep of mud-
stone and limestone at different confining pressures.
From the creep theoretical and experimental curves
of mudstone under different confining pressures
in Fig. 6a, it can be seen that the mudstone shows
more obvious instantaneous elastic deformation of
the specimen after each level of loading, which pre-
sents a larger creep increment on the creep curve.
With the stress and time increase, the creep time
curve shows decay creep and then enters the stable
creep deformation stage. As the stress level con-
tinues to increase, the creep curve into the acceler-
ated creep stage, and the specimen damage. Mean-
while, it can be seen that the creep deformation
of the specimen increases with the increase of the

confining pressure. From Fig. 6b, it can be seen that
the creep deformation curve trend of limestone is
similar to that of mudstone. However, the difference
is that the creep deformation of limestone increases
more significantly with the increase of confining
pressure during the creep test.

At the same time, from the specimen failure
diagrams of mudstone and limestone in Fig. 6, it
can be seen that the failure mode of mudstone and
limestone during uniaxial creep test is characterized
by failure with vertical cracks, while both samples
show shear failure during triaxial creep test, and with
the increase of the confining pressure the shear failure
is more obvious, and the more friction traces on the
shear surface.

The fitted parameters are substituted into Egs. (4)
and (11) to obtain the creep model curve. Then,
based on the uniaxial and triaxial creep test data
in this paper, the theoretical curve of the model is
established with the test time as the independent
variable and compared with the test data under

@ Springer
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Fig. 6 Comparison of 1.5 150 3 7
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the same conditions, as shown in Fig. 6. From the
comparison between the experimental data and the
theoretical curve, it can be seen that the creep model
under different confining pressures has a high degree
of fitting with the creep test data of mudstone and
limestone in the stable creep stage and the unstable
creep stage and that the creep constitutive equation
can better reflect the deformation and failure
characteristics of mudstone and limestone from the
first stage to the last stage of the loading process,
which fully verifies the accuracy and applicability of
the model.
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3.4 Sensitivity Analysis of Parameters

The bulk modulus G, elastic shear modulus K|,
viscous shear modulus G, and viscosity coefficient
N, in the constitutive equation are the parameters
related to the physical and mechanical properties of
the rock sample itself; these parameters characterize
the ability of the rock sample to withstand load and
deformation during creep. However, the fractional
order A and creep parameters /; and [/, have no clear
physical meaning, so it is necessary to carry out
sensitivity analysis.

The parameters of limestone under the fifth load
under a confining pressure of 8 MPa are substituted
into the constitutive equation of the fractional-
order element, and the creep curve cluster shown
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in Fig. 7a is obtained by giving different fractional
orders 4. When A is close to 0, the deformation of
the material increases slowly for a period of time
and then no longer changes, and the creep defor-
mation in the stable stage approaches the horizon-
tal line. When 1 is close to 1, the material deforms
continuously with the existence of a long-term load,
and its creep curve is close to a straight line with
a certain slope. Therefore, the fractional order A
determines the deformation scale of rock in the
attenuation creep stage and steady creep stage.

The parameters of limestone under the last
load step under a confining pressure of 8 MPa are
substituted into the nonlinear creep body. By setting
the same creep parameter /; to give different creep

Single-layer primary
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Double primary

(a) surrounding rock

Fig. 8 Tunnel numerical model and monitoring points

P ; 3
1 2 3 45 6 7 8 91011 1213 0.0 0.5 1.0 1.5 2.0 2.5 3.0

(b) support structures

Time (h)
(b) I, I

parameters [, or setting the same creep parameter [,
to give different creep parameters /;, the effects of [;
and /, on the deformation of rock in the accelerated
creep stage are discussed, as shown in Fig. 7b. When
[, is the same, the time for the accelerated creep of
rock becomes longer with increasing /,; when [, is
the same, the time for the accelerated creep of rock
becomes shorter with increasing [,. Therefore, the
creep parameters /; and /, determine the duration that
the rock is in the accelerated creep stage. In summary,
the creep constitutive equation proposed in this paper
has fewer parameters and is easy to identify. The
significance of each parameter is clear, which can
truly reflect the creep characteristics of rock.
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N
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&
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4 Numerical Study of Different Support Schemes
4.1 Numerical Model and Parameters

In this research, a creep damage model was developed
for the numerical simulation. According to engineer-
ing practice, the three-dimensional numerical calcula-
tion model of the tunnel is established by FLAC3D
software. To eliminate the influence of the boundary
on the calculation to a maximum extent, the model
length x width X height is set as 120 m X 60 m X 140 m
so that the model boundaries are 3-5 times the tun-
nel diameter in any dimension, as shown in Fig. 8.
The bottom boundary of the model is fixed and con-
strained, the surrounding boundary constrains the
normal displacement, and the self-weight of the over-
lying strata is replaced by the equivalent load. The
model support measures reflect those used in engi-
neering practice. The primary support and secondary
lining are simulated by solid elements, and the lead-
ing small pipe and bolt are simulated by cable ele-
ments. The locations of the monitoring points were
located at the vault, spandrel, haunch, arch springing
and invert, respectively, as shown in Fig. 8c.

Based on the existing support scheme (Scheme
I), a support optimization scheme (Scheme II and
Scheme III) is proposed for tunnel construction
under two different research working conditions.
Among them, the advanced support uses a double-
row advanced small pipe with a pipe length of 4.5 m.
There are two layers of initial support. The first layer,
with an initial support thickness of 31 cm, consists of
C25 shotcrete. The second layer, with an initial sup-
port thickness of 27 cm, consists of C25 shotcrete.
The second lining thickness is 70 c¢m, and consists
of C35 shotcrete. A combination of long and short
anchor bolts is adopted, both of which are applied
after the initial support of the first layer is closed.
To restrain the uplift of the tunnel arch bottom,
inverted arch pipe piles are applied, and the lengths
of the anchor bolts are all 10 m. The ground stress
conditions and support schemes used in the numeri-
cal model are consistent with the schemes in Figs. 3
and 9, and the parameters of each support scheme
are shown in Table 6. The model boundary condi-
tions and tunnel excavation schemes for both work-
ing conditions in the numerical calculations are the
same, and the construction is carried out according to
Sect. 2.2 of this paper.
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According to the field test results and indoor test
data, the maximum principal stress in this area is
between 7 and 17.52 MPa. Therefore, considering
the most unfavorable situation, the second-stage load
parameter with the enclosing pressure of 2 MPa is
taken as the creep parameter under the condition
of working condition I, and the first-stage load
parameter with the enclosing pressure of 15 MPa is
taken as the creep parameter under the condition of
working condition II, as shown in Table 7.

4.2 Numerical Validation

As the macro-mechanical behavior of the rock mass
depends on the microstructural parameters, the
adopted parameters should be verified in the numeri-
cal simulation. So, the selected parameters are
applied to the numerical model of the original support
scheme (Scheme I) under the conditions of Working
Condition I for calculation and verification. When
the parameters in Table 7 are taken, the numerically
calculated deformation distribution matches well with
the field monitoring data, indicating that the second-
ary developed creep damage model is reliable and the
numerical simulation calculation results are correct,
as shown in Fig. 10.

5 Comparative Analysis of Numerical Results

5.1 Displacement Analysis of Tunnel Surrounding
Rock

Figure 11 shows the numerical calculation results
of the deformation distribution of the tunnel under
the two working conditions of the original sup-
port scheme and the optimized support scheme. The
numerical calculation results show that the maximum
deformation of the tunnel is located at the vault and
the invert under the self-weight stress condition, while
it is located near the spandrel and the haunch under
the tectonic stress condition. From Fig. 11, it can be
seen that for the working condition I, after adopting
the optimized support scheme, due to the imposition
of inverted arch pipe pile, the anchor support in each
part of the tunnel forms a complete system, and the
effect of deformation coordination is strengthened,
which effectively suppresses the uplift deformation of
inverted arch and the tunnel deformation. Meanwhile,
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Table 6 Material parameters of each support scheme

Type Elastic Bulk Poisson’s ratio
modulus density
(GPa) (kN/m™3)
Advanced small 210.0 - 0.30
pipe
C25 concrete 28.0 24.0 0.20
C35 concrete 31.5 25.0 0.20
Hollow grouted 210.0 - 0.18
bolt
Self-propelled bolt  210.0 0.20
Inverted arch pipe  215.0 - 0.20

pile

with the application of advanced pre-support and
large stiffness double-layer initial support technol-
ogy, the active control of plastic deformation of the
surrounding rock and improve the ability of initial
support to absorb deformation to further control the
large deformation of the tunnel. For working condi-
tion II, as the tunnel is in the tectonic stress field, the
horizontal principal stress is large at this time, and
large deformation is likely to occur at the spandrel
and haunch of the tunnel. Thus, on the basis of the

optimised support scheme in working condition I, the
anchors at the vault and side wall adopt the combined
group anchor reinforcement technology of combining
long and short anchors, which is a reasonable com-
bination of long and short anchors to form a group
anchor effect, which can effectively limit the plastic
deformation of the surrounding rock of the tunnel
and inhibit the rate of deformation of the surrounding
rock.

Table 8 shows the numerical calculation results of
different monitoring points under each working con-
dition. From Table 8, it can be seen that the conver-
gence values of each monitoring point of the tunnel
are effectively reduced after adopting the optimized
scheme for each working condition, and the large
deformation of the tunnel is effectively controlled.
Under working condition I, the deformation val-
ues of the tunnel to the vault, shoulder, haunch and
invert were reduced by 51.95%, 58.66%, 62.17% and
49.54% respectively compared with those without
optimized support scheme at each monitoring point
of the tunnel. For working condition II, after adopt-
ing the optimized support scheme, the deformation
values of each monitoring point of the tunnel were
reduced by 66.39%, 68.72%, 62.03% and 57.28%

Table 7 Creep parameters
of surrounding rock in

Rock type G, (Gpa) K (GPa) G, (Gpah) 1

p(Kgm™) E(GPa) u  c¢(MPa) ¢(°)

numerical simulation 2.46

5.73

Mudstone 3.95
Limestone 9.03

15.11

1.20
2.00

0.33 0.13
0.35 0.31

30
35

8.73 0.08 2300

0.07 2400
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Table 8 Comparison of numerical results of monitoring points

Contrasting items Working conditions Monitoring points Original Optimization Reduction
scheme (mm) scheme (mm) rates (%)
Final displacement Working condition I Vault 630.36 302.90 51.95
Spandrel 521.74 215.71 58.66
Haunch 303.23 114.71 62.17
Invert 581.65 293.52 49.54
Working condition IT Vault 497.93 167.33 66.39
Spandrel 718.30 224.67 68.72
Haunch 589.98 224.04 62.03
Invert 777.02 331.91 57.28

respectively. The optimized support scheme can be
effectively applied to tunnel construction under two
working conditions, which can significantly reduce
the large deformation of the tunnel and control the
convergence rate of the tunnel.

The optimization scheme can control the
deformation of the tunnel, the main reasons
are, increase the arrangement range of advance
support, can more effectively improve the physical
properties of the surrounding rock in front of the
tunnel excavation, control the plastic deformation
of the surrounding rock, reduce the disturbance
of the surrounding rock in front of the excavation;
Adopting combined group anchor rock reinforcement
technology, combining long and short anchor rods
with each other, and applying Inverted arch pipe
pile to make the shallow and deep surrounding
rocks work together to form a complete system
of coordinated deformation; Finally, using large
stiffness double-layer initial support technology, the
initial support thickness increases, and its ability to
absorb deformation is enhanced, thus maximizing the
stability of the surrounding rock itself.

5.2 Analysis of Plastic Zone of Tunnel Surrounding
Rock

Figure 12 shows the simulation results of the plas-
tic zone for the two research working conditions.
As shown in the figure, in the two working condi-
tions of self-weight stress field and tectonic stress
field, the surrounding rock after tunnel excavation
mainly shows shear damage, from which the reason
of inclined cracks in the lining is explained. From
Fig. 12a, it can be seen that when the tunnel is in
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the self-weight stress field, the plastic zone of the
surrounding rock mainly appears around the tunnel
vault and arch bottom. After adopting the optimized
support scheme, the plastic zone of the surrounding
rock around the vault and arch bottom of the tunnel is
effectively reduced. As shown in Fig. 12b, the plastic
zone around the tunnel is roughly circular in the tec-
tonic stress field when the original support scheme is
used. After using the optimized support scheme, the
plastic zone appears irregularly round and the radius
of the plastic zone is significantly reduced. At the
same time, using the combination of long and short
group anchor reinforcement measures, the extent of
the plastic zone at the arch shoulder of the tunnel is
significantly reduced. It can be seen that compared
with the original support scheme, the optimized sup-
port scheme for each research condition can reduce
the deformation and convergence of the tunnel and
effectively control the large deformation of the tunnel.

In summary, the large deformation control
measures of the tunnel are active reinforcement,
stratified support, combined long and short, reduced
disturbance, and reserved deformation.

6 Conclusion

The following conclusions can be drawn from the
study of this paper.

1.1.1. Through a series of rock mechanics tests,
according to the triaxial compression creep
test results under different confining pressures,
the rock shows obvious creep characteristics.
The creep damage constitutive model was
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Fig. 12 Calculation results of plastic zones using different support schemes

established, and the surrounding rock
parameters required for numerical calculation
were determined by indoor creep experiments.

2.2.2. The creep damage constitutive model

constructed in this paper can accurately reflect
the creep characteristics of rock samples, and
the derived constitutive equation has relatively
few parameters that are easy to identify. The
bulk modulus Gs, elastic shear modulus Ks and
viscous shear modulus Gsw identified based on
the test data gradually decrease with increasing
loading level and confining pressure. The
fractional order A is the relevant parameter of the
deformation scale of the rock in the attenuation
creep stage and the steady-state creep stage, and
the creep parameters 11 and 12 are the relevant

parameters of the duration that the of rock is in
the accelerated creep stage.

3.3.3. The self-defined creep damage constitutive

model was applied to the numerical calculation,
and the numerical results were basically
consistent with the actual monitoring data,
which verified the reliability and rationality
of the proposed creep damage constitutive
model. The numerical calculation results show
that the maximum deformation of the tunnel is
located in the vault and shoulder under the self-
weight stress and working conditions, while the
maximum deformation of the tunnel is located
in the shoulder and side wall under the tectonic
stress working conditions. With the optimized
support scheme, the deformation convergence
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of the tunnel was effectively reduced under both
working conditions.

4.4.Under working condition I, the tunnel vault
settlement, side wall convergence and inverted
arch uplift are reduced by 51.95%, 62.17% and
49.54%, respectively. Under working condition
II, the tunnel vault settlement, side wall
convergence and inverted arch uplift are reduced
by 66.39%, 62.03% and 57.28%, respectively.
And the plastic zone of the surrounding rock
is significantly reduced after tunnel excavation,
indicating that the tunnel construction process
is safer and more controllable. Through using
combined group anchor surrounding rock
reinforcement technology, long and short
anchors combined with each other, and applying
inverted arch pipe piles, so that the shallow
surrounding rock and deep surrounding rock
together to form a complete system to coordinate
the deformation, and the application of double-
layer initial support, to improve the ability
to absorb deformation, which can effectively
control the large deformation of the tunnel.
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