Available online atvww.CivileJournal.org

Civil Engineering Journal

Vol.4, No.5, May, 2018

Numerical Analysis of TBM Tunnel Lining Behavior using
Shotcrete Constitutive Model

Heyam H. Shaalaf) Romziah Azit°, Mohd Ashraf Mohamad Isma
2School of Civil Engineerind/Jniversiti Sains Malaysia, Pulau Pinang, Malaysia
b Centre of Excellence for Technology and Engineering (CREaTE), Jabatan Kerja Raya, Malaysia

Receivedl9 March2018; Accepted27 May 2018

Abstract

Shotcrete is a fundamental support element for turamelsinderground constructions. Shortly after application, shotcrete
linings undergo a high load while the ordinary concrete is not fully hardened yet. Therefore, itiepg@ndent behaviour

of the shotcrete material must consider. Traditional approacsesne a linear elastic behaviour using a hypothetical
young modulus to model this tintiependency and creep effects. In this paper, a new constitutive model of shotcrete is
applied to evaluate the tirdependent behaviour of TBM tunnel lining under higita stress state. The Shotcrete model

is based on the framework of Elagtiasticity and designed to account for Hiorear and timedependent behaviour for
concrete material more realistically. A parametric study of the-diependent behaviour of theatcrete lining, using the
shotcrete model, is performed. To achieve this, the influence of the lining thickness, tunnel diameter and tunnel depth on
the development of the stresses and displacement of the shotcrete lining with time is investigated|t3sboweed that

the development of the lining tensile stress with time at tunnel crown increases by increasing the lining thickness and
tunnel depth, whereas it decreases by increasing of the tunnel diameter. At the tunnel sidewall, the lining acompressio
stress with time increases with the increase of the tunnel depth and diameter, while higher lining thickness decreases the
lining compressive stresses. However, the results showed the ability of the shotcrete model to simulate the structural
behaviour othe shotcrete lining with time

Keywords:Shotcrete Model; Shotcrete Lining Stress; Lining Thickn€asnel Depth; Numerical Modétlg.

1. Introduction

The usage of the underground structures has become more important over the past few decades. Construction of
underground openings necessitates a safe and economic design. Therefore, the evaluation of the accurate calculation of
stresses and movements thetur in the support and the ground surrounding these structures is very significant. The
underground openings need to be supported to stabilize the rock mass, this can be accomplished by many types of rock
support elements. One of the most important sidements of tunnel constructions is sprayed concrete, often known
as shotcrete. It is a special type of concrete conveyed through a hose at high pressure onto a surface to form different
structural elements. Shotcrete lining is often fiber reinforcednoeinforced. Generally, fibers are strong in tension,
adding fibers could improve many significant properties of shotcrete such as the ductility, energy absorption, impact
resistance as well as time and cost saving. There are several types of fibercaseckte mixes such as; steel, plastic,
wood, carbon, glass, and cellulose. Steel reinforcing enhances the shotcrete performance and increase the tunnel stability
[1]. In addition to the Steel reinforced ability to improve the ductile behavior ofrst@l;ing under ultimate loadings,
it could increase the load capacity of a composite arch before fully development of the shotcrete hardening [2].
Reinforced Shotcrete became the fundamental element used in hatdmoeking It is used widely in altypes of
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engineering projects which require limited access space, minimum formwork and eifficedich areas, including

over head, underground and pat or curved surfaces. Aft
tunnel walls to ehieve a temporary support. Generally, the shotcrete material shows-@eperedent behavior after

few hours of application leading to possible stress levels within the lining which are comparatively high or approaching
the failure. It is important to elzate the timedependent behavior of shotcrete material to investigate the ultimate and
serviceability limit states during tunnel construction [3]. The shotcrete lining behavior develops with time, during the
cement hydration process, leading to a sopsittd stresstrain curve history [4]. The shotcrete primary supports are
loaded early thus, the effect of tirdependent material properties on the deformation anedeadng capacity is more
significant than the ordinary concrete. After applicatiortatete material displays plastic and ductile behavior with

low stiffness and strength. As the stiffness and strength increase with time, the shotcrete material becomes more brittle
[5]. The development of shotcrete stiffness and strength with time, dskotorete hydration process, has been
investigated by many studies. Moreover, the increase of these shotcrete parameters with time considered as the most
effective factor on the axial forces and bending moments for the shotcrete lining design [6m&higgiendency is

affected by the shotcrete mix design used for the tunnel construction and the used of additives that accelerate the
hydration process.

The prediction of the timdependent behaviour of the shotcrete material requires realistic constinuailel of
shotcrete. In the numerical simulation, the constitutive behaviour of the shotcrete is modelled using a simple linear
elastic model. There are many models simulate the highNinear and timedependent material behaviour of shotcrete
and perérmed in numerical modelling, more details about these models are available in Thomas [7]. These methods
include the rheological models, models with simple power laws for creep, Hypothetical Modulus of Elasticity methods
and Rate of Flow method. The cresffect, which has a major influence on the stresses of the shotcrete lining, has been
considered in those models. One of these models is the shotcrete model, presented by Schaedlich and Schweiger [8]. It
is a nonlinear model represents the mechanical bieha of shotcrete based on mustirface plasticity theory with a
nonrassoci ated pow rpullaes.t iTch issh ovticsrceoteel ansotdiecl is developed
software by Brinkgreve et al. [9]. Shotcrete model can account felimear and tim&lependent behaviour for concrete.
As the nonlinearity of the concrete is considered, the shotcrete model can obtain the stress distribution of the shotcrete
lining more realistically consequently, the tunnel stability could be checkectahattuction phases without any further
capacity checks of the support crasxtion [10]. The influence of the shotcrete models on the lining behavior and the
difference between these models have been evaluated by many studies. The shotcrete madiengradice been
compared with the uniaxial compressive test and creep test at different ages. The results indicated the efficiency of the
shotcrete model to reproduce the lining behavior in numerical modeling [8]. Schweiger et al. [11] applied aw®nstitut
model of shotcrete to the numerical analyses for near surface tunnels to evaluate the deformation behavior. The shotcrete
model has a noteworthy influence on the lining stresses while the overall lining deformation was not affected. The
shotcrete modeéias been used by Saurer et al. [3] to simulate the tunnel lining behavior during the excavation process
numerically. The results indicated the ability of the model to get realistic boundary conditions and design of the tunnel
lining. Paternesi et al. [1dhvestigated the differences in terms of shotcrete lining displacements and forces using
shotcrete constitutive Model and Rate of flow method. The shotcrete model considers the plasticity while the Rate of
flow is not. The results showed that the influerof the shotcrete model on the lining displacement is not pertinent,
whilst the lining forces are noticeably affected. Maatkamp [13] showed the possibility of modelling and designing a
reinforced concrete diaphragm wall more accurately using of the steotmwnstitutive model. The tinteependent
behaviour of the steel fibre reinforced shotcrete lining (SFRS) has been estimated using the constitutive model of
shotcrete. This investigation was carried out though the development of the shotcrete linirigeprspeh as the elastic
stiffness, compressive strength, and the major stresses with time. The results showed the ability the shotcrete model to
simulate the lining behaviour with time Shaalan et al. [14]. Neuner et al. [15] illustrated capabilisiesttnete model
to represent the timéependent material behavior of shotcrete very well. Neuner et al. [16] evaluated the effect of
different shotcrete models on the predicted displacements and stresses in shotcrete shells of tunnels under high
overburda depth.

The shotcrete model is used for the current study to evaluate the development of the steel fibre reinforced shotcrete
lining (SFRS) stress with time. The basic data of the TBM tunnel of Peé®elaggor Raw Water Transfer Project under
high overburden stress is analysed. The effect of different parameters on thiefieralent behaviour of the tunnel
lining is to investigate. For this purpose, a parametric study is carried out to investigate the development of the lining
stress and displacemewith time at a different location along the tunnel lining. These parameters include; lining
thickness, tunnel diameter and tunnel depth

1.1 ShotcreteConstitutive Model

In this work, the steel fiber reinforced shotcrete lining is simulated using a cowstitodel of shotcrete which has
been developed and implemented in Plaxis 2D software by Brinkgreve et al. [9]. It is based on the framework of Elasto
plastic strain hardening/softening plasticity and can be used for any ebasaut materials such as sinete, cast
concrete, jet grout etc. To simulate the tunnel lining behavior in numerical modelling, traditional engineering approaches
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assume a linear elastic method with a gradual increase of shotcrete stiffness. This approach cannot predict the time
dependent ductility of shotcrete and leads to high internal forces [8, 10, 11]. In the shotcrete model, continuum elements
are used to model the shotcrete lining in which the user can investigate tuefpiemelency of stiffness, strength, creep

and shrinkageffects, as well as the plastic deformation before and after achieving the maximum strength. Determining
the hardening and pepeak softening behaviour in tension and in compression is one of the functions of this model.
The model formulation is explaiden detail by Schaedlich and Schweiger [8] and Schaedlich et al. [11] and a brief
description is provided in this work. The input parameters of this model are listed in Table 1.

Shotcrete model uses both of MeBoulomb yield surface for deviatoric loadi and Rankine yield surface in the
tensile regime. Plastic strains are calculated according to strain hardenirlg/softeoninglﬁmi;sﬁw. The total strain
includes the s®umpbts®hnasréept aBanddiidkage@tian™, a$in Egation(1).

(1)

The shotcrete stiffness and strength increase immediately with time due to the hydration process of the cement paste.
The development of shotcrete stiffness with time follows the recommendation eFPEBodel code [17]:

E®) = E,, g (& J28it) @

WhereO r epresents YoungdsOmodulcas eat YBEBnday sigmedaledtous at
the stiffness ratio at 1 day and ,— as in Equation (3). Furthermore, the parameter controls the variation of
stiffness with time.

__In(E,/Ey)
SStiff - \/2_8- 1 (3)

The evolution of shotcrete strength up to 24h can be achieved according to the early strength classes J1, J2 and J3
provided by EN 14481[18] and shown in Figer 1. The shotcrete model considers the mean values of the classes
defined in the standard. The purpose of each class is summarized as:

Class J1: It is appropriate to use for the thin layers of shotcrete or in dry surfaces. No structural requirements are to
be expected shortly after installation.

Class J2: Shotcrete of this class is used when thicker layers are required to achieve within a brief time. In addition, it
can use for vertical, overhear and difficult surfaces.

Class J3: Due to its fast settinggihdust and rebound occur within the application, this class is used only in particular
cases, e.g. high groundwater pressures, very rapid tunnel advance, etc.

However, Oluokun [19] suggested an approach to calculate the shotcrete strength betwee 24h and
p8Q Q (—ﬁ) [0 0ofo PQO@ 4)

Where £1and £ 2sare the compressive strength of shotcrete after 1and 28 days respettival/the time for
full curing (usually 28 days) and tis a time in days. Creep is modelled according to a viscoelastic approach. Creep strains

Oshow | inearly increase with stress 0 as:
cr _/'CI’S (t_ta)
e () =1— a7
©="5 (t+tS ®)

Wheres andD arethe creep factor and the linear elastic stiffness matrix respectively, t0 is the loading time and
0 is the required time to develop 50% of creep strain. In case of shotcrete utilization, more thari.4B%nhear
creep effects can be calatéd by an equation provided by EC2 [20]. According to the recommendation of ACI 209
R92 [21], the Shrinkage straif" can be found at:

t
et =" (—) 6)
-+t

Here is the final shrinkage strain and the related to the time of %50 ehrinkage strain.
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Figure 1. Evaluation of shotcrete strength and stiffness with time [22]

Table 1. Shotcrete model input parameters

Parameter Explanation Unit
(0] Young's modulus GPa
3 Poisson's ratio -
(03 Uniaxial compressive strength @t MPa
@ Uniaxial Tensile strength at MPa
Vv Dilatancy Angle Deg
n Maximum friction angle Deg
‘0f0 Time dependency of elastic stiffness --

QTG Time dependency of strength -

Q Normalized initially mobilised strength --
Q Normalized failure strength --
Q Normalized residual strength --
"Op, Compressive fracture energy shotcrete KN/m
o} Ratioof residual vs. Peak tensile strength --
Oy Tensile fracture energy of shotcrete KN/m

Uniaxial plestic failure strain at 1h, 8land 24h -

n The ratiobetween creep & elastic strain %
o} Time for 50% of creep strain d
- Final shrinkage strain %
o} Time for 50% of shrinkage strain d
o} Time for full hydration d

2. Research Methodology
2.1. Case Study

The timedependent behaviour of the steel fibre reinforced shotcrete lining of PSletarggor rawvater tunnel is
investigated. The project is in the central zone of Peninsular Malaysia and connects the states of Pahang and Selangor
through a long water transfer tunnel (see Figure 2). It is one of the largest infrastructure projects in Asia. The tunnel
length is 44.6 km with 5.2 m diameter. It was excavated using three TBMs (TBM 1, TBM 2, and TBM 3) for about 35
km of the whole tunnel length by 1,200 m deep. The conventional tunnel excavation method (NATM) has been used to
excavate 4 sections of thedb®.1 km long while the Cut and Cover Method used to excavate one section of 0.9 km
long. The deepest section is 1,246 m and about 5,000 m of the tunnel has over 1,000 m deep [23]. Along the entire tunnel
length, the type of the rock mass is granitehla work, the shotcrete lining of TBi section at Ch. 23048 m, as shown
in Figure 3, is selected for the numerical analysis. The tunnel overburden depth is about 1002m.
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Figure 2. Tunnel structure of PahangSelangor Raw Water Transfer tunnel [23]
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In-situ stress conditions at three locations along the Pélsmtgngor Raw Water Transfer tunnel were estimated
through a series of stress measurements as shown in Figure 3. Both hydraulic fracturing and compaehdedical
borehole overcoring methods were igéld to determine the isitu stress magnitude and direction [24]. The results
indicated that high stresses were at the center of the tunnel, especially at TBM 2 section. The maximum, medium and
minimum principal stresses are 28.76, 10.29 and 5.17 MR&atégely, as shown in Figure 4. The maximum principal
stress ( ) was observed along the vertical direction and the horizontal stress is comparatively small. In addition, the

maxi mum principal stress is incédtrese.ed by
Ch.{m)
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Figure 3. In-situ stress test locations in Pahan@elangor Water Transfer Tunnel
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2.2. Numerical Modeling
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In order to evaluate the effect of some parameters on thedépendent behaviour of the SFRS lining a new
constitutive model of shotcrete is used. This model has been developed and implemented in numerical software. A
parametric analysis of TBM tunnehing is presented using a plasteain finite element program Plaxis 2D. The

anal ysed
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geometric model and finite element mesh are presentedume™. The model boundary is adapted to 10 times of the
tunnel diameter to make sure that the model is not affected by the restraining impact [25]. A circular geometry of 20 m

is introduced around the tunnel to refine the mesh locally.-Adted triangwdr element mesh is set up with the Plaxis

r

e X

code (2017]26]. A fine mesh is used around the tunnel to enhance the accuracy of the stress analysis. Granite is the
type of the rock mass along Pah&®gjangor water transfer tunnel project. The average urgt ei
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of the rock are 27 KN/fand 0.2, respectively. The input parameters of the rock mass are determined using RockLab
software by fitting the MolirCoulomb failure envelope with the Hddkrown failure envelope, as listed in Table 2. The

rock mass around the tunnel is simulated assuming an elastic perfectly plastic behaviour using the equivalent Mohr
Coulomb model. The input parameters for the equivalent Matulomb model used inithanalysis are listed in Tallle

109 m

PR
\/’/
w601

(a) Geometric model (b) Meshing around the tunnel

Figure 5. (a) Geometric model, (b) Mesh around the tunnel

Table 2 Input parameters of the numerical modeling

Input parameters for RockLab

Term Unit Case 1 Case 2 Case 3
Intact Compressive Strength MPa 124 94 118
Material constant for intact rodk -- 32 32 32
Disturbance Factdd - 0 0 0
Geological Strength Inde&SI -- 67 60 67
Modulus ratio MR - 425 425 425
Unit weighr KN/m3 27 27 27
Tunnel depth m 1002 1241 1239
Output parameters for RockLab
Young modulus E MPa 35516 20774 33798
Rock mass compressive strength MPa 19.7 10.06 18.74
Rock mass tensile strength MPa 0.322 0.144 0.306
Friction angle e 52.34 46.85 50.46
Cohesive strength MPa 6.239 5.75 6.96
a 9.84 7.66 9.84
0.026 0.011 0.025

Table 3 Input parameters for the equivalent Mohr-Coulomb model

Item Unit Value

Young ModulusE MPa 35516
Poisson ratia - 0.2

Friction angle" e 52.34

Cohesive strengt MPa 6.239
Unit weighty KN/m3 27

2.2.1 Field Stress

The high insitu stresses of the project are modelled using the Field stress option. In Plaxis 2D 2017, in addition to
the Ko -procedure and Gravity loading, it is possible to introduce the initial stress field in the model using Field stress.
This option allows for setting up a homogeneous initial stress state, taking in to account the rotation of the principal
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stresses. Thisrportant for application in deep soil or rock layers where the generation of these layers in the geotechnical
history has caused a rotational of the principal stresses [26]. In the model, this option is selected as Calculation type for
the initial phase.rl addition, the magnitude of the three principal stresdgsh, , as well as the orientation of the

first principal stress direction are defined based on tis#unstress values provide ir&ion 2.

2.2.2 Tunnel Excavation Process

In numerical modelling it is possible to simulate the construction process of tunnel supported using sprayed concrete
lining. The major point in such analysis is to account for 3D arching effect that occurred in the rock around the
unsupported tunnelfacEhi s can be achi eved usi ngmethal.nTheeringigal ottlasn f i n e
method is that the initial stressgsdeting around the location where the tunnel is to be constructed are divided into a
part (tHaiibagppliddtotheunspprt ed tunnet hanhdia pppti &€dPto the s
coefficient (0 < b < 1) is an experience value dependi
phase the Field stress option is selected for the staggruction calculation in which the force fully applied to the
activated mesh. In the second phase, 60% of tiséurstress will applied with deactivating the tunnel cluster. The last
phase involves activation of the shotcrete lining with part ofrtisitu stress, as shown in Figure 6.

vy v Vb
1 Pk 2 (1-B) Pk 3 BPk
y-ty

Egy s
7 -7 -7
7S m’N/R

Figure6.Sc hemat i ¢ r e p-mehodkforthaanadlysisof TBM tufinel
2.2.3 Material Parametersfor the Shotcrete Model

The tunnel was supported using a steel fiber reinforced shotcrete lining officknThe timedependent behavior
of the shotcrete lining is analyzed using a shotcrete constitutive model which has been developed and implemented in a
numerical software. The SFRS lining is simulated in the model using continuum elements as shgure . Fhput
parameters for SFRS lining based on the shotcrete constitutive model are listed in Table 4. Some of these parameters
could be investigated from standard compression tests sugha$,f, fcm and fcun. The 4oint bend beam test could
be used to determine the uniaxial tensile strengtafnd the tensile fracture energyssof shotcrete. The compressive
fracture energy &s0f shotcrete could be obtained by the plate test, and the creep and shrinkage strains are estimated
from the creep and shrinkage tests, respectively. For the current analysis of tunnel lining, some of the material parameters
for the shotcrete model are ibmhted based on the shotcrete samples that tested during the tunnel construction as shown
in Table 3. Tensile strength parametess, {G; 2sand ftun represent the steel fiber content of 35 RgBbther parameters
have been assumed base on the recordatkvalues, provided by Schadlich and Schweiger [22], which are obtained
based on previously published experimental data of shotcrete and concrete.

Figure 7. SFRS shotcrete tunnel lining
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Table 3. Site results of the SFRS compressive strength

Age Compressive strength (MPa)
1lh 15

8h 7.8

1d 15

3d 30.7

7d 3.24

28d 35

Table 4. Shotcrete model input parameters

Parameter Value Unit
(o) 28 GPa
3 0.2
(03 35 (UCS test) MPa
Q 2.5 @-point bend beartest) MPa
%4 0 Deg
n 37 Deg
‘0710 0.65
QTG -2 (class J2) [20]
Q 0.15
Q 0.1
Q 0.1
"Op 70 KN/m
0 0.1
Oy 2.72 (@cc. to Barros and Figueiras) [27] KN/m
1h=-0.03, 8h=-0.001, after 24h=0.0007 [22]
n 2.6 %
o} 15 d
-0.0005 %
o} 45 d
0 28 d

3. Results and Discussion
3.1. Parametric Study

To study the relative importance of different parameters on thed@pendent behaviour of the shotcrete lining, a
parametric study is performed. These parameters include; lining thickness, tunnel depth and tunnel diameter. In each
step, one of these panaters is changed while keeping the others constant to evaluate its effect on the development of
the shotcrete lining stress and displacement with flihe.stresses and vertical displacement along the tunnel lining are
investigatedas shown in Figure 8. The results indicated that the stresses at the crown and toe of the tunnel lining are
compression stresses while the sidewalls are undergoing tensile stresses. The development of the major stresses and
vertical displacement in four ffierent points along the tunnighing with time is evaluated (see Figures 8% obvious
that the lining stresses increase with the time of application and the compression stresses at the sidewalls of the tunnel
are higher than the tensile stressefiatctown and toe. The vertical displacement at the tunnel crown and toe is higher
than that at the sidewalll another word, the vertical displacement of the shotcrete lining is more in tension than in
compression. In addition, théasses and displacemt in the tunndining are approximately symmetric around the y
axis so that the analysis of one half of the tunnel lining is considered for the parametric study.
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Figure 9. Development of the stress and vertical displacement around the tunnel lining with time

3.1.1. Effect of Lining Thickness

The influence of the SFRS lining thicknesstba development of the SFRS lining stress and displacement with time,
at tunnel crown and sidewall, is investigated. Different values for the lihiokness are used including 0.1, 0.15, 0.2
and 0.25m [28]. The thickness of 0.1 m is the actual liningthkhess so that it considered as a reference thickness to
compare with the others. The tunnel depth diagheter of 1002nd 5.2m, respectively, were kept constants. Stress
distribution along the tunnel lining using different lining thicknesses is showigure 10. Figure 11a shows the effect
of the shotcrete lining thickness on the tensile stresses of the SFRS lining, at tunnel crown. In the first day ofrapplicatio
the lining thickness of 0.15, 0ghd 0.25m increases the lining tensile stress by 5099% and 150%, respectively. At
14 days, the lining tensile stress increases by 50%, 900% and 150% in case of lining thicki&se.afand 0.25m,
respectively. Whereas, at 28 days, increasing timgglithickness with time to 0.15, Ga&d 0.25m increases the lining
tensile stress by 50%, 95% and 140%, respectively. It is evident that the development of the tensile stresses with time is
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increased by increasing the lining thickness. In addition, the increase in the lining tensile stresses igityisiiohe

from the early days of application.

The effect of the shotcrete lining thickness on the development of the compressive stresses of the SFRS lining with

time, at tunnel sidewall, is shown in Figure 1Tbe lining thickness of 0.15, 0&hd 0.25m decreases the lining

compression stress with time, in the first day of application, by 25%, 36% and 38%, respectively. At 14 days, the lining
compression stress decreased with time by 15%, 20% and 2&% tiv lining thickness is 0.15, Gaad 0.25 m,

respectively. At 28 days, the lining compression stress decreases with time by 23%, 30% and 45% wtieg the lin
thickness increases to 0,152 and 0.2Bn, respectively. The lining compression stress at the tunnel sidewall decreases
with time by increasinghe lining thickness. Furthermore, the increment in the lining tensile stresses with time, due to

the increase in the lining thickness, is higher than the decrease in the lining compression stresses with time.

The effect of shotcrete lining thickness edidn on the vertical displacement along the tunnel lining is shown in

Figure 12. The development of the lining vertical displacement with time using different thicknesses is evaluated as in

Figure 13. At tunnel crown, it is observed that increasing thiegithickness did not show very much change on the

devel opment of the Iining vertical di spl acement

wi t h

For Figure 13b, increasing the SFRS lining thickness, in the first day of djgpljceauses a decrease in the lining
vertical displacement with time by 11%, 13% and 16% folitfieg thickness of 0.15, 0.2nd 0.25m, respectively. At
14 days, increasg the lining thickness to 0.15, Gakd 0.25m lead to decrease the lining vealiclisplacement with

time by 16%, 20% and 25% and by 10%, 14% and 20% in 28 days, respectively. In general, increasing the lining

thickness can decrease the lining vertical displacement with time along the tunnel lining.

[*10% kN/m?]

[*10% kN/m?)

2.00

-2.00

//.’ W\ 6.00
-6.00 £ \
K W 000
—— -12.00 !‘ A
1‘ r‘ 1 1400
1 -1600 \ [
H‘ 18.00
| -2000 \ / /
A A7
A
-24.00 y oy 20
y 4
-28.00 26.00
-32.00 -30.00
ST=0.1m ST=0.15m
1102 kvm] 1103 kN/m?)

I :

ST=0.2m ST=0.25m

Figure 10. Stress distribution along the tunnel lining with different lining thicknesses
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Figure 11. Effect of lining thicknesses on the SRFS lining stresseih time
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Figure 12. Vertical displacement along the tunnel lining with different lining thicknesses
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Figure 13. Effect of lining thicknesses on the SRFS lining vertical displacement with time
3.1.2 Effect of the Tunnel Depth

To investigate the influence of tunnel depth on the shotcrete lining stresses and displacement wdiffetiem,
tunnel depths of 700, 800, 9@Bd 1002m are used. The lining thickneard the tunnel diameter of Oahd 5.2m,
respectively, are kept constants. The tunnel depth of @0B2the reference depth used to compare with other cases.
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Stress distbution along the tunnel lining under different tunnel overburden déepgiresented in Figure 1Bigurel5a

shows the effect of the tunnel overburden on the development of SFRS lining tensile stresses with time, at tunnel crown.
The impact of the tunnelepth on the lining tensile stress is not very significant. However, the influence of the tunnel
overburden depth on the development of the lining compression stresses with time at tunnel sidewall is illustrated in
Figure 15b. De®asing the tunnel deptb 900, 80Gand 700m, in the first day, leads to decrease the lining compression
stress with time by 42%, 44% and 66%, respectively. At 14 days, the lining compression stress decreases with time by
35%, 45% and 53% due t@crease the tunnel depth to 9800 and 700m, respectively. Whereas, at 28 days, the

lining compression stress decreases with time by 26%, 35% and 45%. It is obvious that lower tunnel depth decreases
significantly the lining compression stresses with tilnereasing the tunnel oventsien depth could result in highest
principal stresses of the surrounding rock mass at the tunnel sidewalls. Thus, the lining stress increases by increasing
the tunnel depth.

The development of the vertical displacement of the tunnel lining with time diffdeent depths is also investigated
as presented in Figure .1Bigure 17a shows the effect of the tunnel depth on the vertical displacement of the shotcrete
lining with time at tunnel crowrin the first day, deeasing the tunnel depth to 900, &M@ 00 m causes a reduction
in the lining vertical displacement with time by 26%, 30% and 70%, respectidely4 days, the lining vertical
displacement with time decreases by 20%, 28% and 37% duertasiag the tunnel depth to 900, &)td 700m,
respectvely. In addition, at 28 days, the lining vertical displacement decreases with time by 22%, 30% and 40%,
respectively. The tunnel depth has a considerable effect on the development of the lining vertical displacement with
time, at the tunnel crowrkigure17b shows the influence of the tunnel depth on the lining vertical displacement with
time, at tunnel sidewall. In the first day, the lining vertical displacement with time decreases by 27%, 37% and 40% due
to deceasing the tunnel depth to 900, & 700m, respectively. At 14 days, decreasthe tunnel depth to 900m,
800 and 700m show a decrease the lining vertical displacement with time by 25%, 35% and 40%, respectively. In
addition, at 28 days, the lining vertical displacement decreases with ti2384)y80%and 37%, respectively. Generally,
decreasing the tunnel overburden depth causes a reduction in the development of the lining vertical displacement with
time. Reducing the tunnel overburden depth leads to lower displacement in the rock massherdunde opening.
Consequently, lower lining displacement could obtain.
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Figure 14. Stress distribution along the tunnel lining under different tunnel overburden depths
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