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ABSTRACT

During the excavation of deep tunnels, squeeziogrgt conditions are often encountered. The
squeezing behavior of the ground is characterizddrge time-dependent and usually anisotropic
convergences that take place at the tunnel wélé t&chnique of excavation has a strong influence
on the tunnel response when it is excavated ungigeezing conditions. This phenomenon is
illustrated throughout the case study of the Frépasl tunnel excavated with conventional drill and
blast methods and of its safety gallery excavatiél & single shield tunneling boring machine.
They exhibit a very interesting configuration ofotwuinnels excavated in parallel under the same
geotechnical conditions but with different excasatiechniques. Monitored geotechnical data from
both tunnels are analyzed and compared. Numeiioalaions of both tunnels have been carried
out with FlaéP. An anisotropic creep model which includes weaknsanes of given orientation
embedded in a visco-elasto-plastic matrix has losed for describing the behavior of the ground.
A back-analysis of convergence measurements dfrigjes road tunnel has been carried out. The
behavior of the ground identified from the Fréjoad tunnel is extrapolated to predict the response
of the Fréjus safety gallery in terms of the sti®ase in the lining. The influence of the techmiqu
of excavation on the time-dependent parametersh@fground is taken into account in the
computations and its effects are discussed. hasva that the long term ground deformations are

significantly reduced with TBM excavation as congzhto traditional blast and drill method.

Furthermore, the convergence-confinement methodsrariewed and their applicability is
discussed when they are applied to full face cinctunnels excavated in rock masses with a stiff
support system near the face. In this contextt afssmpirical formula are proposed which allows
to accurately predict the equilibrium state betwdenground and the lining in circular tunnels

excavated in full section. These formula are useftihe preliminary phase of tunnel design.

Keywords: tunnel, squeezing ground behavior, Fréjus tunnebe-tiependent behavior,

numerical modeling, convergence-confinement methothel boring machine






RESUME

L’excavation d'un tunnel profond dans des terrginassants pose des difficultés particuliéres de
conception et d’exécution. Ce type de terrain asaaérisé par des fortes convergences en paroi
du tunnel de nature différée et souvent anisotropeomportement d’'un tunnel excavé en terrain
poussant est trés influencé par la technique et utilisée. Le cas d’étude du tunnel routier
du Fréjus et de sa galerie de sécurité permetustittr ce phénoméne. Il s’agit de deux tunnels
paralleles qui montrent une configuration tres reg8ante étant donné qu'ils traversent des
conditions géotechniques similaires et qu’ils sorgusés avec des techniques d’excavation
différentes : le tunnel routier a été creusé pahoue conventionnelle a I'explosif tandis que la
galerie de sécurité a été creusée avec un tun@gebeuclier simple. Les mesures d’auscultation
réalisées pendant I'excavation des deux tunnelgtéranalysées et comparées. Des modélisations
numeériques pour simuler la réponse des deux tunmelété développées avec le logiciel Flac

Le comportement du terrain est simulé avec un neodéco-elasto-plastique et anisotrope.
L'anisotropie liée a la schistosité du terrainiagtoduite dans le modéle par la présence de plans
de faiblesse d’orientation donnéebiquitous joint modélinsérés dans une matrice rocheuse
caractérisée par un comportement visco-elastoiqlestsotrope. Une rétro-analyse a été réalisée
sur les mesures de convergence obtenues lors deeonent du tunnel routier du Fréjus. Le
comportement du terrain identifié dans le tunnetiey est ensuite extrapolé pour prédire la réponse
de la galerie de sécurité. L'objectif est de repial’état des contraintes observé dans les vingsso
de la galerie de sécurité et d’extrapoler lesatdlions a long terme. L'influence que la techmiqu
d’excavation, en particulier sur le comportemefffédé du terrain a été prise en compte dans les
simulations numériques. On a mis en évidence gsiedéformations différées du terrain sont

réduites lorsque I'excavation est réalisée au tieme

Par ailleurs, une synthese critique de la méthodeargence-confinement et de ses variantes a
été réalisée. Une discussion a été menée sutitapitité des méthodes convergence-confinent
guand elles sont utilisées pour le dimensionneentunnels circulaires excavés en section pleine
avec l'installation d’un souténement raide présrdat d’excavation comme c’est le cas lors d’'une
excavation au tunnelier. Dans ce contexte, un ebigede formules empiriques sont proposées.
Elles permettent d’obtenir avec une bonne précidiérat d’équilibre entre le terrain et le

soutenement et peuvent étre utilisées dans la plegges-dimensionnement des ouvrages.

Mots-clés : tunnel, terrains poussants, tunnel du Fréjus, commmpent différé, simulation

numérique, méthode convergence-confinement, excavat tunnelier
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GENERAL INTRODUCTION

1. Motivation and scope

Nowadays the use of Tunnel Boring Machines (TBMsjunnel excavation is increasing. This
trend is even observed in tunnels excavated urifferutt conditions such as squeezing grounds.
Tunneling with TBM under squeezing ground condsigconfronted to many challenges because
of the large time-dependent and usually anisotrgmand convergences that take place. This type
of behavior is observed in argillite, tuf, flysehudstone, gneiss and schist rock masses submitted

to a high stress state.

Many tools have been developed for the study ofelsiunder squeezing conditions. These
tools are of different nature: analytical solutipespirical solutions and numerical models. All of
them are very useful but they need to be employditearight stage of a tunnel design and taking

into consideration their applicability limits.

In the present work, the squeezing ground phenomenidustrated through the case study of
the Fréjus road tunnel and its safety gallery eats under the Alps between France and Italy.
They exhibit an interesting configuration of twaaléel tunnels with a similar size excavated with
different techniques under the same geologicalgadechnical conditions. The Fréjus road tunnel
was carried out in the seventies by drill and biasthods while its safety gallery was executed
between 2009 and 2016 with a single shield Tunoeig Machine (TBM). During the excavation
of the Fréjus road tunnel, the final lining wastalied four months after the passage of the
advancing face. It allowed carrying out a monitgraampaign where time-dependent convergence
measurements were continuously retrieved alongutivgel. On the contrary, during the excavation
of the safety gallery, the ground was immediateyered by the segmental lining installed right
after the passage of the TBM. In consequence, itheng behavior can’'t be properly studied.
However, monitoring data was obtained from strainggs embedded in the segmental lining of

several sections in the safety gallery.

2. Knowledge gaps

In a preliminary stage of a tunnel design, anadytand empirical tools are preferred. One of the
most extended calculation methods is the ConVer€unFinement (CV-CF) closed form

solution where the rock-support interaction analysisimplified by means of a two-dimensional
plane-strain assumption. It has been commonly andessfully employed in conventional tunnel
excavation with light support systems. Howevethd installed support is very stiff as in the case

of tunnels excavated with TBM, the results obtaiméth the CV-CF method may significantly



differ from those obtained with numerical 3D sintidas. Some improvements of the CV-CF
method as the so-called implicit methods deal Withstrong interaction between the stiff support
and the rock mass by modifying the Longitudinal gasement Profile (LDP) of the ground.
However, when the lining is very stiff, the GrouReaction Curve (GRC) is also significantly
modified. For this reason, the domain of appliagbdf the different CV-CF methods needs to be
clarified for the case of full face circular tunsith a stiff support system (tunnels excavateti wi
a TBM or tunnels excavated with conventional methathere a stiff lining is installed near the

tunnel face as the so-called “heavy” method).

In an advanced stage of the tunnel design, complexerical simulations are often developed.
However, the number of parameters in a complex migalenodel is very important and many of
them can't be properly evaluated. This is the ¢asthe ground properties which generally exhibit
a large variability within the same geological ufitirthermore, the properties of the ground will
be influenced by the technique of excavation anthbyinstalled support/lining. In this context, a
back-analysis of a tunnel can provide a very mdhrimation of the global behavior of the ground
and of the main mechanisms which govern the turesglonse. In the literature there exist several
examples of back-analyses of tunnels carried dinttve aim of studying the mechanical properties
of the ground. However, the effect of the technigtiexcavation on the mechanical properties of

the ground and consequently on the tunnel resgerstil poorly documented.

3. Aims of the study

Regarding the CV-CF methods, in the present sthdyaim is at obtaining their applicability
domain when dealing with full face circular tunneigh a stiff support system. The CV-CF method
is a very used tool which has been improved byetbifit authors since it was proposed. For his
reason, we aim at reviewing the existing CV-CF radghin order to clarify the way they may be

applied.

In the present work, the Fréjus road tunnel anddfsty gallery are in-depth back-analyzed as
an extensive geotechnical monitoring has beenethaiit in both tunnels during their excavation.
They represent an opportunity of comparing thearse of the safety gallery excavated with a
TBM and of the road tunnel excavated with converialrill and blast methods. In order to account
for the time-dependent and anisotropic responsleeofock mass, the constitutive model proposed
for the ground is visco-elasto-plastic and anigwtroThis model has been successfully applied by
Tran-Manh et al. (2015a) in the simulation of tlesponse of Saint-Martin-la-Porte access adit
within the framework of Lyon-Turin railway projedn the present work the ground behavior is
calibrated on convergence measurements retrieeea tihhe Fréjus road tunnel. This behavior is

extrapolated to the neighboring zones of the Fregdisty gallery which show a similar behavior in



order to predict the response of the safety gallBnyoughout this case study, the question of the
extrapolation of a model calibrated with a tunnetavated in conventional methods in order to
study the response of a tunnel excavated with T8Rtidressed. Another objective of this work is
to study the time-dependent response of a tunnedhwdepends on the mechanical properties of
the surrounding rock mass. These properties aheemted by the excavation method and the
installed support/lining. It is generally considgthat when a tunnel is executed by conventional
drill and blast methods, the damage induced tatin®unding rock is more significant than when
the excavation is carried out with mechanized tephes. We aim at exploring this phenomenon
and its consequences in terms of time-dependemtckfmass deformation and long term loading

of the final support for the proposed case study.

4. Thesis structure

The present work is organized in four parts witbhepart divided in two chapters:

Part | is a general introduction of the state-a&-#nmt and englobes the first and the second

chapters:

The first chapter summarizes the main issues ofhdlimg in squeezing ground using
conventional or mechanized techniques as wellamfluence of the installed support on the tunnel
response. The different techniques used for datatorong are described and their important role

in the design and the control of the civil work$ighlighted.

In the second chapter we summarize the main céilcnltools used in the study of the ground-
support/lining interaction in a tunnel. In earlpges of the design of a tunnel, simplified methods
such as the rock mass classification systems apboged. A review of the most commonly used
rock classification systems can be found in thegmework. Furthermore, the CV-CF closed form
solution and its utility in a pre-design stage afianel is recalled. Finally, in an advanced staige
the tunnel design, complex calculations are requihe consequence, numerical simulations are

presented as an advantageous tool capable of tegngdcomplex interaction problems.

Part Il studies the convergence-confinement methadsts limits. It englobes the third and the

fourth chapters:

The third chapter discusses the applicability ef @V-CF methods to full face circular tunnels
with a stiff support system excavated in rock mas8edetailed comparison of plane-strain closed
form solutions and numerical results which take iatcount the 3D effects at the vicinity of the

tunnel face is carried out.



In chapter four, a set of empirical formula aregaeed. With this formula, the equilibrium state
between the ground and the support in full faceutar tunnels with a stiff support system can be

accurately predicted. A large range of ground ampgpsrt properties are covered.

Part 1ll shows a general description of the Frépa tunnel and of its safety gallery and their

monitoring data processing.

Chapter five within part Il is a description ofeth-réjus road tunnel and of its excavation
technique. Convergence data monitored during thawetion are in-depth analyzed in this chapter.
A robust fitting of the convergence data is carpetlby means of the semi-empirical law of Sulem

et al. (1987Db) allowing the identifications of thenes of the tunnel showing a similar behavior.

Chapter six describes the main features of thauEggfety galley and of its excavation with a
TBM. Monitoring data from an important survey cangpacarried out in the gallery is presented
(strain gauges embedded in the segmental linimystHorce exerted by the TBM, etc., ...).

Monitoring data of the safety gallery is comparednionitoring data of the parallel road tunnel.

Part IV of this work concerns numerical modelli@hapters seven and eight are included in

this part:

In chapter seven, a visco-elasto-plastic constiguthodel is proposed for the simulation of the
Fréjus safety gallery. A back-analysis of the Fséjwoad tunnel based on convergence

measurements is carried out. The applicabilitytérof the constitutive model are also discussed.

The last chapter aims at predicting the responsigedfréjus safety gallery in terms of the stress
state developed in the lining. Ground behavior iified from the study of the Fréjus road tunnel
is extrapolated to the neighboring zones of thetgafallery in order to reproduce its response. The
influence of the technique of excavation on theetiependent parameters of the ground is taken

into account.

Finally, the conclusion summarizes the main findingf this thesis and includes some

suggestions for future research.
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CHAPTER 1 TUNNELING IN SQUEEZING GROUND

CHAPTER 1 TUNNELING IN SQUEEZING
GROUND

1.1 Introduction

The excavation of a tunnel faces tremendous dlffeiwhen it is executed through weak and
deformable grounds typically encountered withinhhjgtectonized zones at great depth. This
phenomenon is called ‘squeezing ground’ in whichgdatime-dependent and anisotropic

deformations occur.

A squeezing ground needs specific efforts to deattapted constructive measures and can lead
to large adaptations of both the excavation me#ratithe support system leading to an increase in
the cost and the delay of the project. Furthermibre issues arising from this behavior are also

observed well after the completion of the civil W®mith an overloading of the support system.

When executed using conventional techniques, tltavation process can be modified and
adjusted during the works according to the encoadtground conditions. A deformable support
can be installed to withstand the large convergeim®e tackled. On the contrary, although TBM
excavation presents many advantages, the adaptattbthe optimization of both the excavation
and the lining are difficult to achieve as the teingeometry and support system are largely fixed
before the tunnel excavation. Therefore, the lirdiag be overloaded and the large convergences
can lead to the TBM jamming. The immediate instafaof the lining gives a lack of information
concerning the ground convergences and, as a aoerseg) it hinders the study of the ground

behavior.

In the present chapter, a general descriptioneo$tjueezing ground phenomenon can be found.
Furthermore, some approaches for squeezing gralemtification are presented. The different
techniques of excavation in squeezing grounds afated issues are then discussed. Finally,

monitoring data techniques are presented andcdhgral role in tunnel design is highlighted.

1.2 Definition of squeezing ground

A definition of “squeezing ground” was given by Baf1995): “Squeezing of rock is the time
dependent large deformation which occurs arountlitivgel and is essentially associated with creep
caused by exceeding a limiting shear stress. Deftborn may terminate during construction or

continue over a long time period”.

There exist many examples of tunnels excavatedrisaeezing conditions: Fréjus road tunnel
(Panet, 1996) between France and Italy, Létschbasg tunnel under the Swiss Alps (Richard et
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al. 2006), Sidi Mezghiche tunnel in Algeria or $yer tunnel in Austria. The squeezing behavior
of a tunnel can be described by the magnitudeeottimvergences, the extent of the yielding zone
and the rate of deformation. It is influenced by geological and geotechnical conditions, the rock
mass strength, thie-situ state of stresses, the properties of the rock miasgyround water flow
and pore pressure, the technique of excavatiorirendupport system. Squeezing conditions may
vary over short distances because the rock angritgerties are usually heterogeneous. It is
advisable for squeezing rock conditions to excaaatexploration gallery in order to improve the

understanding of geological and geomechanical tiondi

Empirically, a squeezing rock shows low resistantgh deformability and a softening
behavior. It is generally encountered in ductild attered rock complexes under high overburden.
This type of behavior is encountered in claystaag flysch, mudstone, gneiss and schist massifs
and is usually associated with specific mineral@micas, chlorite, serpentine, clayed minerals).
The origin of the anisotropy usually observed mayte result of the combination of an anisotropic
state of stresses and of the anisotropy in thetsirel of the material. If high stresses are combine
with the presence of underground high-water pressuihe occurrence of squeezing behavior can
be favored e.g. Terzaghi (1946), Gioda (1982), @ifRe (1984), Jethwa (1996), Kovari (1998),
Einstein (1989), Aydan (1996), Panet (1996).

From an engineering point of view, time-dependentigd behavior can have two origins and
it is important to identify the differences betwdswth phenomena: “squeezing” and “swelling”.
Gioda (1982) described the swelling behavior asnee-tlependent volume increase of the
geotechnical medium produced by absorption of watthre zone close to the excavation. It can be
found in soils or rocks with a content of clayedharals such as smectite and in rocks with a content
of anhydrite.

Furthermore, squeezing has also to be distinguisim fock-burst phenomenon. Indeed, in
brittle rocks under high stress concentration,udabidecompression phenomenon can be observed

in the walls of the tunnel which is known as “rdakrsting”.

1.3 Identification of squeezing behavior

The identification and quantification of squeezoanditions is of paramount importance before
the execution of the works. The existing approaeressommonly of empirical or semi-empirical
nature. One of the first tools for assessing thbikty of a tunnel was proposed by Muir-Wood
(1972) and was based on the competency factor ¢abed stability factor) which is the ratio

between the uniaxial compression strength of thesihg.,,, and the initial stress statg
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Nc¢ = 0., /00 (1.1)

The same parameter was later on used by Nakan®)1®Tecognize the squeezing potential
of some tunnels excavated in Japan in soft-rock.

The following paragraphs present some commonly appdoaches.

1.3.1 Empirical approaches

This group of approaches is based on classifica@emes which allow to identify potential
squeezing problems in tunnels. Singh et al. (198R)ied the impact of the rock mass quality index
Q (Barton et al, 1974) and the overburdieon the squeezing behavior of 39 case historiesy Th
plotted a cut demarcation line in order to difféi@e squeezing cases from non-squeezing ones,
Fig. 1.1. Equation (1.2) gives the expression aetbfdr this division line.

H =350 Q3 [m] (1.2)
LEGEND ]
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- © TEWRI DAM PROJECT e
E d SANJAY VIDYUT PARIYOINA @ NON SQUEEZING CONDITION
; e KOLAR GOLD MIMES A SOUEEZING CONDITION P
Emun— § CHIBRO KHODERI TUNMEL O ROCK BURST ’
& 9 GIRl HYDEL TUNMEL /
=~ h LOKTAK HYDEL TUNMEL -
(v
i} A
= f
=]
T 500 oy
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g ag 9
o h ON-SQUEEZING
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] A159 i A
z ' f ®ys
=
" 200 Ag
Ay '
73
100 |_es ol A |
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BARTON'S ROCK MASS QUALITY (a)
Fig. 1.1Empirical approach for predicting squeezing coodsi after Singh et al. (1992)

Based on the rock mass numb&rdefined as stress-frégindex (by assigning a value of 1 to
parameter SFR the problem of obtaining an accwedtes of SFR is avoided)

! The rock mass number N as defined here should not be confused the stability number also commonly
noted N as used later in the thesis (see chapter 3)
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N = (Q)srr=1 (1.3)

as well as on the tunnel depthon the tunnel span or diametgy Goel et al. (1995), proposed

another expression

H = (275N%33)B=1 [m] (1.4)

In Figure 1.2, a line separates the squeezing angqueezing cases. Figure 1.2 also allows to

predict a “rock bursting” phenomenon.

2000

1000
BOD

HB{H

200

100 —
B8O

50

Self
20 = Suppmling

0.01 0.1 € 10 10 100 1000

Rock Mass Humber (M)

Fig. 1.2Empirical prediction of squeezing conditions afgarel et al. (1995)

The method presented by Goel et al. (1995) is metailed than the one presented by Singh et
al., (1992) as not only the squeezing potentiaéstified but also the degree of squeezing can be
estimated: mild squeezing, moderate squeezing @mdskqueezing. The degree of squeezing can

be represented by tunnel convergences as destiyb®uigh and Goel (1999):

* Mild squeezing (convergence 1-3% tunnel diameter)
* Moderate squeezing (convergence 3-5% tunnel diajnete

» High squeezing (convergence >5% tunnel diameter)

10
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1.3.2 Semi-empirical approaches

Semi-empirical approaches aim not only at idemifythe potential squeezing behavior of a ground
but also at estimating the deformation around timmél and/or the required support pressure to

withstand the radial pressure exerted by the rock.

The degree of squeezing is defined by Jethwa €1@84) based on the “stability factdvc.

Based on the value df: different levels of squeezing potential can bestered, Fig.1.3:

* Nc<0.4: highly squeezing
* 0.4<Nc¢ < 0.8: moderately squeezing
* 0.8<Nc < 2.0: mildly squeezing

* 2.0<Nc: non squeezing

If an elasto-plastic behavior is considered fordgheund andNc>2.0 the ground will show an
elastic behavior during the excavation. With thistimed, squeezing is considered as soon as there

is plasticity.

0.3

DEGREE OF SQUEEZING

gems 27H

HIGHLY SOUEEZING

«0.2

MODERATELY SOUEEZMNG 0.2-0.4

\ MILDLY SOUEEZING 0.4-10
NOM SOUEEZING »10
- = 0"
& b,
0.2 $g, ——=d @, =5°
bsfa = &
€, = 0 kgfcm?

ocms 2yH= 0,05

POOR

| VERY POOR _
| ROCK MASS

25° 30e kL Loe

) _ "l'" FAR -
ROCK MASS | ROCK MASS

Fig. 1.3Approach for predicting squeezing conditions ajethwa et al. (1984)

Fig. 1.3 givey,, /g, (Wherep, is the ultimate rock pressure on the tunnel lirdefined as the
radial rock pressure acting on the lining until tage of tunnel-wall displacement becomes zero.
This term is used in squeezing ground where creégrmhations take place) versus the peak friction

value of the rock¢p, for different values ob,,,/20, and a set of residual friction anglgs

considering always a residual cohesiprequal to zero.

11
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A similar approach is proposed by Aydan et al. @)39ut in this case the uniaxial compression
strength of the massif.,,, is replaced by the uniaxial compression strenfjtin® intact rocks,;
(o.m ando,; are considered to be the same with this appro&etivean lead to an overestimation
of the uniaxial compression resistance) and contp@réhe overburden pressw#, as shown in
Fig. 1.4. Squeezing conditions will potentially eppifo,;/yH<2. The concept of this method is
based on the analogy between the hoop stress - dtogip response at the tunnel wall and the

stress-strain response of rock in uniaxial compoess

a J¢ (MPa)
] N 14 o no-squeezing
N =] -
2. N, Y s, ° 1 i & * squeezing
):\\ ‘\\¢4ﬂ o o : sl
"\\;‘\ R ° wto ! |l
o Ny, 0 Ce SRR
s e S 1
. \
R ohe
w @ o |oe

E N P i . .
L] - - . 2 s 1 * -N
DEPTH # (m) * Obb:ii * s ? * eets O "0
4.0& 300 200 N 100 .o i} 2, . 4s # & N E-E 10 12
. N %N *%e" . .« ' * b **0 . e{%J
N L] . N *e . ..N .N * ‘0
.N - .l
. Y.l . Y* ¢ .Y -
e e —a [P S e -
o o o =32
L+ ° gg
-] . o _ o
3 :a_#r

Fig. 1.4Approach for predicting squeezing conditions (Ayeaaml., 1993)

Aydan et al. (1996) proposed a method which alléevsthe prediction of five degrees of
squeezing behavior based on the normalized defmmat the tunnel wall. This deformation is
calculated as the ratio of the tangential deforomadiround the tunnef (defined as the ratio of the
radial displacement around the tunnel to the turamils) to the limit elastic deformatiefi (¢5 =

o.;/2G whereG is the elastic shear modulus):

* &£§/e6<1: non-squeezing

«  1<eg/e5 <ny,: light-squeezing

*  1,<ed /g5 <n;: fair-squeezing

*  1,<eg/e§ <ns: heavy-squeezing

*  1y<eg/eg: very heavy-squeezing

where the levels of normalized deformation aremgimgfunction of the intact rock uniaxial strength:

-0.17 -0.25 —0.32

Ny = 20 N = 30 Ny = 30¢i

12
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Hoek & Marinos (2000) have proposed a classificaflr the squeezing level based on the
deformation around the tunngl (ratio of the radial displacement around the tlitmehe tunnel

radius). This deformation can reach 10 % when ¢jueszing conditions are severe:

* & <1:few support problems
*  1<g <2.5: minor squeezing
» 2.5<¢.<5: severe squeezing

e« b5<g,<10: very severe squeezin
t

£<10: extreme squeezing

Hoek (2001) proposed a closed-form solution for ésémation of e, based on the factors

ocm/ 0o and onp,, /o,

3Pu 3.8pu
%) = _Pu Ucm_(a_0+1)/(a—0+0.54-)
e:(%) = 0.15(1 — 7 =2 .

The approach of Hoek and Marinos (2000) coversrgetarange of squeezing behavior in
comparison to the approach of Aydan et al. (1993ja extreme squeezing can also be identified.
Both approaches are compared by Barla (2001) in TAbThe two approaches consider different

thresholds with different qualitative descriptions.

Tab. 1.1Classification of squeezing behavior accordingloekand Marinos (2000) compared
with Aydan et al. (1993) classification is assumed to be 1 MPa)

Avydan et al. (1993) (%) Hoek (2000)
class no. | squeezing level | tunnel strain (%) | squeezing |tunnel strain (%)
level
no-squeezing gg =1 few support g =1
problems
light-squeezing l<ey <2.0 minor 1<g =25
squeezing
fair-squeezing 20=g; 3.0 severe 25<g,50
squeezing
heavy-squeezing | 3.0<¢g; =50 | verysevere | 5.0<g =10.0
squeezing
very heavy- gy =5.0 extreme g, > 10.0
sgueezing sgueezing

13
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1.4 Excavation methods in squeezing conditions

The excavation method has an important influencéhersqueezing behavior of the ground. It is
important to adapt the excavation procedure tddbal geological andh-situ stress conditions.
The cost and the excavation delay will be veryueficed by the technique of excavation.

We can basically classify the excavation method&dancategories: the conventional excavation

methods carried out by successive excavation steghshe mechanized methods using a TBM.

1.4.1 Conventional excavation in squeezing conditions

When employing a conventional drill and blast exataon method, an hydraulic breaker or a
roadheader machine, the lining design can be eamiljified during the excavation. There exist
different traditional excavation methods which arere or less adapted to the squeezing ground
behavior:

» the side drift method: the cross section open msiage is reduced by means of advanced
concrete sides (Fig. 1.5). This technique can hdiexpin poor ground conditions (Fig.
1.6a).

« the top heading and benching down excavation:apéeading is excavated in a first stage
and the benching down is excavated at a later $agel.6b).

« the full-face excavation method: the entire facéheftunnel is drilled and blasted in one
round (Fig. 1.6¢). In deformable ground conditioti® systematic reinforcement of the
working head and of the ground ahead by meanbei-filass elements is usually necessary
(Barla, 2016).

Fig. 1.5Side drift excavation (Prague subway)

14



CHAPTER 1 TUNNELING IN SQUEEZING GROUND
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Fig. 1.6Conventional excavation methods after Kovari (1998)

Different measures can be taken to stabilize ttenimg and the type of rock support which is
used. It can consist on steel sets, fully groutgltsbmesh or fiber reinforced shotcrete, etc. An
active or a passive approach can be adopted wineeling in squeezing rock conditions (Barla,
2001):

» Active approach (also called “heavy method” or isence principle”): the deformation of
the rock is limited by means of a strong supp@bfiization/lining system. However, with
this technique the support can be overloaded. éindercement and pre-treatment of the
ground can be considered in order to limit thedazgnvergences behind the working face.

» Passive approach (also called “light method” oelging principle”): with this technique,
the deformations of the squeezing ground are abddp a yielding support which consists
on shotcrete and sliding steel sets. After a aertantrolled yielding of the support, its
resistance is mobilized. An over-excavation oftthinel is necessary to accommodate the
ground deformations in order to obtain the dessextion. The amount of over-excavation
depends on previous auscultations and on the estgiiggudgment. The shotcrete lining
can be divided into segments as shown in FigureQompression longitudinal slots are
introduced between the segments in order to prdeadtbuilt up in the same segmental

lining which could lead to uncontrolled failure.

Furthermore, different support/lining systems canemployed within the same tunnel e.g.
Dalgig, (2002).

15
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Rock bolt of the
yielding type

Fig. 1.7Cross section of a tunnel with compression slopdiagh in squeezing rock conditions
(redrawn from Schubert W. & Schubert P., 1993)

The case study of the Saint-Martin-La-Porte acadgsFig. 1.8) done for the Lyon-Turin link
project is an example of tunnel excavated in sgongeground conditions using conventional
techniques where the passive approach is applied. un-stabilized deformations led to the
development of an innovative “yield-control” suppaystem carried out in different phases
consisting on radial bolting, fiber-glass dowelglisg steel ribs and highly deformable concrete
elements. Finally, the installation of a concratéent was carried out once the deformations were

considered as stabilized.

Fig. 1.8Squeezing phenomenon in a cross section of SaantiMLa-Porte access adit (Lyon-
Turin Base Tunnel), after Bonini & Barla (2012)

The principles of two methods which are commonlhpkayed in conventional excavation are

described here:

The New Austrian tunneling method (NATM), is a nwthof modern tunnel design and
construction. The method takes advantage of theramt geological strength available in the
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surrounding rock mass to stabilize the tunnel.sitbased on monitoring the performance of
underground construction during the excavation. NBE M is oftenly referred to as “design as
you go” based on the convergences and the diveegeincthe lining and mapping of prevailing
rock conditions. It is not a set of specific exdamaand support techniques. The NATM has seven

elements:

- The main component of tunnel support is the sttenfthe surrounding rock mass.

- Shotcrete protection. A thin layer of shotcretenmediately applied after the face advance.

- Measurements and monitoring. The deformationshef éxcavation must be carefully
monitored.

- Flexible support. Active rather than passive appinda used. The tunnel is strengthened by
a flexible combination of rockbolts, wire mesh atéel ribs.

- Quick closing of the invert.

- Changes in support and construction method arelg@sut only if the contractual system
enables them.

- RMC, ranging from very hard to very soft determities minimum support measures and

avoids economic waste that comes from needlesslggsupport measures.

The ADECO method was developed in the eightiegaly Iby Professor Lunardi and has the
following particularities (e.g. Lunardi et al., 139/ydrova 2015):

- Itis a method of controlled deformation. The defation response of the medium to the
action of excavation must be principal questiorhwihich a tunnel designer is concerned.
It indicates the triggering and position of an aetfect (level of stability reaches by the
tunnel).

- The deformation response begins ahead of theffidbe icore and develops backwards from
it along the cavity and that it is not only convamge, but consists of extrusion,
preconference and convergence.

- The deformation response of the face advance sysedlirectly connected to the
deformation response of the cavity.

- It is possible to control deformation of the adwanmore and as a consequence the
deformation of the cavity by acting on the rigidifythe core employing measures to protect
and reinforce it.

- The application of the method requires the usdgid linings as an absolutely essential
condition.

- The passage from preconfinement to confinementreasi gradually and as uniformly as

possible.
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1.4.2 Mechanized excavation in squeezing conditions

The need for excavating long and deep tunnels mdirapously increasing. There exist many
examples of deep tunnels excavated in the lassytsr two base tunnels of the Alptransit Project
in Switzerland (Kovari, 1995) or the Brenner Basmiiel between Austria and Italy (Bergmeister,
2007). In order to reduce the construction time #edcost, the choice between multiple types of
TBMs can be made. TBM excavate circular tunnelgubh a variety of soil and rock strata. They
can work in almost any kind of material from haodk to loose sand. The diameter of the cutter
head can range from a meter in the case of a riiBM-to almost 17.5 meters to date. They have
the advantage of limiting the disturbed area ardtedpening. The main disadvantage of a TBM
is its cost and the difficulty to transport it. N#theless, as modern tunnels become longer, the cos
of TBM in comparison to the conventional methodsdme less. Figure 1.9 shows the most

important parts of a hard rock shield TBM.

1. Cutter head
1] *~ . Shield
= 2. Shield
" B v Wehs LW WY L TY W e 1. Balt c

4. Excavated materal removal

Fig. 1.9Different parts of a hard rock shield TBM

Tab. 1.2Characteristics of the different TBM types (Ram&mnagnostou, 2008)

Type_of R|_$k of _sh|eld Advance rate Support system Thrusting and
machine jamming torque system

Gripper forces are
transmitted to the

Low ;
Gripper TBMs Low in poor ground Grippers ground which T““St be
(short shield) able to provide a
sufficient reaction to
them
Single shield M(?derate o o Thg TBM is jacked
TBMs (medium length  High in poor ground Longitudinal support against the segmental
shield) lining

. Very high in poor
Double shield High ground (simultaneous
TBMs installation of the
lining and excavation)

The TBM is jacked
Longitudinal support against the segmental

(long shield) lining
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In hard rock, shield or open-type TBMs can be egdo The technique of excavation is by
means of disc cutters mounted on the cutter helagl.ekcavated rock is transferred through the
existing openings in the cutter head. Then, by me&a conveyor belt, it runs through the machine

until it is removed from the tunnel.

The different hard rock TBM models differ on thestimled thrusting and support systems.
Furthermore, they can dispose or not of a shield, E.10. The machine types and their

characteristics (Ramoni & Anagnostou, 2008) arersarized in Tab. 1.2.

(b) (©)

Fig. 1.10Example of a gripper TBN&), of a single shielded TBNb) and of a double shielded
TBM (c) (Herrenknecht)

When a tunnel is excavated with a TBM in squeezjrmund, many problems can occur. If
heavily squeezing conditions are encountered theofia TBM is not recommended as the shield
may be trapped and the stiff support may be ovdddaTBM performance is the result of an
interaction between the machine, the tunnel sugpatthe ground (Ramoni & Anagnostou, 2008).
Due to the fixed geometry and the limited flexityilof the TBM, the technique consisting in the
excavation of a larger diameter gallery becomesendlifficult to carry out than in conventional
excavation. However, in the case of a very longtslr excavated through squeezing ground, there
exist the possibility of selecting a larger boritigmeter for all the tunnel. The overboring will
reduce the exerted pressure on the shield andttieusictional resistance during the excavation
will be reduced but the overstressed area arountiitinel will be larger. The pre-treatement of the
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ground can be also aimed in order to reduce gral@idrmability and it can be carried out by

drainage, reinforcement or grouting.

Squeezing conditions may lead to: a cutter heaxkisg, a shield jamming causing the
obstruction of the machine, the instability of faee and the difficulty to control the direction of
the machine if the ground is soft and heterogenebusthermore, the short and long-term
overloading of the segmental lining is also a comrssue. Barla et al. (2014) provide guidelines

for TBM tunneling in squeezing conditions.

Even relatively small convergences up to 10-20 chiclv would not be problematic in
conventional tunneling, may lead to difficultiesnrechanized tunneling (Ramoni & Anagnostou,
2011a). For Kovari (1986) when the convergence @asemimportant than 5% of the diameter
problems can arise. It is also observed that stéisdsf the TBM drive may be unfavorable in
squeezing ground as the “time” factor plays a mage. For instance, in the 23.3 km long
Yacambu-Quibor tunnel in Venezuela excavated usdeere squeezing conditions the TBM got
trapped when the work was suspended during tedhaiwh contractual discussions (Hoek &
Guevara, 2009).

There exist a certain controversy concerning thst@ppropriate TBM types when dealing with
squeezing conditions. The gripper TBM provides ativge of having a shorter shield and of being
more flexible with respect to the tunnel suppottthe grippers used to take hold on the ground are
not usually adapted to poor grounds. Single or tosifield TBMs allow for a higher advance rate,
however, the risk of shield jamming is more impottitan for a gripper TBM. Anyway, the choice
of the TBM will depend on the specific geologicahditions of the project and on the experience

of the engineers.

For the design of the TBM and the support, thesfeihg parameters are investigated to evaluate

the feasibility of a TBM drive in a squeezing grdyRamoni & Anagnostou, 2011a), Fig. 1.11.

* Ground pressurg (acting upon the cutting head, the shield anditiigg)
» Convergence of the tunnel wall

» Extrusion rate of the core

* Required thrust forcg

* Required torqué&

* Resulting reaction force® 1 between the lining and the TBM

* Rate of advance

« Excavation standstills
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Fig. 1.11Critical parameters for a gripper TB{d) and a single shielded TBIb) after Ramoni
& Anagnostou (2011a)

In the choice of the TBM the main objective is taintain a high gross advance rate although it

is difficult to achieve if the ground is of pooraity.

The installed thrust force, is also a fundamentalracteristic in order to avoid TBM trapping
(Ramoni & Anagnostou, 2006, 2010). The installedshforce should be stronger than the friction
exerted by the ground over the shield because éntrapment takes place, it will be necessary to
free the TBM by means of manual mining around tlemme area or by installing auxiliary thrust
cylinders. However, it should be noted that it may be possible to utilize the full installed thrus
force. Depending on the bearing capacity of thesgdoin the case of a gripper TBM or on the
bearing capacity of the segmental lining in theeazfsa single or double shielded TBM, there could

exist an upper limit.

In a TBM tunnel, there exist a gap between thallest lining and the ground. This gap is filled
up with a backfilling material. This backfilling paits a better distribution of the loads applied to
the lining extrados and thus a reduction of thedbepmoments which appear in the lining. The
type, the location and the thickness of the bdakdjlare the parameters which play a very important
role. It can consist on grouting injected via shitil or a backfilling composed of pea gravel in
the upper part (injection in the vault is generdlifficult to achieve) and mortar in the bottom of
the cross section injected via the segmental li/dmgirregular backfilling of the segmental lining
may reduce the trust capacity of a TBM. The reasems from the fact that the longitudinal support
system exerts a pressure against the segmental.liiithe gap is not properly filled up with the
backfiling material the segmental lining could lagerally displaced by the exerted pressure.
Ramoni et al. (2011b) have studied the effect okfiléing in the loading of the segmental lining

of tunnels excavated in squeezing ground.
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Ramoni & Anagnostou (2010) have presented a éetadsearch work based on a parametric
study over the required thrust force for overconiim@ion. They have observed, that the stiffer the
lining, the lower the required force will be. Thssthe result of the arching effect of the linethe
longitudinal direction reducing shield loading. tharmore, they could conclude that the shorter

the shield and the longer the radial gap, the lahverequired thrust force would be.

Ramoni & Anagnostou (2011a) have highlighted howoaicity in the shield reduces the
pressure exerted by the ground over the liningthedhield. Figure 1.12, shows an example of the
ground pressurg acting upon the shield and the lining for diffeargeometrical configurations.

The ground at the excavation boundary experiereexal unloading and reloading cycles.

|R=5cm! | 2 [MPa]
I lining shield
shield T : o B4
_________ p,=22MPa ] i
1R=6cm 1 4cm i L 6
—_F | !
1 5
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Fig. 1.12Ground pressurp acting upon the shield and the lining for threféedént shield
geometries after Ramoni & Anagnostou (2011a)

1.5 Monitoring of a tunnel excavation

It is mandatory to carry out an appropriate momigrof the tunnel response. Along with

calculations and observation, monitoring is esaémtitunnel design.

Observation and monitoring conducted during tuesrehavation are intended to achieve the next
objectives (Barla, 2001):

» evaluation of the stability of the tunnel and o flace
» extrapolation of the observed behavior to secti@ito be excavated

» providing factual documentation of tunnel perforimaras a function of rock conditions
and the adopted construction methods

* providing valuable data for interpretation and baoklysis in order to clarify design

assumptions and improve models of behavior for rnaks and rock-structure interaction
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Monitoring of a tunnel depends on the excavatichréjue.

1.5.1 Monitoring of the convergences in a tunnel excavatgh conventional techniques
Convergence measurements on the tunnel wall

Generally, when tunneling with conventional methdbere exist a reasonable time for the
observation of ground/support convergences. Coevesy measurements represent the most
common data retrieved during the excavation of mnél Convergences measurements are
generally relative as they are often carried ounleans of tape extensometers. The length variation
of a tape extensometer is equal to the length tvamiaf the distance between two points. This
technique is generally employed in galleries ofreals section. When the tunnel section is large,
the employed monitoring tool is generally a rentbeodolite station, the measured displacements

in this case should be absolute with an outsidereéete known at each measurement data.

Monitoring of the convergences on the tunnel walking the excavation allows for a

progressive optimization of the installed support.
Sulem (1994) described that the convergence ofreetus due to the combination of two effects:

+ The effect of the face advance

* The time-dependent behavior of the rock mass

The semi-empirical law proposed by Sulem et al8{t9, (Equation 1.6) permits to distinguish

these two effects and is commonly used in the aisabf convergence data.
2 n
Cx,6) = Copye [1 -(2) ]{1 +m[1- (2] (1.6)

whereC,,, represents the instantaneous convergence obtairtkee case of an infinite rate of
face advance (no time-dependent efféctls a parameter related to the distance of inflaeriche
face,T is a parameter related to time-dependent progesfithe system (rock mass— support),
is a parameter which represents the relationshipdman the long term total convergence and the

instantaneous convergence anig a form-factor which is often taken equal t0.0.3

By fitting convergence data with this law the tdtalg-term convergendg,, (1 + m) can be

obtained.

A new fitting procedure based on the works by Su2a83) and Sulem et al. (1987b) has been
proposed by Vu et al. (2013). It allows for an s of the convergence anisotropy and a forecast

of its evolution with time. This fitting proceduveas tested with convergence data retrieved from
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Saint Martin-la-Porte access adit (Lyon-Turin Basmnel) (Tran-Manh et al, 2015a) and in the
galleries of the Meuse/Haute-Marne Underground &ebelLaboratory of Andra (Guayacan-
Carillo et al, 2016). A geometrical treatment &f tonvergences has been carried out. The existence
of main deformation axes has been observed. Thalioircular shape of the gallery evolves into
an elliptical shape with the front advancing arneltime. The convergence law from Sulem (1983)

and Sulem et al. (1987b) is independently applegkich axe of the ellipse.

Convergence measurements around the excavation
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Fig. 1.13Radial displacements from multi-point borehole agtameters installed at chainage
1330 m in Saint-Martin-la-Porte acces adit afggr30 and(b) 145 days from installation after
Bonini & Barla (2012)

When a tunnel is excavated, there appears a deessgal area around the excavation. This area
is studied by means of extensometers. They detertherelative displacements between points in
a borehole in the direction of the borehole axisiltile boreholes extensometers are installed
oriented in different directions around the turstf@wing is many cases an anisotropic behavior of
the rock mass, Fig. 1.13.

24



CHAPTER 1 TUNNELING IN SQUEEZING GROUND

Extrusion measurements of the core

The ground core which is ahead of the face losesxitil confinement as the tunnel face approaches,
Fig. 1.14. The extrusion of the core is affectedgbgund quality, the initial stress state and the

construction method (Cantieni et al., 2011).
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Fig. 1.14Schematic mechanism of core extrusion (Cantieal.e2011)

The axial deformations of the ground ahead ofalge fare monitored usually by means of sliding
micrometers (Kovari et al.,, 1979). The resolutiontlee strain distribution along a line of
micrometers is generally of around 1 m. Howeveis i& time-consuming measuring procedure,
which interferes with the excavation of the tunfade (Steiner & Yeatman, 2009). Extrusion
measurements of the core are very useful with thE@0O method. Certain modern technologies

such as optical fiber extensometers allow for atiew automatic acquisition.

1.5.2 Monitoring of the convergences in a tunnel excalatith a TBM
Convergence measurements of the ground

The convergences of the ground can be retrievandgns of hydraulic jacks which measure the
gap existing between the shield of the TBM andgitweind. This technique is carried out through
the shield tail of the TBM, as seen in Fig. 1.1%rbvides information on the convergence of the
ground as the measured gap represents the difteelmte/een the initial gap and the convergence
of the ground. However, it is not easy to obtaliabde information with this technique as the iaiti
gap is difficult to evaluate due to the complex getry of the TBM (overcutting, eccentricity,
shield conicity). Furthermore, hydraulic jacks maasents can be disrupted by rock blocks which

are detached from the tunnel wall.
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Fig. 1.15lmage of the TBM used for the excavation of thgus&afety gallery. The red circles
indicate the position of the hydraulic jacks whinbasure the gap between the ground and the
TBM

1.5.3 Monitoring of the stress state in tunnel support

Monitoring and interpretation of stresses in tunsepport happens to be a challenging task
nowadays. It provides information of the suppoftdgor during the excavation and/or the service
life of the structure. It can also be an alarmasec of malfunctioning of tunnel support (Barla &
Rossi, 1983).

The stress state observed in the lining can berdatdrom strain measurements in the support
elements (shotcrete and concrete linings, stes] dbwels or anchors, etc.). It is carried out by
means of strain gages attached to steel membeesnbedded within shotcrete or concrete.
Generally, segmental lining is considered to bedirelastic and in consequence stress state can be
obtained from strain measurements by multiplyirgnthby the Young’s Modulus of the concrete
or the steel. There exists another method whiclsistsmin measuring the pressure exerted by the
ground over the support by means of pressure captaced at the outer face of the support. These

techniques can provide a time-dependent evolutidheostress state in the lining.

Flat-jack tests may be employed in order to obdgounctual measurement of the stress state of
tunnel lining. A flat-jack is a “thin envelope-likdadder with inlet and outlet ports which may be
pressurized with hydraulic oil” (ASTM, 1991), Figl®6. Firstly, a slot needs to be created in the
lining which provokes a stress relief and a defdiomeof the thickness of the slot. The flat-jack is
inserted into the slot and the pressure inside progressively increased until the slot recovsrs i
original thickness. The cancellation pressure oleiby this procedure corresponds to the stress
acting in the lining (Barla & Rossi, 1983).
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Fig. 1.16lmage of a flat-jack test

All these data allow for the study of the groungysart interaction.

1.6 Conclusion

Squeezing ground is encountered in deep geolofpcalations and can cause many difficulties

during the excavation of a tunnel. The responskeetunnel depends on the technique of excavation
and also on the installed support. In conventitunaheling a soft temporary support can be adapted
to the ground convergences. On the contrary, whereehanized excavation is carried out the

tunnel geometry is almost fixed from the beginnamgl so the technique of excavation cannot be
adapted to the convergences which take place. Tdie msues that can be encountered in
mechanized excavation are the TBM jamming, theecidittad sticking and the overstress of the

lining.

The TBM advance with the problematic of the shjaldming has been a topic of study during
the last decade. It is essential to highlight thpartance of identifying the required thrust force
and the torque demand in order to choose an apatedBM. The time-dependent loading of the
installed lining could lead to an overstress statie short-term or even in the long-term after a
few decades. The reason stems from the fact wtét aupport is installed near the tunnel face and
in consequence a large part of the convergencediractly applied to the lining. Note that this is
also the case in tunnels excavated with convertitatdniques where a “heavy approach” is

adopted.

Monitoring is a very important tool for the desigmnd the control of the civil works. Monitoring
data allow for an very good understanding of timnal response and are essential for the fitting of
the constitutive models parameters, their valicagod improvement during and well after the

tunnel excavation.
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CHAPTER 2 DESIGN METHODS

2.1 Introduccién

The process of a tunnel design is based on thg sfutie interaction of the ground-support/lining.
In early stages the available geotechnical dataféea limited. At that point, simplified prelimina
design methods such as the rock mass classificaistems and the convergence-confinement
methods are commonly used. However, as the prpjagresses, the tunnel design is likely to
experiment significative adjustments. When moreadae available, more detailed calculations
become possible and numerical simulations reprdbentan essential tool for the tunnel design

capable of reproducing complex interaction problems

In the present chapter, the main calculation taséd in the study of the ground-support/lining
interaction in a tunnel are summarized with an easghon their applicability under squeezing

ground conditions.

2.2 Rock mass classification systems

Rock mass classification is the process of plaeingck mass into groups or classes on defined
relationships (Bieniawski, 1989). They allow to etetine the quality of the rock mass in an
empirical way in order to predict its behavior. Rogass classification systems are frequently used
in rock engineering and design. However, accorthngieniawski (1989) they are not suitable for
an elaborated and final design as they are estimakhe principal parameters employed in these

classifications are summarized below:

» Strength of the intact rock material
* Fracture density and mechanical behavior of theodignuities
» Stress state

» Hydrogeological conditions

Although they are most commonly used for obtairthrgymechanical parameters of the rock by
means of some empirical correlations, some of yseems provide information about the amount
and the type of temporary support in a tunnel exttam depending on the rock mass quality. “In
practice, rock mass classification systems haveiged a valuable systematic design aid on many
engineering projects especially on undergroundtcections, tunneling and mining projects” Hoek
(2007).
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Classification systems employed in tunneling design be considered as qualitative such as
the Geological Strength Index (GSI) or quantitatbeeh as th&-system, and the Rock Mass
Rating (RMR) system.

Rock Tunneling Quality Index Q-system

The Q-system was developed for Scandinavian hard rotkéoavegian Geotechnical Institute
(NGI) between 1971 and 1974 (Barton et al.1974is Worldwide employed in several domains.
Two revisions of the method have been carriedroatder to adapt it to new excavation techniques.
The first revision took place in 1993 mainly basedexamples from Norwegian underground
excavations (Grimstand and Barton, 1993). The skamwvision in 2002 took into account
excavation examples from Norway, Switzerland andian(Grimstad et al. 2002). Unlike
Bieniawski method the geometry of the cavern issaered in the Q-system and the uniaxial

compression strength is not considered.

The Q-value gives a description of the rock mass stgbilh jointed massifs when an
underground opening is executed. High value@ show a good stability and low value indicate

poor stability.Q-value can be calculated based on 6 parameters:

_RQDJ; T
"~ Jn JoSFR

Q (2.1)

The six parameters are:
RQD = Rock Quality Designation
J» = Joint set number
J- = Joint roughness number
Jo = Joint alteration number
Jw=Joint water reduction factor
SFR = Stress reduction Factor (adjusting parameter)

The following chart allows for the definition ofégmeeded support for the opening depending
on Q-value, the excavation span or height and the arjph the excavation taken into account by
the ESR ratio low for high security structures @ ®ample in nuclear power stations) and high for
low security ones (for example in mines), Fig 2nil 2.2.
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ROCK MASS QUALITY AND ROCK SUPPORT
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Fig. 2.1Barton chart for the support design (NGI, 2015)
Support categories RRS - spacing related to Q@-value

@ Unsupported or spot bolting

@ Spot bolting, SB

® Systematic bolting, fibre reinforced sprayed concrete, 5-6 cm, B+Sfr
@ Fibre reinforced sprayed concrete and bolfing, 6-9 cm, Sfr (E500)+B
(® Fibre reinforced sprayed concrete and bolting, 9-12 em, Str (E700)+B

® Fibre reinforced sprayed concrete and bolfing, 12-15 cm + reinforced
ribs of sprayed concrete and bolting, Sir (E700)+RRS 1 +B

@ Fibre reinforced sprayed concrete =15 cm + reinforced ribs of sprayed
concrete and bolfing, $fr (E1000)+RRS 11+B

Cast concrete lining, €CA or Sfr (E1000)+RRS 1lI+B
@ Special evaluation

Bolts spacing is mainly based on @20 mm
E = Energy absorbtion in fibre reinforced sprayed concrete
ESR = Excavation Support Ratio

Areas with dashed lines have no empirical data

(:Iy> Si30/6 @16 - @20 (span 10m)
N DA0/6+2 #1620 (span 20m)
$i35/6 @16-20 (span 5m)
D45/6+2 @16-20 (span 10m)

| D55/6+4 @20 (span 20m)

D40/6+4 @16-20 (span 5 m)
D55/6+4 @20 (span 10 m)
Special evaluation (span 20 m)

Si30/6 = Single layer of 6 rebars,
30 cm thickness of sprayed concrete
D =Double layer of rebars
@16 =Rebar diameteris 16 mm
c/c =RSS spacing, centre - centre

Fig. 2.2Description of the types of support (NGI, 2015)
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Rock Mass Rating (RMR)

Rock Mass Rating (RMR) was developed for hard raokSouth Africa by Bieniawski (1973).
Only a few basic parameters relating to the gegnaetd mechanical conditions of the rock mass

are used, Tab. 2.1 (a):

» Uniaxial compressive strength if the intact rockjA
* Rock Quality Designation (RQD) defined as the petage of intact core pieces longer
than 100 mm in the total length of a core diamefés4.7 mm, Fig. 2.3 (A2)

+30+30+30+4
Rap= 4013093013040, 1o g,

' _ Xlength of core pieces>10cm 5
e RAD= — i length of the core x100%
_1

L

200cm
AN RN

Fig. 2.3Procedure for measurement and calculation of RQ& Bfeere (1988)

« Discontinuity spacing (A3)
» Condition of discontinuity surfaces (A4)

* Groundwater conditions (A5)

This system provides guidelines for the choiceookrsupport in tunnels as shown in Table
2.2.

RMR = Al + A2 + A3 + A4 + A5 + B 2.2)

where B is a correction parameter which dependsiats orientations with respect to the tunnel

axis.
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Tab. 2.1Rock Mass Classification RMR system ratings (Bagrgki, 1989)
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(c) Effects of joint orientation in tunneling

CHAPTER 2 DESIGN METHODS

Strike perpendicular to tunnel axis

‘ o . . ) Strike parallel to tunnel axis Dip 0" - 20°
Drive with dip Drive against dip
Dip 45 -90° Dip20°-45" Dip45 —-90" Dip20'-45 Dip45 -90 Dip 20" - 45 Irrespective
of strike

Very favorab- favorable fair unfavorable Very unfavor- fair fair
le able
(d) Rating adjustment for joint orientations
Strike and dip orientation of joints Very favorable favorable fair unfavorable \ery unfavorable
Ratings Tunnels 0 -2 -5 -10 -12

Foundations 0 -2 -7 -15 -25

Slopes 0 -5 -25 =50 -60

Tab. 2.2Guidelines for excavation and support of 10 m dpanseshoe shaped rock tunnels
constructed using drill and blast method at dep8®& m, in accordance with the RMR system
(Bieniawski, 1989)

Rock mass Excavation
class

Rock bolts (20 mm Shotcrete Steel sets
diameter, fully grouted)

I- Very good Full face,
rock 3 m advance
RMR: 81-100

Generally, no support required except spot bolting

II- Good rock Full face,
RMR: 61-80 1-1.5 m advance complete
support 20 m from the face.

Locally, bolts in crown 50 mm in None
3m long, spaced 2.5 m crown where

with occasional wire required

mesh

I1I- fair rock Top heading and bench
RMR: 41-60 1.5-3 m advance in top
heading. Commence sup-

Systematic bolts 4 m 50-100 mm None
long, spaced 1.5-2m  in crown and
in crown and walls with 30 mm in

port after each blast. Com-  wire mesh in the sides
plete support 10 m from the  crown.
face.
IV- Poor rock Top heading and bench Systematic bolts 4— 100-150 mm  Light to me-
RMR: 21-40 1.0-1.5 m advance in top 5 m long, spaced 1- incrown and  dium ribs
heading 1.5 m in crown and 100 mm in spaced 1.5 m
Install support currently with ~ wall with wire mesh sides where re-
excavation, 10 m from the quired.
face.
V- Very poor Multiple drifts 0.5-1.5 m Systematic bolts 5— 150-200 m Medium to
rock advance in top heading. 6 m long, spaced 1— in the crown, heavy ribs
RMR: <20 Install support currently with 1.5 m in crown and 150 mm in spaced
excavation. Shotcrete as walls with wire mesh, sides, and 0.75 m with
soon as possible after blast- Bolt invert 50 mm on steel lagging
ing. the face. and
forepoling if
required.
Close invert.
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Geological Strength Index (GSI)

The GSI was introduced by Hoek (1994). The objectdf this system is to facilitate the
determination of the properties of the rock masd@th hard and weak rock masses. It is based on
the relationship between rock mass conditions ank discontinuity surface conditions. Since its
original form, it has been modified by some auth@se of the most employed graphics in order
to obtain an average GSI of the rock mass is tlegpooposed by Hoek et al. (1998), as seen in Fig.
2.4.

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be 0o precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
pr in an unf bk

with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis

and altered surfaces

Slickensided, highly weathered surfaces with soft clay

Slickensided, highly weathered surfaces with compact
coatings or fillings

GOOD
ough, slightly weathered, iron stained surfaces
coatings or fillings or angular fragments

SURFACE CONDITIONS

VERY GOOD

Very rough, fresh unweathered surfaces
FA

POOR

VERY POOR

ol
m
»
@
z
@ R

STRUCTURE SURFACE QUALITY =2

\U
m
(o]

INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

N/A N/A

&

BLOCKY - well interlocked un-
disturbed rock mass consisting

£ ]
o

of cubical blocks formed by three
intersecting discontinuity sets

e

X
NN

</ VERY BLOCKY- interlocked,

| partially disturbed mass with

/4] multi-faceted angular blocks
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=] BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
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with mixture of angular and
rounded rock pieces
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Fig. 2.4Modified graphic for estimating the Geological $iyéh Index (Hoek et al., 1998)

It is commonly used for instance to estimate Yoamgbdulugs,,, of a poor rock mass witlwf;
< 100 MPa) defined as Hoek et al. (2002):

D L
E, = (1 _ E) % 10(6S1-10)/40 (2.3)
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The rock mass modulus is expressed in GHa.a disturbance factor which ranges from 0 to 1.
o.; IS the uniaxial compression strength of the intack. This method is however limited as it

assumes that the rock mass is isotropic.

The generalized Hoek-Brown failure criterion propsby Hoek et al. (2002) is closely
connected to the GSl index. The generalize HoelwBnmodel is an evolution of the Hoek-Brown
model by Hoek & Brown (1980) who introduced theiildire criterion with the aim of providing
input data for the analyses required for the designnderground excavations in hard rock. The
criterion started from the properties of intactk@nd then introduced factors to reduce these

properties on the basis of the characteristicsiotg in a rock mass (Hoek et al., 2002).

Tunnel behavior and support applied to weak rocks rasses

The design of tunnels in weak rock masses is amshallenge nowadays. The complexity of this
materials involves that they cannot be easily diass following the commonly used
characterization schemes. When weak rocks are #alinmto a high stress state a squeezing
behavior can be triggered. Marinos et al. 2011neefia special GSI chart for the heterogeneous
rock masses such as flysch. Based on the typeskd defined on this chart, Marinos (2014) gave
specific suggestions for the theory of temporanypsut in tunnel excavation through each flysh
type (Fig. 2.5). The study was carried out by extihg data from the design and construction of
12 tunnels driven in flysch in Northern Greece sarhevhich were excavated under squeezing
ground conditions. Types of flysch VI to Xl are ragarone to develop squeezing conditions. Under

severe squeezing, the application of yielding systis the recommended solution.
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Type |. Undisturbed, with thick to
medium thickness sandstone beds
with sporadic thin films of siltstone.

« Excavation step: 23.0m
« Installation of split-set bolts (e.g. Swellex) to support the unstable wedges (Sparse installation is not
recommended due to the large dimensions of typical transportation tunnels)

Type ll. Undisturbed massive
siltstone with sporadic thin
interlayers of sandstones.

« Excavation step: 2-3m

« Bolts installation to support the unstable wedges and control the deformation in case of high
overburden

« Light steel sets in case of weathered rockmass, depending on excavation depth

Type lll. Moderately disturbed
sandstones with thin of siltstone

« Excavation step: 1.5-2m
« Installation of split-set bolts (e.g. Swellex type) for the support of unstable wedges

interlayers. « Light steel sets in case of loose structure
« Excavation step: 1.5-2m
Type IV. Moderetaly disturbed « Systematic bolt installation to support the unstable wedges, prevent the rockmass loosening and
rock mass with sandstone and control the deformation in case of high overburden
siltstone similar amounts.  Spiles and light steel sets in case of loose structure and weathered rockmass to avoid local chimney

type failures

Type V. Moderately disturbed
siltstones with thin sandstone

« Excavation step: 1.5-2m

« Systematic bolt installation to support the unstable wedges, prevent rockmass loosening and control
the deformation under high overburden

« Light steel sets to increase the rigidity and strength of the support shell

RERTIRYRLD; « Spiles in case of loose and weathered structures to avoid chimney type failures

« Face retaining measures: Depending on excavation depth (fibreglass nails)

« Excavation step: 1.5-2m

« Dense bolt pattem to control the deformation and prevent rockmass loosening
mor”mmw ‘?:;:d":;’m « Steel sets to increase the rigidity and strength of the support shell
intertayers. SEIRe « Spiles to stabilise loose and weathered structures and avoid chimney type failures

« Face retaining measures: Depending on excavation depth (fibreglass nails)

. Dﬂdnﬂ on beddha orientation, an'ﬂ stress induced deformations may be observed

Type VIL. Strongly disturbed,
folded rock mass that retains its
structure, with sandstone and
siltstone in similar extent.

* Excavation step: 1.5-2m

+ Dense bolt pattem to control of deformation and rockmass loosening prevention

» Steel sets to increase the rigidity and strength of the support shell

« Face retaining measures: Depending on excavation depth (fibreglass nails or/and forepolling)

Type VIII. Strongly disturbed,
folded rock mass with siltstones
and sandstone interlayers. The
structure is retained and
deformation — shearing is not
strong.

« Excavation step usually small: 1-1.5m

« Dense bolt pattem to control the deformation

« Steel sets to increase the rigidity and strength of the support shell

« Face retaining measures: Depending on excavation depth (fibreglass nails orfand forepolling)
« Permanent and probably temporary invert to improve the shell rigidity.

Type IX. Disintegrated rockmass
that can be found in wide zones of
faults or/and of high weathering.

WA\
I
LGN
B
/'vb"|
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PRV

« Excavation step usually small (~1m)

 Face buttress

« Dense pattern of self-drilling anchors. Grouting to locally i

« Steel sets to increase the rigidity and strength of the support shell

« Spiles to presupport tunnel roof and prevent the development of chimney type failure

 Alternatively in case of completely cohesionless rockmass grouting around tunnel section is
proposed (e.g. through perforated forepolles)

the rock h

Type X. Tectonically deformed
intensively folded/faulted siltstone
or clay shale with broken and
deformed sandstone layers
forming an almost chaotic
structure.

+ Small excavation step (~1m)

« Dense bolt pattem to control the deformation

« Steel sets in order to increase the rigidity and strength of the support shell

« Face retaining measures: Depending on excavation depth (fibreglass nails orfand forepolling)
+ Permanent and temporary invert to improve the shell rigidity

Type XI. Tectonically strongly
sheared siltstone or clayey shale
forming a chaotic structure with
pockets of clay.

+ Small excavation step (~1m)

« Dense bolt pattem and steel sets to increase the rigidity and strength of the support shell

« Face retaining measures: Depending on excavation depth (fibreglass nails or/and forepolling)

* Permanent and temporary invert to improve the shell rigidity

« In case of very high overburden (>100-150m) the construction of a flexible support system using
yielding elements may be required.

table.

Remarks:

* The excavation is referred to Top heading and Bench method. Full face excavation in weak rockmasses imposes strong face retaining measures and small
distance between temporary support and final lining.

« Shotcrete is not referred in the recommendations due to its wide application. More specifically, when shotcrete is used to avoid rockmass loosening and to
ensure the personnel safety, its thickness is generally small and it is determined according to experience and evaluation of the magnitude of possible
wedge failure. In stress induced phenomena due to the combination of weak rockmass and high excavation depth or/and swelling phenomena, shotcrete
should be analysed as a structural element and the requisite thickness and reinforcement is determined through numerical analyses.

« The excavation step will be determined according to: (a) the anticipated size of wedges in the case of competent undisturbed rockmasses (b) the size of
the wedges and the structure loosening prevention, in the case of disturbed rockmasses with no deformation problems (c) the prevention of structure
loosening and decrease of deformation, in the case of weak rock masses where significant deformation is anticipated. However, the installation of spiles
allows the increase of the excavation step.

+ Drainage holes are proposed in case of permeable sandstone beds and relief holes in case of trapped, low permeable, groundwater zones under the water

* Special support requirements should be considered in case of swelling rockmasses (e.g. possible in type VI, VIII, X, XI).

Fig. 2.5General directions for the immediate support messtor every flysch type (Marinos et

al., 2011)
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2.3 Convergence-confinement (CV-CF) method

The ConVergence-ConFinement (CV-CF) method is acbasd largely used tool for the
preliminary design of underground support strucuBased on the analysis of stresses and strains
around a circular tunnel, it provides an insighbithe interaction between the support and the
ground by means of a plane-strain model of thedLiexcavation. This technique is based on three
different curves which are combined in order taghkdte the equilibrium state between the support
and the ground. These curves are the Longitudirigbl&cement Profile (LDP), the Ground
Reaction Curve (GRC) and the Support Confining E&CC).

The CV-CF method has been originally developedubiface circular tunnels excavated in a
homogeneous ground in isotropic stress conditionsrevthe gravity effects can be disregarded
(e.g. AFTES, 2002). The mechanical behavior of bek is considered as instantaneous. The
combination of GRC, LDP and SCC allows to obtaim dguilibrium state as will be explained in

the subsequent sections.

The 3D problem is simplified by means of a 2D platrain assumption where the tunnel
excavation is simulated by a progressive reductibra ‘fictitious’ internal support pressure

py applied at the tunnel wall

pr = (1 —=MNoy (2.4)

whereg, is the initial stress state which is here assuis@tiopic andl is the deconfining rate.

The idea of employing a deconfining r&tén order to simulate the support effect of theefac
advance was introduced by Panet and Guellec (1874kes the value of O at the initial state

and grows until reaching the value of 1 when thmél is completely excavated.

2.3.1 Ground reaction curve (GRC)

The GRC is the relationship between the progressdaction of the fictitious pressure and the
radial displacement of the tunnel bounday). Equation 2.5 gives the expression of the GRC for

a linear elastic ground.

u(x) = A(x)u(),, (2.5)
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whereu(),,is the radial displacement at the tunnel wall foretastic tunnel far away from the

tunnel face and is expressed as

U(®)er = -~ (2.6)
whereR is the radius of the tunnel afdis the elastic shear modulus.

The expression of the GRC for an elastoplastic mgouhen a Mohr-Coulomb yield criterium

is adopted can also be expressed in terms(Banet, 1995)

@+ R\ ! R \F*!
u(k) =R E (Cl + CZ <R_pl> + C3 <R_pl> (27)
C,= —(1-2v)(o, + H) (2.8)
(1-v)(1+ BK,) )2(00 + H)
C, = - 2.9
2 ( K, + B V) K, + 1 (2:9)
o (K= 1)(gp + H)
C;=2(1-v) K+ (2.10)
P
bt = [2(0" B ]K”_l (2.11)
K,+1 (1-Moo+H
H= Cc
= (2.12)
_ 1+siny
1+ sing
K, = (2.14)

P71 —sind

whereR,, is the ultimate plastic radiug,is the friction angley is the dilatancy angle, is the
cohesionk is the Young’'s modulus; is the Poisson’s rati@ is the dilatancy parameter aikg

is the friction parameter.
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2.3.2 Support Confining Curve (SCC)

The SCC describes the mechanical response of gp@dtlining. For an elastic support, assuming
axial symmetry of the applied loads and of the supgeometry, the relationship between the radial
displacement of the wall at the outer face of thppsrt ¢i(x) — @(d)) and the radial inward

pressure exerted by the groyndacting upon the support is given by

() —8(d) _ ps

R Kgp (2.15)

whereu(x) is the radial displacement at the tunnel wall Whitepends on the distance to the
advancing face for a supported openind,is the distance of support/lining installation and is
the elastic normal stiffness of the support. Fepeayed concrete of thicknessthe stiffness is

obtained from the thin shell theory, (equation 2.16

El e
ks =T072R (2.16)

where E; andv; are the Young's modulus and the Poisson’s ratiadhef sprayed concrete

respectively.

However, thin shells theory can only be applied mée R/20 (Fligge 1960). De Labriolle
(2017) has shown that adopting a thin shell apgréaca thick support, induces important errors.
For TBM tunneling, the lining thickness is generalf the order oR/10. Therefore, resorting to

the thick shell theory the normal stiffness of imkHining K, is given by:

_ 2G,(R3—R})
St (1—2v,)R2 + R?

(2.17)
whereg, is the shear modulus of the concrete liniRg.andR; are the outer and the inner radius

of the lining respectively.

In the lining, the maximal hoop stress,, takes place at the inner face.
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2psR;
Omax = (Rg — RLZ) (2.18)

The equilibrium is obtained at the intersectiorttif GRC and the SCC as shown in Fig. 2.6.
However, this result depends on the evaluatiohefadial displacement of the support tunnel wall
u(d) (obtained from the LDP).

2.3.3 Longitudinal Displacement Profile (LDP)

The closed-form expression of the GRC for an unettpd tunnel can be established for various
constitutive models. The SCC can be calculatedrfost of the existing supports. However, the
LDP, which relates the displacement around thedliand the distance to the advancing face, is
commonly expressed by using empirical formulas vaéerifrom the results of axisymmetric

numerical simulations. Depending on the underhasgumptions for the LDP (which determines

the value ofi(d)), we can distinguish between various CV-CF apgreac

2.3.3.1 The Classical CV-CF approach

Within the classical approach (Fig. 2.6), the GR@ thhe LDP are considered to be intrinsic curves
of the ground and they are assumed to be indepefidenthe support behavior. As a consequence,
the radial displacement of the supported tunnel @) is equal to the radial displacement of the

unsupported tunnel wall at the instant of the supipstallationu(d).
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Fig. 2.6Schematic representation of the curves employéaeiCV-CF method

The LDP of an unsupported tunnel excavated in astielground can be written as follows:

u(x) = a(x) ue () (2.19)

wherex is the distance to the tunnel faa€x) is a dimensionless shape function

u(x)

WS (220

A commonly used expression which describes theeshapction is given by Panet (1995) as

obtained by fitting the results obtained from arisgetric numerical computations

mR 1?
@, () = @ + (1 - ap) (1 -] ) (2.21)
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Typical values of the parameters ag= 0.25 andn = 0.75 ora,= 0.27 andn = 0.84.

Corbetta et al. (1991) have proposed a differeptession for the shape function:

x .
a;(x) = 029 + 071 (1 - eC15@") (2.22)

Both expressions, (x) anda,(x) lead to very similar LDP for an elastic ground.

The first empirical expression for the shape funtfior an elastoplastic ground was proposed
by Panet and Guénot (1983)

bix) = 1 | 084Ro ?
=1~ losar, +x (2.23)
which leads to the following expression for the LDP
o1 0.84R,, |’ ( .
— —_— _— o0 —
u(x) = u(0) et I [CCORETO) (2.24)

whereu(0) is the radial displacement at the tunnel walhatface.

These authors also proposed a graphical approaath venables to obtain the deconfining
parametei depending on the so-called stability numiefEquation 2.25) and on the distance to

the tunnel face.

N =— (2.25)

wherea, is the uniaxial compression strength.
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The formulation for the elastic ground behavior banextended to an elastoplastic ground by
using the Self Similarity Principle (SSP) as intiodd by Corbetta et al. (1991). The principle of
the method is to apply a homothetic transformatmthe LDP of a tunnel excavated in an elastic

(.)er ground in order to get the one for an elastoggsp ground. The homothetic ratjois given

by:

_ u(oo)pl
X = u(0), (2.26)
From equations 2.21 (or 2.22) the LDP based ois8e takes the following form:
_ x\ ogR
u = xa(3) 55 (2.27)

For commonly encountered ground conditioWs<{ 5), the obtained LDP gives acceptable

results.

A more robust formulation for the LDP was propobgd/lachopoulous and Diederichs (2009).
They consider that the LDP is a function of tunraglius and the extent on the ultimate plastic
radius. According to these authors, the proposgulession is appropriate for modelling large

convergences whew > 5.

O T sk s _ X _
u(0) = 20 —§e P forx —E—O(at the face)
N x
= *oX o<
) u(x) = u(o)uge forx RS 0 (ahead of the face) (2.29)

—3x*
u(x) = u(m) (1 — (1 —ugpe 2RP1*> forx* = % > 0 (in the tunnel)

whereR,,;" is the normalized plastic radiuBy* = %) , x*is the normalized distance to the face

andu(0)* is the normalized radial displacement around tine¢l boundary at the tunnel face for

an unsupported opening.
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Assuming thati(d)is equal tax(d) can induce significant errors when a stiff linisgnstalled
guite close to the face, as in single shield TBihtling where a lining is placed after the TBM
passage. In order to account for the ground-linirtgraction, some authors have proposed to
enhance the classical CV-CF method by resortinghéoso-called implicit methods. In these

methods, the effect of the support stiffness igmakto account in the evaluationufd).

2.3.3.2 The “new implicit CV-CF approach” of Bernaud & Rmet

Bernaud and Rousset (1992, 1994) have proposedndve implicit CV-CF approach”. This
method modifies the shape of the LDP of a suppdtiedel by applying a transformation to the
axis. This transformation is a mathematical affimitich consists in squeezing the axis with a ratio
which depends on the support stiffness. The neweshanctionb’(x) for the LDP can be obtained
from the shape function of the unsupported LiJkP) (equation 2.24) as:

b3 (x) = b(ax) with a = a(ks,”) (2.29)

Assuming an elastic behavior of the ground, Bernand Rousset (1992) have proposed an

empirical expression far(k,") by fitting axisymmetric finite element computatson

(ks = 1+ 0.635ks,” — 0.0293ks,™ +0.781.1073ky,,* — 0.64.10%k;,™"  (2.30)

In the case of a Mohr-Coulomb elasto-plastic befrathe proposed expression fofk, ") is

a(ks,”) = 0.76583 + 1.029k,,," — 0.15454k,,"” + 0.02144k,,™> —

4 , . (2.31)
0.001293kg,"  + 0.035¢ (with ¢ expressed in degrees)

These expressions are valid fQy,” < 7.2 wherek,,," is the normalized stiffness of the support:

kn =4~ (2.32)
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The implicit relationship betweel(d)and the ground displacement around a supportedragpen

at the equilibrium stat@(co) is given by:

(d) = u(0) + b*(d)(() — u(0)) (2.33)

Bernaud and Rousset (1992) proposed the followimgjrgcal expression for the calculation of

the convergence at the tunnel fag®) if the behavior of the ground is elastic:

_ ooR
u(0) = 0'27T (2.34)

whereas if the ground is elastoplasti¢)) will depend on the stability numbkit

() _1]

C
u(0) = R(0.17153 + 0.12747N — 0.027275N2)\/§Eexp 2/V3c (2.35)

According to the authors, the “new implicit methamdin be applied iV < 5.

2.3.3.3 The implicit CV-CF approach of Guo & Minh

The implicit method of Nguyen-Minh and Guo (199%)nore commonly used. These authors have
proposed a general relationship betwaés) andii (o). In this method, a reduction factor which
implicitly depends upom() is applied to the radial displacement of the tlnvedl u(d) at the
instant of installation of the lining in order tbtainu(d)

— u(o0)
wa) =@ (u(OO)) u(d) (2.36)
and
@(t) = 0.55 + 0.45t — 0.42(1 — t)? (2.37)
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According to the authors, this method can be apgfiev < 5 for any value of the support

stiffness.

The application of the different methods is sumaediin Tab 2.3.

Tab. 2.3Summary for the application of the CV-CF methods

Method u(d) Equilibrium state
(from equations)| (by solving the system of equations)

Classical (elastic ground) 2.19 2.6 and 2.15
Classical (elasto-plastic ground) 2.24,2.27 0B2.2 2.7 and 2.15
Bernaud & Rousset (elastic ground) 2.33 2.6, 2rtb2a33
Bernaud & Rousset (elasto-plastic ground) 2.33 215 and 2.33
Guo & Minh (elastic ground) 2.36 2.6, 2.15and 2.36
Guo & Minh (elasto-plastic ground) 2.36 2.7,2.162.36

2.3.3.4 Limitations of the CV-CF method
Limitations of the CV-CF method have been discusged.Einstein and Branco, 1991) and

extension have been proposed for shallow tunnelsscircular cross sections, reinforced rocks,
(e.g Gonzalez-Nicieza et al., 2008; Oreste, 2008ng\Vet al., 2006; Tran et al., 2015b) and to

account for time-dependent effects (Sulem et 8B74) or seepage forces (Lee et al., 2007).

The development of the CV-CF method is based onagseimption that an intrinsic GRC
effectively exists. However, when a stiff liningpkaced immediately near the advancing face, the
GRC is affected by the presence of the lining (@antnd Anagnostou, 2009). Tunneling is indeed
an inherently three-dimensional (3D) mechanicabfmm and as a consequence, the spatial effects
that take place in the vicinity of the tunnel face not properly simulated with a two-dimensional
(2D) plane-strain model. Therefore, the calculatade of equilibrium differs between 2D and 3D
analyses. This discrepancy is even stronger whge ldeformations take place (Cantieni and
Anagnostou, 2009). Many other practical limitatiafsthe 2D analysis have been highlighted.
Schirch and Anagnostou (2012) have discussed thieapility limits of the closed-form GRC
solution for a circular tunnel excavated in anngpic ground when the rotational symmetry of the
problem in terms of stress state and section skapelated. Vlachopoulous and Diederichs (2014)
have shown that for tunnels with sequenced suppstdllation steps or non-isotropic stresses, 3D

analyses are necessary.
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2.4 Numerical simulations of ground-support interaction

The complexity of a tunnel excavation usually makesessary the implementation of numerical

simulations based on the Finite Element or FiniféeBence Methods. These simulations allow for:

» Complex geometries
» Consideration of the support-ground interaction
» Complex behavior of the ground

» Consideration of work phasing

A three-dimensional simulation can accurately dbsdhe complexity of a tunnel excavation.

Two techniques can be employed to model the tuexadvation when using 3D simulations:

» Step-by-step method (Hanafy and Emery, 1980)
* One-step method (Corbetta et al., 1991)

On the first hand, in the step-by-step methodgtittneeds to integrate since its creation all the
regions in which the stiffness will change. Thenteinexcavation is modeled by the annulation of
assigning zero stiffness to the elements placedarexcavated area. The length of the excavated
area in each step is called the step-round-lengfhhe simulation of the lining installation is
reproduced by imposing a constitutive law and @erfroperties in the correspondent grid

elements.
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Fig. 2.7Influence of the step size on the LDP. Instantapexecavation and elastic excavations
are shown for comparison, after Vlachopoulos & Biéths (2009)
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When choosing a step-by-step approach, it is airpaunt importance to simulate the actual
excavation step size. If tunneling is a continupuscess such as for certain TBM tunnels, an
appropriate step size must be chosen. Some autkemiglachopoulos & Diederichs, (2009) have
studied the influence afin the simulations (Fig. 2.7). They have conclutled a step size smaller

than 0.9 (whereD represents the tunnel diameter) is enough to asit@a continuos excavation.

On the other hand, the one-step method can be geatplo the study of tunnels excavated in a
homogenous ground with constant advance rate ss$tate, section, overburden and excavation
technique. Time-integration is transformed into cgpantegration. The one-step method
corresponds, to the limiting case of a step-by-steplel with zero round-length (Cantieni &
Anagnostou, 2009). Within the framework of tunrieldation the one-step method has been used
by several authors e.g. Corbetta et al. (1991) yRigtMinh & Guo (1996) , Ramoni & Anagnostou
(2011b), Maiolino (2006).

However, 3D computations might be disadvantageoutsrins of cost and time of calculation.
For this reason, under certain conditions the @s@@dimensional calculations can be considered
as they are faster and cheaper. The most commeatytwo-dimensional calculations in tunneling

simulation are:

* Axisymmetric calculation. If the tunnel is excavétender isotropic conditions the axial
symmetry of the problem allows for the use of ad¥Bymmetric model, Fig. 2.8.

* Plane-strain approaches, Fig. 2.9
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Fig. 2.8Example of an axisymmetric model of a deep tunAgbfl 2014 software)
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Fig. 2.9Example of a plane-strain model of a deep tunn# eihorse shoe section (ZSoil 2014
software)

Plane-strain approaches usually employ the CV-Gfeepts. The effect of an advancing face

can be considered throughout two different techesqu

» The first one is the so called fictive pressurédntégue. A pressure which is applied on the
tunnel wall and which is progressively diminished.

* The second one is known as the softening technémnek consists on the progressive
reduction until zero (excavated opening far awaynfithe advancing face) of the ground

stiffness which is placed in the excavated area.

2.4.1 Numerical simulations of ground-support interactfon conventional excavation

In squeezing ground, the time-dependent and ofiso&opic convergences of the tunnel wall lead
the engineers to progressively adapt the flexibjgert composed of elements such as shotcrete,
rockbolts or steel ribs. This complex interactiegtvizeen ground and support can be accurately

addressed by means of numerical methods.

Barla et al. (2011) carried out a detailed bacKyais of the support response in Saint-Martin-
La-Porte access adit using an axisymmetric modstdban available performance monitoring data.
Two constitutive models, Stress Hardening Elastmptastic (SHELVIP) model and Three Stages
Creep (3SC) model which were specifically developeddescribe the rock mass squeezing
behavior were presented. Both models are basedise@plastic potential and a viscoplastic flow

rule and the magnitude of the viscoplastic strdeend on the deviatoric stress component.

More recently, Tran-Manh (2014) employed the “ulitious joints” model in FLAE in order
to reproduce the response of the yield-control etipip the saint-Martin-la-Porte acces adit by
simulating the highly deformable concrete elemefitgure 2.10. The “ubiquitous joints” model
consists in a set of joints of a given orientatidmich pass through any point in the rock mass.

When the yield criterion is reached (Coulomb cidtemith tension cut-off) the joints are activated.
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With this approach the anisotropic behavior obstimehe Saint-Martin-la-Porte acces adit is well

reproduced in the numerical computations.
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Fig. 2.10Displacements around the tunnel after the suppsetalilation(a) and average stress
state in the sprayed concrete lag®rafter Tran-Manh (2014)

The study carried out by Sharifzadeh et al. (20d&3ls with the issue of ground-support
interaction in weak rock by using the Burger-creegzo-plastic (CVISC) constitutive model for
simulating the ground behavior in the case studghobli twin tunnels in Iran. The CVISC model
considers an elasto-plastic volumetric behavioraavidco-elasto-plastic deviatoric behavior driven
by a Burgers visco-elastic element and a plastaligynent. They performed a long term stability
analysis of the lining and they concluded thatrafteyears the compressive strengths of concrete
cannot withstand the forces exerted by the grottaever, CVISC model which contains a
Maxwell visco-elastic element leads to a constai®t of the convergences of the ground. Therefore,

this model yields to increasing stresses in thadinvith time and collapse in the long-term.

2.4.2 Numerical simulations of ground-lining-TBM interawt for mechanized

excavation
A first group of simulations has been carried oomsidering an instantaneous response of the
ground. The complex interaction between the rockanie tunnel machine, its system components
and the tunnel support during tunnel excavationstadied by Zhao et al. (2012). Two simulations
are developed: one simulation of an excavation wittouble shield universal TBM working in
conventional gripper mode in a brittle ground bébiafcase study of the Brenner tunnel) and one
simulation of an excavation of a double shield ersal TBM working in single shield mode in a
Mohr-Coulomb highly deformable ground (case stufithe Lyon-Turin base Tunnel), Fig. 2.11.
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Grouting-—"
hardening phase’

(@) (b)

Fig. 2.113D model of a double shielded universal TBM excavefa) working in gripper mode
in hard rock andb) working in single shielded mode in weak rock (Zleaal., 2012)

The results show that the 3D numerical simulatamashighly effective in reproducing both the
rock mass response and its interaction with the T&vhponents (Zhao et al., 2012). Fig. 2.12
shows the results of the ground-TBM/lining interactof the simulation of the Lyon-Turin Base
Tunnel. Fig 2.12a depicts the results in termdefltDP on both the shields and the lining (at the
invert as well as at the crown). The annular gamtduhe over-excavation (sum of the overcut and
the over-boring) and the conicity of the machine eonsidered in the simulation by means of
special interface elements between the shield aadytound. The annular gap is smaller at the
shield invert than at the shield crown. In consegeethe closure of the gap takes place before at
the shield invert than at the shield crown in ttenf shield as well as in the rear shield. Contact
pressure is depicted in Fig 2.12b showing a greatssure at the shield invert with respect to the
crown value in accordance with the LDPs. Due tocttr@cal shape of the shield the contact stress

between the ground and the rear shield is initzdi§o.
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Fig. 2.12Lyon-Turin Base Tunnel : results for the completadid, crown and inver(a)
longitudinal displacement profile aifl) contact pressure on the shield and on the lirdihg@ et
al., 2012)

Zhao et al., (2015) carried out a 3D simulatiorthef Headrace Tunnel for the Kishanganga

Hydroelectric Project in India using a non-lineaitezion for simulating the squeezing ground
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conditions of the ground. The results from the 3Dutation are compared with an axisymmetric
simulation and with the CV-CF close-form solutidinis work highlights the advantages of a 3D
simulation against the other design approachesddeinsome important features (backfilling
simulation, stepwise conicity of the shield or itustress state). Hasanpour (2014) and Hasanpour
et al. (2014) carried out a complex 3D large-stsimulations for evaluating the feasibility of
utilizing double shield TBMs in long deep tunnejsdassuming a non-linear criterion for he ground
behavior. A non-uniform annular gap was considénetie simulations. For the given conditions,

it is observed that higher contact forces are agpea between the ground and the rear shield than
between the ground and the front shield. The pitibalof shield entrapment in potentially

squeezing ground can be evaluated with this model.

A second group of simulations considers the timgedédency of the ground in order to simulate
its behavior. Hasanpour et al. (2015) used the CViSodel available in FLAZ in order to
represent the rheological characteristics of thmugd considering an isotropic stress state and
address the question of the effect of the advaaieean the risk of entrapment of the machine and
on the ground pressure exerted on the lining. Tweylate the excavation with a double-shield
TBM with the injection of the backfilling groutedavshield tail, Fig 2.13. Their results show that
the effect of the advance rate on the ground lpatled on the shields has a more important impact
in the rear shield as compared to the front shi€lgl,2.14. The front shield is loaded up to 8.5 MN
at the crown when the advance rate is of 3 m/dayapared to 6.6 MN for an advance rate of 24
m/day, thus a difference of 1.9 MN. For the reaelshthe difference is of 4 MN. Consequently,
the entrapment of a shield TBM can occur in squepgiround conditions during the machine

arrests or when lower advance rates are adopted.

OVereyt
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cutterhead m
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Fig. 2.13Numerical model for the simulation of tunneling v double shielded TBMa)
complete model angb) description of the model (Hasanpour et al., 2014)

Hasanpour et al. (2015) have also studied theteffebe advance rate on the ground pressure
applied on the lining immediately behind the maehifihey conclude that the advance rate is of
prime importance. Fig. 2.15, shows the pressuréegpo the lining for those rings located right
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behind the shield. It can be observed that foatheance rate of 24 m/day, the last set of segmental
rings installed experiences a pressure of abouVIP.& less than when the advance rate is 3 m/day.
The efficiency of the backfilling in the homogertiba of the ground pressure transferred to the
ring is also assessed (Fig. 2.15a).
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Fig. 2.14Longitudinal contact force profile (LCFP) for difent advance rates (3, 6, 12, and 24
m/day) at the tunnel crown over the front shield #re rear shield (Hasanpour et al., 2015)
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Fig. 2.15Ground pressure around the linirfg) distribution on the ring segment afiy) average
ground pressure on the last set of segment ringsiyd BM daily advance rate (Hasanpour et al.,
2015)
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2.5 Conclusion

Design methods for tunneling in squeezing groundline empirical tools, analytical models and
advanced numerical simulations. There exist sexnglirical tools such as the rock classification
systems which are useful in the first stages ofdénggn in order to estimate the required support.
The analytical 2D models based on the convergeanéining methods represent a simple and
powerful tool. Various extensions of the classic®lCF methods exist which permit to take into
account the effect of a stiff support installedseldo the face through the so-caileglicit methods.
However, these analytical models reach their limtien the sequence of excavation is complex and
when the ground behavior exhibits an anisotropit time-dependent behavior. The 3D state of
stress at the vicinity of the tunnel face is naigarly simulated with a 2D plane-strain approach
and in consequence the equilibrium state betweergtbund and the lining is not always well
reproduced. The advance rate of the excavationspdayimportant role on the risks of TBM
jamming and on the ground pressure acting on thimgli Therefore, advanced numerical
simulations are necessary and more and more usedrfiplex configurations, in order to correctly

capture the behavior of the ground and its intevaatith the installed support/lining.
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CHAPTER 3 APPLICABILITY OF THE

CONVERGENCE-CONFINEMENT METHOD TO

FULL-FACE EXCAVATION OF CIRCULAR
TUNNELS WITH STIFF SUPPORT SYSTEM

The CV-CF method is widely used in conventionahiling at a preliminary stage of the design.
In this method, the rock-support interaction analys simplified by means of a two-dimensional
plane-strain assumption. However, when the growmibés large deformation and/or when the
support is very stiff and installed close to thartel face, the results obtained with the CV-CF
method may significantly differ from those obtainesing 3D numerical computations. The strong
interaction taking place between the stiff liningdathe rock mass is not considered in the most
common use of the CV-CF method. Some improvementiseoCV-CF method as the so-called

implicit methods have been developed in order ttebaccount for this interaction.

In this chapter, the applicability of the CV-CF mmeds is discussed for full face excavation
tunneling with a stiff support installed near thed as it is the case when a single shielded Tunnel
Boring Machine (TBM) is used. An in-depth compansbetween plane-strain closed form
solutions and numerical results which properly acte for the 3D effects at the vicinity of the
tunnel face is carried out. The range of applicatibthe different approaches of the CV-CF method
is discussed.

3.1 Introduction

The present chapter deals with the design of @rduinnels with stiff support system focusing on
the typical example of tunnels excavated with glsishield TBM in rock masses. This topic was
already addressed by Ramoni et al. (2011) for tignerecavated in squeezing conditions with a
single shield TBM. These authors have providedigs®f design charts for the estimation of the
maximal load exerted on the segmental linings amisig the effect of the TBM characteristics
(stiffness, conicity, backfilling). In the presesiudy, the applicability of the different approashe

of the CV-CF method is discussed considering aelaemge of ground properties and various
excavation methods. Finally, some empirical retatfips are proposed for use within preliminary

design of tunnels excavated with single shield TBM.

3.2 Applicability of the CV-CF methods

Conventional tunnel excavation may be undertakamudifferent support methods: the so-called
‘heavy method’ makes use of a stiff primary linimpereas the ‘light method’ makes use of a

deformable support system, which may even be atoiweyield so as to tackle difficult ground
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conditions such as within high overburden and szjugerock behavior. In those cases, when the
support accompanies the ground deformations, th€ SRot significantly modified and the CV-
CF method is appropriate. On the contrary, whetiffassipport is installed close to the face, the
modification of the GRC cannot be disregarded asdemphasized by Barla (2016), the ‘heavy

method’ may somehow become impractical since vagly ground pressures are expected.

The present study focuses on tunneling using sitgkdd TBM with a stiff lining installed just
at the rear of the shield tail. Even if the linisgiot installed very close to the face as in tieavy
method’ its stiffness may induce a modificatiortltd GRC, depending on the ground conditions.

In the Appendix A , the study is extended to tusrecavated with a double shield TBM.

The results obtained with the various CV-CF apphnea@s recalled in the previous sections are
compared with those obtained with a 3D numericall@havhich permits to simulate the effect of
the advancing tunnel face. A sensitivity analysiperformed in order to compare the performance
of the different CV-CF approaches. The choice efvhlues for the mechanical parameters of the
ground and of the lining is carried out in an agerto cover the large range of situations
encountered within single shield TBM. A circulamhel of diameter D and excavated in a
homogeneous ground is considered with isotropitiaingtress state. A Mohr-Coulomb elasto-
plastic model is used for the constitutive behawibthe ground and a linear elastic model is

assumed for the lining.

3.2.1 Numerical 3D reference model

The axial symmetry of the problem allows for thee i a simple axisymmetric model. The
numerical analysis is performed by using FBRQITASCA, 2011) (Fig. 3.1). In FLAE?, the
mesh is composed of 26500 hexahedral elementse Gtoshe tunnel walls where the stress
gradients are high, zones with a size smaller th@& x 0.0 are generated. The size of the
elements in those areas has been chosen afteingaoyt a sensitivity analysis. The lining is
discretized into six hexahedral zones along itsktiess. The tunnel excavation is modelled by
incrementally removing the ground material andaltisty the support at a given distance from the

tunnel face.
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20.R

oSk
1

24.R

Fig. 3.1Grid geometry. Axisymmetric model

The sequential excavation is governed by two paermsethe step round lengthand the
unsupported spaxy, Fig. 3.2. The step round length needs to be senalligh in order to simulate
a continuous excavation. Vlachopoulos and Dieder{2B09) have shown that a step of excavation
below 0.9 is sufficient to simulate the continuous excavatid an unsupported tunnel. In the
present work, the chosen value foris 0.08&. The distance of support installatiahcan be

expressed as:

¢ S
f

—— N T
|
|
|
2|
- . il
sense of excavation |
e |
|
|
|
[

Fig. 3.2Sequence of calculation in the step-by-step metholthstallation of the lining. 2.
Excavation and calculation

S

3.2.2 Plane-strain reference model

The studied plane-strain methods are summariz€dbn3.1. The Classical method and the implicit

method of Nguyen-Minh & Guo are studied in combimratwith the expressions of the LDP of

61



CHAPTER 3 APPLICABILITY OF THE CONVERGENCE-CONFINEENT METHOD TO FULL-
FACE EXCAVATION OF CIRCULAR TUNNELS WITH STIFF SURPRT SYSTEM

Panet (1995) and Vlachopulous and Diererichs (200% comparison with the method of Bernaud

and Rousset is also carried out.

Tab. 3.1Plane-strain approach: Combination of differenfL&urves for various CV-CF methods
for the comparison with 3D numerical results

Classical CV-CF Method - LDP Panet (1995)
Classical CV-CF Method - LDP Vlachopoulos and Diéthes (V & D) (2009)
Guo and Minh Method (G & M) - LDP Panet (1995)
Guo and Minh Method (G & M) - LDP Vlachopoulos aRakderichs (V & D) (2009)
Bernaud and Rousset Method (B & R) (1992) — LDPePand Guénot (P & G) (1983)

3.2.3 Sensitivity analysis

Dimensionless variables and parameters are usediar to perform a sensitivity analysis. They

are noted with the superscript (.)*.

o,
Omax” = ’;:" (3.2)
B i U(o0) 2G
U(e0)" = ooR (3.3)
d
LA 34
d R (3.4)
R
R* =— (3.5)
e
E* = E 3.6

The validation of the normalization is shown in Bi@, Fig. 3.4 and Fig. 3.5. The equilibrium
points obtained in the various numerical simulaitall into a single curve once the normalization

is applied. The range of ground and lining propseris summarized in Tab. 3.2.
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Tab. 3.2Range of values for the parameters

Parameter Values
v 0.25
U, 02
d* 1
R* 10, 12.5 and 15
E* 0.05,0.25,0.5,0.75and 1
o) 20°, 25°, 30° and 35°
Y 0°, /3 andd
N 1,2and5
0.7
0.6 e 000 E;=15(MPa) 130
ada E,=20(MPa) A &
5 L]
. 051 o . mmm E =30 (MPa) L " 4w _
.04 ° % o® 4 m
03 ®ega @ s
i = = ° 00 E =15(MP
0.2 R s 000 E; 5 (MPa)
o a 1.15 AAA =20 (MPa)
0'0 mmm E - 30(MPa)
0 5 10 15 20 25 1105 5 10 5 2 25
E (MPa) E (MPa)
0.7—¢ 1.30
0.6 kS
\ e
0.5 % 1.25 T e
* 04 ‘e * o -
g ha® T 1.20 P
g 03 t"’—.. = o
g =
(;2] Bl SES 115
0'8.0 0.2 0.4 0.6 0.8 1.0 H%‘O 0.2 0.4 0.6 OtS 1.0
E*=E/E, E*=E/E,

Fig. 3.3Results of the numerical calculations regardingitienalizationg,,,,*andiu(o)* as a
function of E*
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Fig. 3.4Results of the numerical calculations regardingitwnalizationo,,,,* andu(c)*as a
function ofN
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1.3
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Fig. 3.5Results of the numerical calculations regardingnibienalizationo,,,, *andu(e)*as a
function of R*

The Poisson’s ratio of the ground is kept constaat equal t@ = 0.25. The Poisson’s ratio of
the lining is also kept constant and equal;te 0.2.Within single shield TBM excavation, the
first contact between the ground and the lining$alace between one and two diameters
after the advancing faceé trade-off was carried out in order to reducertbmber of calculations
by fixing the value of the parametét to 1. This assumption is on the safe side forethauation

of the stresses in the lining.

In practice, the most common thickness for a segmhdining is 0.4 m and the radius length
generally varies between 4 and 6 m for current opetilway or road tunnels. It leads us to the
choiceR* = 10, 12.5 and 15. To cover the range of relatiftness between ground and lining, the
study is carried out faE* = 0.05, 0.25, 0.5, 0.75 and 1. The chosen valuethé friction angleb
are 20°, 25°, 30° and 35°. We have assumed thfésratlit dilatancy angle ranging from zero
dilatancy to associate plasticity depending onftlotion angle:y = 0°, /3 and¢. Finally, the

calculations are performed for some representalges ofN: 1, 2 and 5.

3.2.4 Results and discussion

The equilibrium states obtained from 540 axisymioetimulations resulting from the combination
of the different parameters are compared with tWeGQEF approaches considered herein. In order
to provide a large sensitivity analysis, parameteesidE™ have been varied independently. Note
that, in practice, the rati/o, varies between 200 and 1000. Nevertheless, faegafN between

1 and 5, realistic values Bf are covered in the proposed study.
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In the present study, the maximal hoop stress édsirom the axisymmetric numerical models
is compared with the one obtained from the plara@rstlosed-form solutions. Fig. 3.6, Fig. 3.7
and Fig. 3.8 show the comparison between the CVaPproaches and the results of the
axisymmetric simulations in terms @f, ,,.* for a representative set of values. The totabbedsults

for o,mqx ™ 1S given in Appendix B.

R*=12.5; ¢=25.0°; ¢=0.0°

2.0 T T 2.0 - - . . 2
N=1 = Classical Method - LDP Panet (1995) [ N—1 G & M Method - LDP Panet (1995)
1.5 ==+ Classical Method - LDP V & D (2009) | | 1.5 =+ G &M Method - LDP V & D (2009) | |
* © Numerical simulations (FLAC3D) * l B & R Method - LDP P & G (1983)
8 1.0 | 8 1ol ® o Numerical simulations (FLAC3D)
b: b: l \
0.5f.... | 0.5 L o
-n";“".'v'"--~—'-—-!»-‘-’-_".' ...... ST Nt SR | | ..“»:"""‘--5-7---7--'3'-5? ..... T e T |
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Fig. 3.6Comparison ob,,,," between the different approaches wiRén12.5 andp=25° for
incompressible plasticity/( = 0). Classical methods on the left column andititpnethods on
the right column
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R*=12.5; ¢=25.0°; ¢)=8.3°

Classical Method - LDP Panet (1995)
=+ Classical Method - LDP V & D (2009)
* Numerical simulations (FLAC3D)
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Fig. 3.7Comparison ob,,,,,.* between the different approaches wikén12.5 andp=25° for
non-associate plasticity(= ¢/3). Classical methods on the left column and ioipinethods on
the right
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Fig. 3.8Comparison ob,,,,,.* between the different approaches wiRén12.5 andp=25° for
associate plasticity/( = ¢). Classical methods on the left column and imphwoethods on the
right column

It can be inferred that the classical approaclvmb@nation with any LDP tends to underestimate

the stress state in the lining. When a valu&/ efarying from 1 to 5 is adopted, a good agreement
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between the numerical simulations and the imph@thod of Nguyen-Minh & Guo combined with
any LDP is observed. The implicit method of Bernaumil Rousset shows also similar results.
However, when the ground is rather sdft & 0.25), due attention should be paid even though
values assigned tB* fall within the applicability domain given by tteuithors. In this case, the
implicit methods cannot be accurately applied asGRC is significantly modified and the implicit
methods do not take this modification into accotinally, errors tend to increase with increasing

dilatancy angle.

Regardingii(c0)* a good agreement is observed between the numeiinalations and the
solution of Nguyen-Minh & Guo when it is combinediwthe LDP of Panet iV varies from 1 to
5, Fig 3.9. However, for associate plasticity ahd 5 Nguyen-Minh & Guo method combined with
the LDP of Panet underestimate®o)*, Fig. 3.10 This is also the case for the impinéthod of
Bernaud and Rousset. The solution of Nguyen-MinhG&o combined with the LDP of
Vlachopoulos & Diederichs provides a good resulteéoy value ofV andE* and gives the best
estimate ofti()*, (Fig. 3.9 and Fig. 3.10). Note that errors teadncrease with increasing

dilatancy angle. The total set of results#igeo)* can be found in Appendix C.

R*=125; ¢=25.0°; ¥=0.0°
5 5
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Fig. 3.9Comparison ofi(c0)* between the different approaches wiRén12.5 andp=25° for
incompressible plasticity/( = 0). Classical methods on the left column andititpnethods on
the right column

67



CHAPTER 3 APPLICABILITY OF THE CONVERGENCE-CONFINEENT METHOD TO FULL-
FACE EXCAVATION OF CIRCULAR TUNNELS WITH STIFF SURPRT SYSTEM

R*=125; ¢=25.0°; ¢ =25.0°
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Fig. 3.10Comparison ofi(c0)* between the different approaches wRén12.5 andp=25° for
associate plasticity/( = ¢). Classical methods on the left column and imphoethods on the
right column

The effect of the dilatancy of the ground is furthighlighted by considering an unlined tunnel.
The difference between the axisymmetric numeriaahgutations (gy and the plane-strain
analytical results () are plotted in Fig.3.11 in terms @ ()" ., — u(oo)*ps)/u(oo)*ps). When
the flow rule is strongly non-associated (valueg tietween 0 and)/3), which is a case commonly
encountered in practice, both approaches givesianyar results for the final radial displacement.
However, when assuming an associated flow ruledig@epancy between the results is amplified
for higher values ol and can reach 20 % (Fig 3.11). Fig 3.12 showsaben forN=>5, the results
are only slightly affected by the friction angle ialin confirms that the dilatancy angle is the

controlling parameter.

20

oo =0
A =03
| =0

Di fference (%)

w

0 °

1.0 15 20 25 30 35 40 45 50
N

Fig. 3.11Effect of N on the difference between the numerical simulagioc the plane strain
assumptiong = 35° andvb = 0.25)
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20

oo ¢=20°

—4 =35

S

Di f ference (%)
2
-

Fig. 3.12Effect of the friction anglé on the difference between the numerical simulatiod the
plane strain closed form solution for the radialiptticement at the tunnel wall € 5 andv =
0.25)

3.3 Conclusion

Due attention should be paid when applying the GVr@thods in a pre-design stage of a circular
tunnel excavated in full section with a stiff supdming system. In this work, we have compared
different CV-CF methods which are based on plarerstassumptions with a numerical model
which captures the spatial effects at the vicioityhe tunnel face.

It was shown that for reliable evaluation of thess$ state at equilibrium in the lining, implicit
methods (Nguyen-Minh & Guo or Bernaud & Roussetudth be used and can be combined with
any LDP expression (Panet, Corbetta or Vlachopog&ld@iederichs) for values of the stability
numberN ranging from 1 to 5 and relatively hard rock még%> 0.25). The evaluation of the

radial convergence of the ground is good with akfy@ approach.

The influence of the ground dilatancy on the disptaent around the tunnel is also highlighted
for an unlined tunnel. It is shown that for lowwes of the dilatancy angle, the discrepancy between
the 2D closed-form solution and the 3D numericahpotations is small but tends to increase with
increasing dilatancy angle.
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CHAPTER 4 EMPIRICAL FORMULAS FOR
THE DESIGN IN THE CASE OF SINGLE SHIELD
TBM

4.1 Introduction

As an application of the previous chapter and ngalige of the large sensitivity analysis performed
in the numerical study, some simple empirical fdarwhich can be used in preliminary design of

tunnels excavated with a single shield TBM are psapl in this chapter.

4.2 Fitting procedure

The same numerical data base used for the studgheofapplicability of the convergence-
confinement method to tunnels excavated with siglgield TBM in chapter 3 has been used herein.
It consists of 540 axisymmetric simulations whiabver a large range of ground and lining

properties (Tab. 3.2 in chapter 3).

In order to obtain empirical formula for the designtunnels excavated with single shielded
TBM, JMP statistical software has been used (Ngugéh8). With JMP it is necessary to propose

a linear combination of expressions based on treharécal parameters of the problehiX* £*

b, v, N),o(...), h(...), ...)

Af+Bg+Ch+ ... (4.1)

in order to obtain an expression of the equilibristate of the tunnel excavatiom,{,,.*, #()").
The software assigns values to the coefficientsBlAC, ...) of the linear combination to obtain

the best fit of the formula with regards to ouradbase.

4.3 Expression for the maximal hoop stress in the linig at the equilibrium state ©@,,4,")

For practical applications, a set of empirical @ggions is proposed to give accurate predictions of
omax Within a large range of rock and support condgioim order to cover the whole range of
considered parameters, three different expresaoagrovided. The choice of the appropriate
expression for each configuration is based on #@daevof a dimensionless paramefemwhich
depends on the mechanical parameters and is giveguation 4.2 in which the friction and

dilatancy angleg andy are expressed in degrees.
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*

3.88 E
F =0.922 + 0.0224R* + N (T +9.66x107* = ( + 1) — 0.063 ) + 0'365N

(4.2)
—0.76log1o(100E™)
ForF <0.4,0.,4" IS given by equation 4.3.
E*
Omax” = 0.42 + 0.004¢ + R* (0.0082 - 0.0096—)
N
1 64.57
—N|{0.123 + —(0.0685N + T_ 7.79) —0.000174(y + 1)
¢ (4.3)
. 1 1 @+1), 01
+E (0'0027F + 0'1954N + b <_W + 0.0916))

—0.345510g,,(100E*)

Figure 4.1 shows the graphical result of the regjoesif F <0.4, forg,,,," carried out with
JMP.

05
0.45 -|
04
0.35 -]
03
0.25 -]
02
0.15-]
01
0.05 -]
0 |
0 0.05 01 015 02 0.25 03 0.35 04 045 05

sig_max/sigo Predicted P<.0001 R5g=0.99
RMSE=0.0143

sig_max/sigo Actual

Fig. 4.1 Graphical result of the regressionsf< 0.4, forg,,,," carried out with IMP (regression
coefficient R of 0.99)
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For 0.4< F <0.8,0,,4," IS given by equation 4.4:

1
Omax” = 1.1149 + 0.0227R* + 1(0.0038 — 0.0001%) + 0.04 77

0.00826 0.000148 N +0 158N + 41.785 4 4.06
: E*Z : (b (bz E*.(bz

*

- N (0.0879 +

~0.000463( + 1) — %) (4.4)

. ( 0.253 0244
N
—0.96log;,(100E™)

Jw+1

Figure 4.2 shows the graphical result of the regjoesfor 0.4< F <0.8, foro,,,," carried out
with IMP.

4 Actual by Predicted Plot
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sig_max/sigo Predicted P<.0007 R5g=0,99
RMSE=0.0293

Fig. 4.2Graphical result of the regression if 8.& <0.8, forg,,,,* carried out with IMP
(regression coefficientFof 0.99)
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Finally, if F>0.8,

1 1
Omax” = 0.9617 — 0.0143¢ + 0.0458R* — 194.85F + 0.06470“—1)2
+ N( 0 06N + 69.55 0.0000357(y + 1)? + 0.00192(y + 1) + 0.095 1'303)
. (b (I)Z . 1,[) . 110 E*q) E*_q)z
1 W+ 1) (4.5)
+E*(—0.202E* + 0.000267F +0.478 ?

—0.675 logyo(100E*)

Figure 4.3 shows the graphical result of the regoesfor F > 0.8 carried out with
JMP.

4 Actual by Predicted Plot
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sig_max/sigo Predicted P<.0001 RSq=0.97
RMSE=0.0904

Fig. 4.3Graphical result of the regressionkf> 0.8 fora,,,, “carried out with IMP (regression
coefficient R of 0.97)

Fig. 4.4, Fig. 4.5 and Fig. 4.6 show the comparlsstween the empirical formula and the results
of the numerical simulations in terms @f,,,.* for a representative set of values. The fit isyver
good. The total set of results is given in Apperslix
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R*=125; ¢=25.0°; ¢=0.0°
N =1 Empirical expression
® * Numerical simulations (FLAC3D)
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Fig. 4.4Comparison ob,,,," between the numerical simulations and the empificenula when
R*=12.5 andp=25° for incompressible plasticity(= 0)
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Fig. 4.5Comparison ob,,,,," between the numerical simulations and the empificenula when
R*=12.5 andp=25° for non-associate plasticity € ¢/3)
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R*=12.5; ¢=25.0°; 1 =25.0°

N=1 + + Empirical expression
1.5 ® * Numerical simulations (FLAC3D)

*
o'"l(l«l'

051+ 4

0.0
2.0

(Tlllll.l'

(Tlll(l.l'

0.2 0.4 0.6 0.8 1.0

Fig. 4.6 Comparison ob,,,,," between the numerical simulations and the empificenula when
R*=12.5 andp=25° for associate plasticity (= ¢)

4.4 Expression for the radial displacement at the tunal wall at the equilibrium state
((e0)")
4 Actual by Predicted Plot

14

Ur.2G/ (R.oo) Actual

~

Ur.2G/ (R.oo) Predicted P<.0001 RSq=1.00 RMSE=0.2309

Fig. 4.7 Graphical result of the regression fafc)* carried out with IMP (regression
coefficient R of 0.99)
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Following the same procedure, a unique expressipnoposed fofi (o) *:

L . ., 0027
()" = 1.6244 + 0.012R +¢<1.3.10 ) _T>

5 21.99

0.543
+ N.|{0.0178E* + 0.01855 +1)+—-0.017p +—— ——
( @+1 ¢+ @D

¢'+ T (4.6)

4.076N 0.24N? W+1
(—0.0146N3 + 0.323N? — 0.99N)

Tow+D e@w+D) T o

Figure 4.7 shows the graphical result of the reggoasfor u(c)* carried out with IMP.

Regardingu(c)* a very good agreement is also observed betweenutmerical simulations

and the empirical formula (Fig. 4.8 and 4.9). Tataltset of results is given in Appendix C.

R*=125; ¢=25.0°; ¥=0.0°
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Empirical expression
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Fig. 4.8Comparison ofi(e)* between the numerical simulations and the empificenula
whenR*=12.5 andp=25° for incompressible plasticity(= 0)
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R*=125; ¢$=25.0°; ¥=25.0°
5
+ + Empirical expression
4 N ® © Numerical simulations (FLAC3D)
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Fig. 4.9Comparison ofi(e)* between the numerical simulations and the empificenula
whenR*=12.5 andp=25° for associate plasticity (= ¢)

4.5 Validation of the empirical formulation

As it can be observed in Tab. 4.1, by using theased formulation, the point of equilibrium for
arbitrary combinations of the parameters within shedied range of values can be obtained with

acceptable accuracy.

Tab. 4.1Validation of the empirical formulation

Omax Omax”  Error U(o)* U(®)”  Error
d* R* E* N &) ¥(°) F max. (Empirical o ot (Empirical o

(FLAC®) formulation) (%) (FLAC?) formulation) (%)
1 10 0.05 2 20 6.7 0.90 0.736 0.712 -3.3 1.165 1.325 13.7
1 10 0.05 25 20 6.7 0.97 0.826 0.813 -1.5 1.378 1.463 6.2
1 10 0.05 3 20 6.7 1.04 0.910 0.913 0.4 1.619 1.632 0.8
1 10 0.05 35 20 6.7 1.10 0.996 1.012 1.6 1.871 1.833 -2.0
1 10 0.05 4 20 6.7 1.17 1.091 1.109 1.7 2.134 2.066 -3.2
1 10 0.05 4.5 20 6.7 1.24 1.178 1.204 2.2 2.400 2.326 -3.1
1 10 0.05 1.4 20 6.7 0.83 0.651 0.594 -8.7 0.985 1.186 20.4
1 10 0.05 2 20 6.7 0.90 0.736 0.712 -3.3 1.165 1.325 13.7
1 10 0.05 26 20 6.7 0.98 0.841 0.828 -1.6 1.409 1.485 5.4
1 10 0.05 31 20 6.7 1.06 0.930 0.942 1.3 1.686 1.686 0.0
1 10 0.05 3.7 20 6.7 1.13 1.033 1.054 2.0 1.983 1.929 -2.7
1 10 0.05 4.3 20 6.7 1.21 1.136 1.163 2.4 2.288 2.211 -3.3
1 10 0.05 1.6 20 6.7 0.85 0.675 0.630 -6.7 1.029 1.228 19.3
1 10 0.05 2 20 6.7 0.90 0.734 0.712 -3.0 1.165 1.325 13.7
1 10 0.05 24 20 6.7 0.95 0.804 0.793 -1.3 1.333 1.433 7.5
1 10 0.05 238 20 6.7 1.01 0.876 0.874 -0.3 1.520 1.560 2.7
1 10 0.05 3.2 20 6.7 1.06 0.948 0.953 0.6 1.713 1.708 -0.3
1 10 0.05 3.6 20 6.7 1.12 1.009 1.031 2.2 1.921 1.877 -2.3
1 10 0.13 2 20 6.7 0.59 0.484 0.467 -3.4 1.192 1.328 11.4
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1 10 020 2 20 6.7 0.47 0.387 0.375 -3.2 1.205 1.330 10.4
1 10 027 2 20 6.7 0.39 0.335 0.344 2.6 1.216 1.332 9.6
1 10 033 2 20 6.7 0.33 0.302 0.301 -0.2 1.226 1.335 8.9
1 10 040 2 20 6.7 0.28 0.274 0.271 -1.1 1.234 1.337 8.4
1 10 035 2 20 6.7 0.31 0.293 0.293 -0.2 1.228 1.335 8.8
1 10 055 2 20 6.7 0.20 0.227 0.225 -0.8 1.247 1.343 7.6
1 10 075 2 20 6.7 0.13 0.186 0.187 0.6 1.260 1.350 7.1
1 10 095 2 20 6.7 0.09 0.157 0.163 4.2 1.268 1.357 7.0
1 10 017 2 20 6.7 0.52 0.427 0.419 -1.8 1.199 1.329 10.9
1 10 030 2 20 6.7 0.35 0.316 0.321 1.4 1.221 1.334 9.2
1 10 043 2 20 6.7 0.26 0.262 0.258 -1.2 1.237 1.338 8.2
1 10 057 2 20 6.7 0.19 0.223 0.221 -1.1 1.249 1.343 7.6
1 10 070 2 20 6.7 0.15 0.194 0.195 0.5 1.257 1.348 7.2
1 11.43 0.05 2 20 6.7 0.93 0.795 0.777 -2.2 1.128 1.342 18.9
1 1429 005 2 20 6.7 1.00 0.830 0.908 9.5 1.134 1.376 213
1 12 005 2 20 6.7 0.95 0.812 0.804 -1.0 1.130 1.349 19.4

4.6 Conclusion

A set of empirical formula have been proposed tlaat easily provide reliable predictions of the
equilibrium state in tunnels excavated with a sngjtield TBM for a large range of ground and
lining properties. The predicted displacementskmobtained with an accuracy of about 20% and

the stresses in the lining with an accuracy of 10%.
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CHAPTER 5 THE FREJUS ROAD TUNNEL

In this chapter, the Fréjus road tunnel is studiecn example of tunnel excavated in squeezing
ground showing a time-dependent and anisotropievoeh The general and geological contexts
as well as the excavation method are first preserinitoring and data processing are then

thoroughly presented so as to serve as a refefenttee simulations in chapter 7.

5.1 Project introduction and general context

The Fréjus road tunnel was excavated by converntaniband blast method in the seventies and
came into service on July, 121980. A new path between North-West Europe and the
Mediterranean was opened. The tunnel links Mod&rene) and Bardonnechia (Italy) under the
ridge between the pic of Fréjus (3019 m) and tleegpiGrand-Vallon in the Alps, following an
average North-South direction. The design and cactsdn of the tunnel were on behalf of a two-
state company namegbciété francaise du tunnel routier du Fré[@TRF) for the French part
and Societa italiana per il Traforo Autostradale deldfus (SITAF) for the Italian part. The
geological and geotechnical context is describatiérpapers of Beau et al. (1980) and Lévy et al.
(1981) (see also Sulem (2013)).

The tunnel is 12.87 km long and 11.6 m wide betwibernsidewalls with a two-lane classical
horse shoe section. The overburden along mostedagrout is over 1000 m (with a maximum of
1800 m). The Italian tunnel portal is at an altéwaf 1297 m whereas the French tunnel portal is at
an altitude of 1228 m. The tunnel slopes down 0.5 Italy towards France. There exist two
ventilation shafts placed at 1/3 and 2/3 of thenaland six ventilation plants.

|
“k‘)&-’l Pic of Fréjus

Rochemolles
valley

Arc valley

HEIGHT
PARTIAL DISTANCE 1 « " E = ; o | ? n w w0 m o
PROGRESSIVE DISTANCE ;| i £ o st w0 o nmea oo oo w0 oo a0 it 50 1 s s |

Fig. 5.1Track alignment in red (bottom) and longitudinedfile (top) of the road tunnel after
SITAF (1982) [the railway tunnel is shown by theatintinuous grey line]
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The average advancing rate was 5.6 m/day. FigsShoivs the longitudinal profile and the track

alignment of the tunnel.

5.2 Geological context

The road tunnel goes through a ground where thia@a tecto-stratigraphic alpine units can be
identified:

» The Briangonnaise unit (chainage 0 to chainage 1 Tiin the French portal, this zone is
characterized by the succession of different agei@$: quartzite (early Triassic), quartzitic
schists (Permian-Triassic) and fractured blackaralous schists (middle Triassic). The
guartzitic schists have a foliated to massive texsinowing a pale green color and enter in
contact with the black calcareous schists betw&amage 1448 and chainage 1480. The
black calcareous schists are highly fractured andlized buckling had to be tackled.

* Gypsum unit: This formation separates the Brianetgearea and the Piémontaise unit.
At the origins, evaporitique rocks (Triassic) wangcted during the formations of The
Alps between the main tectostratigraphic unitiesngcas a “tectonic lubricant”. This
lithotype appears also in the French tunnel poittéd.a highly tectonized unit.

* The Piémontaise unit (from chainage 1720): This aepresents the largest stretch of the
tunnel (Fig. 5.2) and is characterized by a sequeriowvell foliated calcareous schists
(lustrous schists). The calcschists result fromgte metamorphism of marls and limy marls

with the formation of phyllitous minerals (Pane?986).

Tab. 5.1 Average mineralogy in the Piémontaise unit

Calcite 65 %
Quart: 15 %
Muscovite and Chlori 10 %
(Albite, Pyrite, Zoisite, Epidote and Graph -
Phyllites

ANHYDRITE

CARGNEULE

BLACK AND GREEN SCHIST
LUSTROUS SCHIST

DEBRIS

3000m — . Q%Q

opoeECm

Chambre do montage @ % ™ MORAINE

du tunnelier e e P =

— — —
Oom 5000m 6500m 10000m 13000m

Fig. 5.2Geological profile of the alignment
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In the peculiar Piémontaise unit, the schistostpriented parallel to the tunnel axis with an
average dip angle of 45°. The average mineraloghénPiémontaise unit is shown in Tab. 5.1.

Four families of discontinuities were identifiedrohg the excavation (Fig. 5.3):

» Regional schistosity. Dip angle varying from 257@5 towards the West. (25°-70°/N270°-
N315°).

» Joints following the direction East-West. Dip anglé° towards the North (joints
perpendicular to the tunnel axis, 45°/N360°).

» Shear fractures following the direction East-Wd3ip angle 45° towards the South
(45°/N180°)

» Joints which are sub-parallel to the tunnel axer{N&outh) and characterized by sub-
vertical plans slightly inclined towards the E&s@v-70°/N90°).

* The water amount is very low and well localized.

Fig. 5.3Main families of discontinuities in the Fréjus doannel after Beau et al. (1980)

5.3 Excavation and support techniques

The works were carried out over a total lengthZyb00 m according to the following steps (Levy
et al., 1981):

» Excavation (horse shoe section with installationoakbolts and a wire grid)

» Execution of the invert (execution at 300 to 40@rom the tunnel face)

» Concreting operations of the final lining (execatat 600 m from the tunnel face)
» Execution of the ventilation ducts (execution & & from the tunnel face)

* Injections and execution of the final tasks (1 1®Q@ 250 m from the tunnel face)
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The full-cross section was excavated in one stegritling and blasting. The average length of
the excavation step was between 3.50 and 4.50 ne(PEO96).

A soft support was installed before the final lopinThe tunnel was supported with radial
rockbolts before the final lining was installedaadistance of 600 m from the face of excavation. It
consisted of an average amount of 21 punctuall@nec rockbolts per linear meter of 4.65 m of
length. Rockbolts have a diameter of 20 mm andeagth of 450 MPa (Fig. 5.4). A wire grid (10

cm x 10 cm®d 5 mm) was also installed to avoid rock debrigrglidown (Fig. 5.5).

(a) (b)

Fig. 5.4Cross section with the boltsing patt¢a) and longitudinal-section of the bolts) after
Levy et al., (1981)

Fig. 5.5Front face of the Fréjus road tunnel showing thgpsrt composed of rockbolts and a
wire grid. Presence of schistosity planes at thed¢lface after SITAF (1982)
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s OUEST

EST

\

NORD

//%-//AVANCEMENT
(a) (b) (©)
Fig. 5.6 Some instabilities related to the massif discaiities after Levy et al., (1981)

A buckling phenomenon of the schistosity planesbiserved at the West part of the vault where
schistosity planes are tangent to the tunnel vidd). (5.6 (a)). The presence of several families of
discontinuities can favor the formation of isolabdoicks which can fall down during the excavation
(Fig. 5.6 (b) and (c)).

The execution of the final lining was carried ouaa average distance of 600 m from the tunnel
face.

Fig. 5.7Typical cross section of Fréjus tunnel once thalfiiming is completed after Levy et al.,
(1981)

5.4 Monitoring data and data processing

Convergence measurements were monitored in 12ipsgetiong the tunnel. Convergences are the
variations of distance between two opposite paifitee tunnel wall. Monitored sections are spaced

30 m apart in average. Measurements are carriedyuwising invar type alloy wire until the
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installation of the final lining which occurred aod 107 days after the face excavation of the

section. At that moment the average rate of corerergis 0.2 mm/day.

— 2450
140 | ~—Convergence along direction 2-4 .
——Convergence along direction 1-4 _-7 2400
-—Convergence along direction 1-3 # ‘
120 '} 2350
g - -Face advance S
E 100 2300
g %
2 g0 2250 S
) -
& 60 F 2200 8
v Q Ry
2 2150 \\
S 40
O 2100 2

[
(=4

2050

0 & T T 2000
0 20 40 60 80 100 120

Time (days)

IS
=

Fig. 5.8Convergence curves and schematic position of tigetsiin section 13 (chainage 1998)

Fig. 5.8 shows a typical convergence curve. Ttgelstrconvergence generally occurs along the
direction defined by targets 2 and 4 which is quesipendicular to the schistosity planes. This
large convergence is attributed to the bucklingtted schistosity planes. Convergence along
direction defined by targets 1 and 4 is paralleltiie tunnel invert. In some of the sections,
convergence along direction 1-3 was also monitormlvever, convergence data following this
direction have been recorded over a shorter pefidiine. Fig. 5.9, Fig. 5.10 and Fig. 5.11 show

convergence data along the different directions/éen chainage 1872 and 2772 corresponding to
zone A as defined later in Fig 5.14.
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Fig. 5.9Convergences along direction 2-4 between chain8ge and 2772
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Convergence data show the differed behavior oftband and the influence of the advancing
face. Section in chainage 1905 illustrates the-timgendent behavior of the ground. This section
is affected by two standstills: the first one tagkzce at chainage 1949 and lasts 127 days and the
second one takes place at chainage 2198.5 and tades/s. We can observe how the ground keeps
on converging even though the face is not advandihg convergences which take place during
the standstills are only associated to the diffdsedavior of the ground. Furthermore, we can
observe an acceleration of the convergences dgbedotchainage 1905 when a resumption of the
excavation takes place after the standstill in ridogé 1949. This indicates that the distance of
influence of the advancing face is larger than 4derause the convergence at chainage 1905 are

still slightly influenced.

The semi-empirical law proposed by Sulem et al8{19, (equation 5.1) has been used in the

analysis of convergence data of the road tunneldPaiente et al., 2017).

C(x,t) = Coy [1 - (HLX)Z] {1 +m [1 - (HLT)n]} (5.1)

whereC,,, represents the instantaneous convergence obtairtkee case of an infinite rate of

face advance (no time-dependent effécts a parameter related to the distance of inflaeriche
face,T is a parameter related to the time-dependent piep@®f the system (rock mass — support),
m is a parameter which represents the relationgtiwd®en the long term total convergence and the
instantaneous convergence anis a form-factor which is often taken equal to. B$ fitting the
convergence data, it is possible to distinguishtotie@ long-term convergend®,, (1 + m) from

the instantaneous convergertt;g, which takes place in each section. In convergelate fitting

it is important to account for the “lost convergehaC which is the convergence which takes place
between the face excavation and the beginning mfexgence monitoring (at a distance from the

facex, and at a time elapsed from the face excavatjinn
AC(x,t) = C(x,t) — C(xg, tp) (5.2)

The study shows that paramet&rsn andn can be considered the same for the fitting of almo
all of the sections in the tunnéf € 10.5 mm = 4.5 andh = 0.3). Parametef® andC,,, are fit for
every single section and direction. A very goodragimation of convergence data is obtained as

shown in the examples in Figure 5.12.
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Fig. 5.12Convergence evolution along direction 2-4 and fihdhe empirical convergence law
of from Sulem et al. (1987Db) for section 17 at ohge 2113a) and section 118 at chainage 5080
(b). On the left in function of time and on the rightfunction of the distance to the advancing

face

The fitting results of most of the sections aldmg itoad tunnel are shown in Tab. 5.2. The results
of some of the sections are not shown in Tab. §.thay are studied separately (Tab. 5.3). The

reason stems from the “special” behavior that tadyibit.
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Tab. 5.2Results of the fit of sections along the alignmegimbol (*) indicates that monitoring
data is lacking or non-reliable

Chainage Direction 2-4 Direction 1-4 Homogeneous

(section nb.) T ) Coox Ciost Coox(1 + m) T Coox Ciost Coox(l + m) zone
(days (mm) (mm) (mm) (days (mm) (mm) (mm)

1814 (3) * * * * 3.8 87.0 14.5 478.6 Degraded area

1825 (4) * * * * 53 54.1 62.4 297.7 Degraded area

1838 (5) * * * * 2.9 22.2 3.7 122.1 Degraded area

1850 (6) * * * * 33 259 41.4 142.4 Degraded area

1872 (7) 3.8 101.1 63.0 555.9 3.4 26.2 16.9 144.0 Degraded area

1905 (8) 0.7 40.7 24.1 224.0 0.7 18.2 10.9 100.2 A

1965 (11) 2.4 46.0 59.6 252.9 2.7 20.7 26.1 113.9 A

1976 (12) 11 58.4 93.4 321.2 2.7 233 29.4 128.0 A

1998 (13) 3.9 353 18.1 194.0 6.6 20.4 9.5 112.1 A

2018 (14) 5.1 27.1 25.5 148.8 6.0 14.8 13.4 81.1 A

2063 (16) 3.4 52.5 62.1 288.7 2.1 13.6 14.7 75.0 A

2113 (17) 2.2 17.0 17.4 93.7 * * * * A

2136 (18) 2.0 41.0 46.2 225.3 1.6 10.7 12.8 58.6 A

2157 (19) 0.5 46.1 50.8 253.7 1.6 7.2 5.6 39.5 A
2184.5 (20) 4.2 48.4 41.3 266.2 9.4 11.3 7.8 62.1 A

2209 (21) 1.6 22.6 17.3 124.5 * * * * A

2267 (23) 3.3 26.1 10.3 143.7 1.9 11.0 5.0 60.6 A

2287 (24) 2.6 18.2 10.1 100.0 0.7 7.0 5.6 38.4 A

2289 (25) 1.7 19.0 36.5 104.3 0.7 8.9 20.9 49.1 A
2292.5 (26) 2.3 14.6 14.1 80.3 1.1 7.6 9.0 41.8 A

2296 (28) 1.8 14.1 12.7 77.8 0.9 8.1 9.1 44.6 A

2322 (29) 1.3 12.0 10.3 66.0 1.2 6.3 5.7 34.9 A

2341 (30) 1.1 30.3 41.3 166.7 11 8.9 12.1 48.9 A

2399 (32) 2.5 26.4 24.8 145.4 * * * * A

2438 (33) 1.9 12.5 133 68.8 1.1 9.7 121 53.4 A

2509 (36) 2.1 36.7 35.3 201.9 1.1 13.1 15.2 71.8 A

2531 (37) 2.2 45.3 26.5 249.1 1.0 11.8 8.5 65.1 A

2572 (39) 2.8 26.6 32.8 146.2 * * * * A

2626 (41) 11 29.8 31.7 164.0 0.9 11.6 131 63.8 A

2682 (43) 3.3 34.1 33.7 187.5 0.8 10.9 16.4 60.0 A

2723 (44) 1.6 30.9 37.6 169.8 0.4 11.3 20.0 62.1 A

2745 (45) 4.8 37.4 32.1 205.5 0.9 8.0 11.0 44.2 A

2927 (50) 1.8 13.7 20.4 75.2 * * * * B

2969 (52) 1.2 6.7 12.0 36.6 0.8 4.1 8.3 22.7 B

3019 (53) 1.3 9.7 10.3 53.4 * * * * B

3040 (54) 11 5.9 6.9 32.3 * * * * B

3070 (55) 1.3 8.5 8.9 46.6 2.5 4.7 4.2 25.8 B

3132 (57) 1.0 14.3 15.7 78.7 0.5 4.9 6.6 26.7 B

3211 (60) 1.7 22.6 23.7 124.3 0.4 5.6 8.6 30.6 B

3275 (62) 0.4 12.5 11.8 68.5 0.4 6.2 5.8 34.1 B

3479 (68) 0.7 11.1 10.7 61.2 0.3 4.9 6.3 26.8 B

3506 (69) 2.3 6.6 2.8 36.3 2.6 4.3 1.8 23.5 B

3570 (71) 3.3 5.3 4.5 29.4 6.1 4.4 3.3 24.4 B

3602 (72) 1.3 9.0 6.8 49.4 0.6 4.5 43 24.9 B

3632 (73) 0.5 335 29.9 184.2 0.5 6.8 6.0 37.1 C

3732 (76) 0.5 125 12.7 68.8 0.2 2.9 3.9 16.2 C

3762 (77) 14 15.6 9.1 85.7 0.5 6.6 5.2 36.1 C

3791 (78) 1.0 37.6 32.9 206.9 0.2 8.2 111 45.2 C

3829 (79) 3.5 16.0 8.4 88.2 0.6 8.6 7.4 47.2 C

3865 (80) 4.7 14.2 7.0 78.3 * * * * C

3904 (81) 1.6 6.7 5.1 36.7 * * * * C

3936 (82) 1.7 14.1 10.6 77.3 1.0 6.8 6.0 37.2 C

3970 (83) 3.9 15.3 10.1 84.1 0.4 2.8 3.6 15.7 C

4074 (86) 1.8 17.1 14.4 93.9 * * * * C

4155 (89) 0.9 37.2 27.1 204.5 * * * * C

4226 (91) 3.9 35.7 20.3 196.3 2.3 14.1 9.0 77.6 C

4263 (92) 1.0 41.3 41.8 227.1 1.7 19.4 16.6 106.9 C
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4317 (94) | 03 23.4 26.6 1287 17 10.8 7.5 59.2
4353 (95) | 1.7 26.2 19.7 1443 3.0 12.8 8.4 70.7
4382 (96) | 16 35.0 22.0 1923 16 14.7 9.3 80.6
4408 (97) | 33 30.1 19.2 165.6 16 22.0 16.9 120.9
4443 (98) | 2.0 55.4 40.2 304.5 2.2 20.2 14.2 1113
4468 (99) | 1.4 56.6 328 3115 1.4 15.6 9.0 85.6
4495 (100) | 1.5 25.6 12.4 140.7 1.8 15.5 7.1 85.1
4530 (101) | 06 76.9 66.6 423.0 13 17.7 11.8 97.1
4561.5 (102)| 1.2 59.8 30.5 329.1 16 226 11.5 124.1
4625.5 (104)| 0.9 48.9 36.5 268.9 0.7 238 19.6 131.1
46485 (105)| 4.1 39.0 17.4 2145 23 27.2 13.8 149.5
4681 (106) | 1.3 56.4 38.2 310.1 2.1 30.7 18.2 169.1
4709.5 (107)| 0.7 75.5 62.3 4153 0.7 183 14.6 100.4
4747 (108) | 1.4 43.2 19.9 2373 1.4 19.9 9.9 109.7
4773 (109) | 2.8 25.9 15.9 1426 * * * *
4815 (110) | 1.4 30.0 17.5 165.2 1.0 16.2 10.4 89.1
4846 (111) | 06 57.9 63.3 318.3 * * * *
4894 (112) | 4.9 52.0 2255 286.0 4.2 42.0 18.6 230.9
4937 (113) | 3.2 94.4 72.8 519.1 17 26.1 233 1433
4974 (114) | 40 152.0 109.4 835.9 3.1 58.5 452 321.9
5008 (115) | 2.3 115.9 66.6 637.3 5.8 40.2 19.2 221.0
5080 (118) | 1.6 134.9 103.9 741.8 * * * *
5130 (120) | 2.2 48.9 47.4 269.2 26 43.1 40.0 237.2
5163 (121) | 2.1 86.4 61.5 475.0 * * * *
5235 (123) | 3.1 111.8 45.0 615.0 4.1 80.5 30.4 442.5
5279 (124) | 16 73.8 57.9 405.8 6.7 69.0 36.5 379.3

000000000000 0D00D0D0D00D0DODOO0OO0

We can observe th@twhich controls the convergence rate which varetg/ben 0.5 and 5 days

along direction 2-4 (Fig. 5.13).
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Fig. 5.13Evolution ofT along direction 2-4 along the road tunnel afted@®Euente et al., (2017)

However, some “homogeneous” zones correspondirgjmdar values of the instantaneous

convergence along direction 2-4 have been idedtifieig 5.14).
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Fig. 5.14Evolution ofC,, along direction 2-4 along the road tunnel. Thedetled lines
represent the average convergence value for eaeh After De la Fuente et al., (2017)

Fig. 5.15 shows the convergence along 1-4 for @estin the road tunnel. The identified

“homogeneous zones” are included in the graph.
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Fig. 5. 15Evolution ofC,, along direction 1-4 along the road tunnel. Thedetted lines
represent the average convergence value for eaeh zo

A significantly degraded area is identified in $ses from chainage 1814 to chainage 1872 as

the instantaneous convergences are significarmtijgtahan in the rest of the alignment.

As it has been highlighted by Lunardi (1980) thgdst convergences are not necessarily related
to the largest overburden (Fig. 5.16). For instapgerburden in zone C is smaller than in zone B
and however, convergences in zone B show a smaligplitude. The magnitude of the
convergences is not only influenced by the overbaiftut also by the existing sets of fractures and
by the portion content of phyllosilicates (muscewand chlorite) and graphite in the rock mass.
These minerals favor the formation of schistosignps during the metamorphism of the rock.
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When the schistosity planes are well formed andaerably oriented buckling phenomenon can

be easily triggered during the excavation of thenal.

Zone A | Zone B| Zone C
T067 m 959 s
812 m

Zone D

N

94 m

Fig. 5.16 Topographic profile for the French part along thad tunnel with the previously
identified “homogeneous zones”. The average ovediufor each “homogeneous zones” is
indicated

Figure 5.17 shows the anisotropy ratio betweenrsi&antaneous convergence along direction

2-4 and the instantaneous convergence along adirettt ;5 = Cox 2—4/Coox 1—4 fOr €ach section

along the road tunnel. The “homogeneous zones"atdva characterized by the anisotropy ratio

as this parameter varies significantly along threnal.
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Fig. 5.17Evolution ofp along the road tunnel after De la Fuente et2017)

The “special” sections are fitted by assigning ealfor parametef along direction 2-4 bigger

than 5 or smaller than 0.5. However, the sectiomwaig the most different response is 119 at

chainage 5103.5 where a different valu& @ necessary for an accurate Xt 30 m), Fig. 5.18.

The reason of the existence of sections with anehtnat differs from the average one is not clear

as we do not have more detailed geological andeghotcal data.
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Tab. 5.3Results of the fit of “special” sections along #iggnment, symbol (*) indicates that
monitoring data is lacking or non-reliable

Chainage Direction 2-4 Direction 1-4 “Homogeneous”
(section nb.) T Coox Clost Coox(1 + m) T : Coox Clost Coox(l + m) zone
(days (mm) (mm) (mm) (days (mm) (mm) (mm)
2040 (15) 10.3 47.2 27.1 259.8 * * * * A
2591 (40) 8.9 325 6.2 178.8 * * * * A
2652 (42) 0.1 81.4 213.2 447.6 0.4 14.9 34.1 82.0 A
2772 (46) 6.5 52.9 44.7 291.1 2.4 5.9 44.7 32.3 A
3243 (61) 0.2 5.8 10.6 31.7 0.3 5.2 8.7 28.6 B
3536 (70) 0.1 5.8 9.4 31.9 * * * * B
3667 (74) 0.1 36.6 57.7 201.3 0.2 5.9 7.8 32.2 C
3696 (75) 0.3 27.7 37.4 152.3 1.4 5.0 43 27.6 C
4006 (84) 9.3 24.9 12.4 136.7 * * * * C
4105 (87) | 56.4 25.3 13.5 139.1 * * * * C
4290 (93) 104 34.1 15.1 187.3 * * * * C
4586.5 (103)| 0.4 102.4 97.0 563.0 1.9 30.2 18.3 166.3 D
5103.5 (119)| 29.6 107.6 10.5 591.9 36.2 52.7 5.1 289.7 D
5205 (122) 9.8 152.8 15.3 840.2 13.4 54.3 5.3 298.7 D
0 Section 119 (Chainage 5103.5) 300 Section 119 (Chainage 5103.5)
20 250
E 200 . > gzw
P 3
S 0 Cooz = 107.6 mm 5 150 Coozx =107.6 mm
po T=29.6 days £ T=29.6 days
“:‘_ ol 1 % 100
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5.5 Conclusion

Within a first analysis, a robust fitting of thera@rgence data of Fréjus road tunnel by means of
the semi-empirical convergence law from Sulem e{1#8187b) has been carried out. This fitting

allows for a good representation of the ground mmessents and for the identification of some
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Data direction 2-4
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Fig. 5.18Convergence evolution along direction 2-4 angviih the law of de Sulem et al.
(1987D) for section 119 at chainage 5103.5

“homogeneous” zones in terms of convergence (sivdlie of the instantaneous convergenge

along direction 2-4). However we have observed thatrate of convergence is heterogeneous

along the tunnel with values of' ranging from 0.5 to 5 days without actual corielatto the

magnitude of the convergences of the sections.
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CHAPTER 6 THE FREJUS SAFETY GALLERY

In this chapter, a study of the Fréjus safety gallecarried out. It is an example of a tunnelathi
was excavated with TBM under squeezing conditidimae-dependent and anisotropic loading of

the lining has been observed in this tunnel.

6.1 Project introduction and general context

Since the fire which took place in the Mont-blameriel in 1999, a new safety regulation for tunnels
was established. In order to be in accordanceityitie SFTRF and the SITAF decided to excavate
a safety gallery which runs parallel to the exigtinad tunnel at a 50 m average distance between
the axes of both tunnels. It was excavated bet\2868 and 2016 and it is 9.5 m wide and 13 km
long. As for the road tunnel, the safety gallegpsis down 0.54% from France towards Italy and
the average overburden is of 1000 m (with a maxigfulB00 m). The safety gallery is connected
with the road tunnel by means of 34 inter-tubefheHl® m apart. Among them, the existence of 5
by-pass allows the emergency team to access thaunael by vehicle from the safety gallery or
vice-versaTen technical stations as well as two ventilaptants were also installed (Fig. 6.1) to

complete the existing system.

1:25000
Fréjus tunnel

. f mmm— Safety gallery
FRANCE . Inter-tubes and

By-pass

Disassembly
chamber

£\

Technical

station

Ventilation
plant
LSM laboratory

Fig. 6.1Plan view scheme of Fréjus road tunnel and itstgafallery

The first 650 meters from the French portal wereagated by conventional drill and blast
methods. The rest of the safety gallery was exeavaith a single shield TBM. The TBM was
firstly used to excavate the 6.5 km of the Frenatt pf the tunnel. Then it was used to excavate
the tunnel through the Italian part thanks to aapsation of the contractual dispositions. The TBM

excavation allows for:
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» Aregular circular section which favors a homogersestress distribution in the segmental
lining.

» Higher advancing rates compared to excavation edgttventional techniques (12.9 m/day
in average in the particular case of the safetlegal

* An expected minor damage of the rock mass in coisgrakvith the conventional drill and
blast excavation that will be evidenced throughptesent work.

The geological context of the safety gallery isikimo that of the road tunnel, except that the

gypsum unit was not encountered during the exoawvati the safety gallery.

6.2 Mechanized TBM excavation technique

The choice of the TBM as well as the design oflifieg was much determined by the squeezing
behavior of the ground.

6.2.1 Characteristics of the TBM

The double shield TBM was rejected as a risk o&lshjamming was identified. The chosen

machine was a hard rock single shield TBM with itudjnal support (Fig. 6.2).

Fig. 6.2TBM used in the excavation of the safety galldtgravinnac (2012)

The total length of the TBM is 172 m. The shieldaswes 11.2 m. 24 hydraulic jacks are
employed in the longitudinal support (Fig. 6.3)eTthaximal thrust force exerted by the hydraulic
jacks is around 75.300 kN in service conditionsaftnemergency situation the thrust force could
reach 100.400 kN. The maximal torque that can Ipéexpin case of emergency is 25.700 kN.m in
order to release the TBM in case of no performaridhe cutter head.
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Fig. 6.3Image of the hydraulic jacks of the TBM after Vien@012)

Section & 9.46m

0 m
110 mm

720 mm

275 mm

(@)

Section @ 9.66m

0 mm

475 mm

5

45 mm

185 mm

(b)

Fig. 6.4 Schemes of the TBM geometry in function of the m@hovercutting@) and the large
size overcuttingb)
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The nominal shield diameter is 9.37 m and exh#itenicity of 60mm which is used to absorb the
convergences. The cutting head of 9.46 m of diantg$poses of a nominal overcutting of 90 mm
at the crown. However, the overcutting can be asee to medium size (190 mm) and to large size
(290 mm) (Fig. 6.4). The excavation began with tiwninal overcutting. The medium size
overcutting was activated around chainage 1635ch&tinage 2929 the nominal overcutting is
activated again. Before facing up the second drettang convergences [see section 5.4 in chapter

5], the medium size overcutting was activated agagn at chainage 4346.

6.2.2 Characteristics of the installed lining

Fig. 6.5Geometric characteristics of a ring of the liningtalled in the safety gallery

The lining is composed of concrete rings made e€ast segmental lining 40 cm in thickness. The
average length of a ring is 1.80 m and it has aerimiameter of 8.20 m. The concrete of the
segmental lining is class C45/55 (EuroCode 2). Avensal ring constituted of 6+1 segmental
linings has been used (4 standard segments, twderdkeys and one key segment), Fig. 6.5. Two
contiguous rings are relatively rotated of a deegreent (Fig. 6.6). The segmental lining can be
classified in three categories depending on thetijyaof steel used to reinforce the lining (Type
T1: 80 kg/nd, Type T2: 125 kg/rh Type T3: 285 kg/f). T1 type segmental lining was used until
chainage 1525. T3 type segmental lining was uségdas chainage 1526 and chainage 2953,
between chainage 2987 and chainage 3021 and betlaemmge 3919 and chainage 4605. T2 type
segmental lining was used in the rest of the aligmm
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Fig. 6.6 Relative rotation of a demi-segment between twatigaous concrete rings after Vinnac
(2012)

6.2.3 Backfilling technique of the annular gap

Ring n-2 Ring n-3 to n-7 Mg n:8
(gravel injection 12h)

(gravel injection 3h to 12h)

Mortar injection through
the TBM skirt
= n-8

5 el R RS (26 Sl n S B R
S SR e e A
o B P L s 5

S X " A
S Ao e g

B Mortar injection

» Gravel injection Parils basse :
Iejection ce

~ o e mortfer Sur 1007

;{ > Safety gravel injection

Fig. 6.7 Backfilling technigue of the annular gap (afteniac 2012)

After the excavation process and the concreteimistgllation, the annular gap existing between the
lining and the ground needs to be filled. In thiegagallery, it was filled with mortar and gravel.

To carry out this task a first lay of mortar C3Eufocode 2) was injected trough the shield before
the installation of the concrete ring in the loyeart on a 100° wide zone. This task was followed
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by the gradual injection of the gravel through $egmental lining from the contact with the mortar
to the vault. The onsite observations concluded tha gap is completely filled around the
installation of ring n-7 (Fig. 6.7). To improve tihackfilling technique and to remedy to some
injection problems encountered in the vault a nesthod consisting on a mortar-gravel-mortar
disposition (‘sandwich technique’) was proposed executed from chainage 1763. The injection

of the upper 60° with mortar improves the backfiliprocess.

6.3 Monitoring data and data processing in the safety alery

During the excavation of the safety gallery, anamg@nt survey campaign was carried out. These

measurements have three objectives:

» the collection of information to improve the exctwa technique and/or the lining design
during the excavation of the gallery,
» the prevention of risks that might be encountenatihg tunnel execution,

» the creation of a useful data base in order to baekyze the tunnel behavior.

6.2.4 Measurement of the annular gap between ground &id $hield

In the TBM there exists 10 hydraulic jacks useth&asure the existing gap between the shield and
the grounds,, (Fig. 6.8). These data show the convergence dtitiveel wall along the TBM shield.
A single measurement with all the jacks is carrted just after a new ring installation. In

conseqguencé,, is measured as a function of chainage.

0 1830mm 3850mm 6220mm
L.~ T \1\R :
®1:=30° i
7'/ R A= | ®2=35
3L / IR @ 2 -51°
4L/ \ 4R : @ 4=625
bLlr' | 5R @ 5 =8

Fig. 6.8Frontal and lateral schematic views of the TBMekhivith the placed jacks (after Vinnac
2012)

For processing this convergence data we haveyficsthsidered the geometry of the TBM in

order to calculate the theoretical initial gép in function of chainage. Shield diameter is not
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constant because of its conicity. Furthermore, dbercutting varies along the gallery and in
consequence the initial gap varies too. Moreoveret is an eccentricity of the TBM with respect
to the excavated opening. Ground convergehctor a given hydraulic jack can be calculated

as:

Cn = Go — G (4.1)

Based on convergence data it is easy to calcutateslbpe of the tunnel wall between two
hydraulic jacks along the TBM shield at a certdiainage (Fig. 6.9). The stronger the slope the

stronger the convergences shown by the ground.

0 1830mm 3850mm 6220mm
.
® 1:=30° i E
f ® 2=35°
® 3=651° g
: i ? 4 =625
. 5 -— 8.1c

Fig. 6.9Slope of the tunnel wall can be calculated betweaenhydraulic jacks

Slope between hydraulic jacks 3 and 2 on the sgtda of the TBM can be calculated as:

slope = 63:62 (mm/m) (4.2)

It is worth to notice that this direction whichtangent to the schistosity planes leads to the

largest convergence.
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Fig. 6.10Slope of the tunnel wall between hydraulic jacks@ 3. The “homogeneous” zones
identified in the road tunnel are indicated in ¢gnaph.

Fig. 6.10 shows the slope of the tunnel wall betwéhydraulic jacks 2 and 3. The
“homogeneous” zones identified in the road tunmel iadicated in the graph considering that
Chainagguiery= Chainagemei+ 78. There is a good agreement between the aoties road tunnel
showing the strongest convergences (A and D) amdttiongest slopes measured by the hydraulic

jacks in the gallery.

6.2.5 Stress state in the lining
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Fig. 6.1Distribution of the strain gauges in the ring 182hainage 3917 (raw data)

Monitoring data is obtained from strain gauges etdee in the segmental lining of 49 sections
(Fig. 6.11) representing the most reliable soufcmformation in the gallery. Six pairs of strain

gauges were embedded in the segmental lining. gaicltan more or less represent the behavior
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of the extrados and intrados fibers of the segnhéntiag. It should be noted that many interrupson

are observed in the retrieved strain data.

The stress state in the lining can be obtained fetrain gauges if concrete behavior is
considered elastic and homogeneous. However, acigakiluces that the lining is no longer elastic

and that the modulus should be reduced to takeaittount damage.

Fig. 6.12 shows some of the results of the dategasing of the safety gallery (De la Fuente et
al 2017). The maximal compression stress retriéngd the lining is plotted and compared with
the lateral friction exerted by the ground over T8M (calculated as the difference between the
total trust force exerted by the TBM and the tifiaste at the cutting head) and some values of
RQD retrieved from the gallery. Fig. 6.12 also shdWwe previously identified “homogeneous”
zones which are overlaid onto the safety gallety.d&lonitoring data from both tunnels are in
accordance. The areas of the road tunnel whictbi#taiger convergence correspond to the zones

of the gallery whit the higher stress level.
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Fig. 6.12Lateral friction exerted by the ground over the TEBM shield, maximal compression
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stress measured in the lining (the distance t@xicavation face at which the stress has been
retrieved can be found next to each point représgihe stress state) and RQD values of the
ground retrieved from the East or the West sidihefvault during the excavation, as a function
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We can observe that in the areas where laterdioini@exerted by the ground over the TBM is
higher, the values of the RQD are lower than theragye of 70 %. This can mainly be observed
around chainage 1550 which corresponds to a vacyured rock. However, the RQD index is only
representative of the degree of fracture and cahesatribe the quality of the rock medium. Around
chainage 1550 the highly fractured zone can alsdldified with the increasing lateral friction
over the TBM. The maximum friction which is obsesharound chainage 6430 is the result of the

resumption of the excavation after a standstill26 days.

6.2.6 Convergence/divergence measurements inside timg lini

Convergence/divergence measurements of the tuimablcan be retrieved with a remote
theodolite station. However, the presence of thiTdiring the excavation can lead to a lack of
visibility of the targets. In order to solve thisoplem, a system called RCMS (Ring Convergence
Measurement System) was used in the safety galtesijlows for a continuous monitoring of the
convergences/divergences inside the lining asrdsepce of the backup train does not disturb the
presence of the inclinometers. The variations stagice between two points are shown. This
technique is based on a system of inclination nreasents obtained by a set of inclinometers
located in the segmental lining (Fig. 6.13). As tleerdinates of the inclinometers are input data,
the inclination measurements can be easily tram&fdrinto the relative displacements between the
inclinometers. (Fig. 6.14). However, the measusdative displacements can be very small (of the

order of few mm) and comparable to the uncertadfitpeasurements themselves.
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Fig.6. 13Example of the strings’ position in a ring
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Fig. 6.14Example of the RCMS monitoring raw data. Ring 2{@#inage 5614.8)

6.2.7 Cracks observation
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A cracking phenomenon has taken place all oveis#tiety gallery. It is caused by buckling of
schistosity planes. The homogeneity of the dip eadihng the gallery induces a similar cracking
disposition in all the rings. Cracks are generdélyeloped on the right side of the vault at thd.wal

However, they are also commonly observed on thesigé of the invert (Fig. 6.15).

0000

Fig. 6.15Characteristic cracking location in the rings (otésl in the sense of excavation towards
Italy) after Vinnac (2012)

A crack survey campaign was carried out by the @mFig. 6.16). Vinnac (2012) studied the
cracking degree of each ring along the alignmenthé present work crack data was processed
following Vinnac (2012) approach. However, the tigide of the ring is studied separately from
the left side (Fig. 6.16).

2k : Oh Left side of the ring Right side of the ring

I ) | ! I |

I jl | | i 1 7 / I |
I ¢ I | : I I

I I il / I |
I / I | i : I |

I | | /AN | |
I | \ | ! | I I

Fig. 6.16Example of cracking data from the survey campaign

A quotation system has been adopted in order tibatit a cracking index from 10 to 100 to
each ring (Tab. 6.1). It gives an idea of the dragklegree on each side of the ring. The thickness
of the cracks, the number of cracks and the crgckiate of the neighboring rings is studied for

each particular ring.
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Tab. 6.1Quotation system used to assess the crackingelegeach ring Vinnac (2012)

) Visible cracks > 1/10 Very visible cracks > | Very visible cracks > 1
Microcrackss 1/10 mm mm and< 3/10 mn 3/10mm and< 1 mm mm
<5 5t020| >20 <5 5t020| >20 <5 5t020| >20 <5 5t020| >20
cracks | cracks | cracks | crack: | crack: | crack: | cracks | crack: | crack: | cracke | crack: | cracks
Isolated cracked ring Crac'; é’gg single 49 | 92 | 14 | 18 | 22 | 24 | 30 | 32 | 34 | 3 | 38 | 40
(surrounded by non-cracke Crack in several
rings) 15 18 21 27 33 36 45 48 51 54
sectos
Crack in a single
Non- isolated cracked ring (i secto c 24 . e 44 5
contact with cracked rings) | Crack in several 25 30 35 45 55
sectos
90
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A Y
70 A AR A= -
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= T3 segmental lining: 285 kg/m?
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= Medium size overcutting (190 mm)

Fig. 6.17Cracking degree on the right side of the liningunction of chainage. The lining type
as well as the overcut size have been added.
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Fig.6.18Cracking degree on the left side of the liningundtion of chainage

111

6 500



CHAPTER 6 THE FREJUS SAFETY GALLERY

The results of the cracking analysis are showngn@=17 and 6.18. From cracking data, we can
identify once again a very fractured area arouradingge 1550 with a remarkable increase of the
cracking degree. The activation of the medium siercutting along with a continuous advance
rate and the installation of T3 type segmentahiinare very effective measures to reduce the
cracking degree (Vinnac, 2012).

6.4 Conclusion

The Fréjus safety gallery is shown as an exampéetofinel excavated with TBM under squeezing

conditions. A single shield TBM has been usedlfieréxcavation of the tunnel.

During the excavation of the safety gallery, anam@nt survey campaign was carried out and
the following data has been collected: convergatata at the inner face of the concrete ring,
convergence data of the ground measured with hiidjaaks through the TBM shield, monitoring
data obtained from strain gauges embedded in gmesgtal lining of 49 sections which can provide
information on the state of stress in the liningycks observations and other information obtained
during the excavation such as the thrust forceteddry the TBM. The most reliable data seem to
be the one which are retrieved from strain gaugesacking phenomenon caused by the buckling

of the schistosity planes is continuously obsemaledg the alignment.

A good agreement is observed between the behalvibe doad tunnel and the behavior of the
gallery. The zones of the road tunnel which shawdaconvergences are parallel to the zones of

the gallery where the measured stress state iinthg is higher.

112



PART IV: NUMERICAL
SIMULATIONS

113



114



CHAPTER 7 BACK-ANALYSIS OF THE FREJUS ROAD TUNNEL

CHAPTER 7 BACK-ANALYSIS OF THE FREJUS
ROAD TUNNEL

7.1 Introduction

Large time-dependent and usually anisotropic dispteents are observed from the measured
convergence data of the Fréjus road tunnel. The-tlapendent behavior of tunnels has been
addressed in the last decades by using various neahéools. Numerical simulations of the
anisotropic response of tunnels have been caraethovarious studies within the framework of
elastoplasticity. However, the coupled anisotramid time-dependent behavior of the ground has

been less studied so far.

The present study focuses on the back-analysisrofergence measurements monitored in the
Fréjus road tunnel. Convergence data is retriesad the road tunnel over a period of four months
before the installation of the final lining. A viselasto-plastic and anisotropic constitutive
numerical model is proposed and calibrated on fagth. This model considers one family of
weakness planes embedded in an isotropic viscaelkastk matrix. The anisotropic and time-
dependent behavior of the ground observed in tinisdl can be accurately simulated with the
selected constitutive model. The computations aréopmed using the numerical code FLAC3D

which is commonly used for geotechnical applicagion

A numerical back-analysis of the short-term congags of the Fréjus road tunnel has been
carried out. Furthermore, a numerical predictiorthef long-term interaction between the ground

and the lining of the Fréjus road tunnel is devetbm the present chapter.

7.2 Finite difference technique used in the simulatiorf the Fréjus road tunnel

FLAC?®P (Fast Lagrangian Analysis of Continua) is a thrimethsional numerical software which

is based on the explicit finite differences theory.

The method of resolution of the considered nondirgroblem is characterized in FLAChy
the following features (ITASCA, 2011):

» finite difference approach: First-order space amdetderivatives of a variable are
approximated by finite differences, assuming linearations of the variable over finite
space and time intervals, respectively.

» discrete-model approach: The continuous mediugkaced by a discrete equivalent-one
in which all forces involved (applied and interae)i are concentrated at the nodes of a

three-dimensional mesh used in the medium reprasemt The mesh is composed of
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parallelepipedic or prismatic shape elements (doim 8 or 6 nodes respectively) divided
into 3 or 5 tetrahedrals (Fig. 7.1).
* dynamic-solution approach: The inertia terms in #uations of motion are used as

numerical means to reach the equilibrium statéefstystem under consideration.

3 5 node 4
///1 ///
6, 8
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Fig. 7.1Parallelepipedic shape elemedsand tetrahedrgb)

7.3 Anisotropic time-dependent constitutive model

In the numerical simulations of the Fréjus roadhtinthe assumed constitutive behavior for the
ground is visco-elasto-plastic and anisotropic.sTbonstitutive model has been successfully
employed by Tran-Manh et al. (2015a) to reprodheerésponse of Saint-Martin-La-Porte acces
adit within the framework of Lyon-Turin railway gest. This model considers one family of
weakness planes embedded in an isotropic rock xmdtrcombines the CVISC model which
describes the behavior of the rock matrix and thiguitous joints model which introduces the

anisotropy resulting from the presence of weakpéases (Fig. 7.2).

CVISC model considers an elasto-plastic volumetréhavior and a visco-elasto-plastic
deviatoric behavior driven by a Burgers visco-étastement and a plasticity element. The model
can describe both instantaneous and delayed ddwiatoains (Boidy et al., 2002). This model is
implemented in FLAE® and has been previously used in many numericallations (e.g. Barla
et al. 2007, 2008, 2010, 2011, Pellet 2009, Statdh et al. 2013, Hasanpour et al. 2015).

K chyo, F
AN s element
,
v F
MOHR
ELASTIC | COULOMB .
CVISC model: volumetric behaviour.
G Eq
o6 e I 0
=W ! : Tua= i+ G, tand);
””NW OHR viscoplastic solid matrix weak plane
| a COULOMB |
CVISC model: deviatoric behaviour
CVISC Model Ubiquitous joints model

Fig. 7.2Ubiquitous joint model embedded in a visco-eladts{ic matrix
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The presence of discontinuities such as schistpiaiyes is taken into account by means of the
“ubiquitous joints model”. It consists in a setjoints of a given orientation which pass through
any point in the rock mass. These joints are aietd/& the yield criterion is reached (Coulomb
criterion with tension cut-off). The ubiquitousnpbiapproach permits to model a jointed rock-mass
(Kazakidis and Diederichs, 1993). This model hasnbéargely used in the simulation of
underground excavations (Cartney 1977, Li et 8032®lana et al. 2004, Russo et al. 2009, Wang
& Huang 2009, 2013).

This constitutive model is characterized by 13 tituts/e parameters. The mechanical behavior
of the solid matrix is described by 9 parameteias(e bulk modulug’, Kelvin shear modulu§y,
Kelvin dynamic viscosity),, elastic shear modulug,, Maxwell dynamic viscosity,,, cohesion
c, friction angleg, dilation angley , and tension limiv;). The behavior of the weak planes is

described by 4 parameters (joint cohegignoint friction angle¢j, joint dilation anglep; and joint
tension limita;; ). Two additional geometric parameters describetientation of the weak-plane

(dip angle and dip direction of weakness plane).

The incremental numerical algorithm computes neresst from strain increments. This
algorithm can be described in three steps (TrankMsral., 2015a):

* Computation of a new trial stress state in thedsdtiastic or viscolastic increments are
assumed,;

» The new trial stress state is evaluated for tHarfain the solid matrix (global failure) and
plastic corrections are made if necessary;

* Local stress state is analyzed on the weak-plamoal(Failure) and stress corrections are
applied if local failure takes place.

7.4 Identification of the envelope of the convergences the Fréjus road tunnel

As shown in chapter 5, some “homogeneous” zon&srims of the amplitude of the convergences
have been identified (De la Fuente et al., 201 e Present chapter aims at reproducing the
behavior observed in the “homogeneous” zone A. dlihiis area of the tunnel, a moderate buckling
phenomenon was observed during construction. Thaemgders T, X, C»,, m, n) have been
obtained for each section from the fitting of thenwergence data with the convergence law
proposed by Sulem et al., (1987b).

With this values of parameterg, (X, C,, m, n), convergence curves are plotted again in Fig.
7.3 (De la Fuente et al., 2018) assuming a con$émet advance rate of 5.6 m/day for all the

sections. Therefore, the various convergence cwapse better compared as the effects of the
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arrests of the face advance are removed. In damngt $s assumed that the parameters of the
convergence law do not depend on the advancingfaggcavation. Furthermore, all the curves
are plotted considering that the first measurensertrieved at a distance of 4.5 m from the tunnel
face which corresponds more or less to the avdesmgh of one step of excavation. This means

that the installation of the monitoring targetassumed to be done 0.8 days after the opening of

the section.

Convergence (mm)
3
(=3

0 10 20 30 40 50 60 70 80 90
Time (days)

(a) (b)

=A-Section 12 (chainage 1976)
=B-Section 29 (chainage 2322)

——Qther sections within zone A

Time (days)

Fig. 7.3Convergence curves in the “homogeneous zone Aigattirection 2-4a) and along
direction 1-4(b)

Within “zone A”, section 12 (chainage 1976) extshie largest convergence, whereas section

29 (chainage 2322) exhibits the smallest one.

7.5 Short-term numerical simulations of the Fréjus roadtunnel

A 3D numerical simulation is carried out with FLACin order to simulate the behavior of the
Fréjus road tunnel. Fig. 7.4 and 7.5 show the gérgnodé the model. The model is large enough in
order to simulate the excavation and minimize bampeffects. Far field boundaries are placed at
a distance of 28 radii (considering the vault rayiand the length of the model in the axial dikacti

is 90 m. Mesh is discretized into small element®.db m (< 1/1(R). Thein-situ stress state is
initially imposed everywhere in the domain (averdgpth of 1067 m and average specific weight
of the ground of 27 kN/f&). Gravity effects are disregarded. The step ofieation is 4.5 m and an
advancing rate of 5.6 m/day is imposed in the cdatfns in accordance with the average values
observed during the excavation of the tunnel. Tdewdinates of the targets in the simulations are

the average coordinates of all the targets aloaguhnel (Fig. 7.5).
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In order to guarantee a quasi-static mechanicalilegum, it is necessary to choose a small

enough time step (Billaux and Cundall, 1993). Thaximum creep time stepts,, is here

estimated as the ratio of the material viscosith&shear modulusts,, < min(Z—", Z—M) (ITASCA,
K M

2011).

The dip direction of the schistosity planes is par#o the tunnel axis and its dip angle is fixed
to 45°. The support composed of 20 rockbolts/minsukated by introducing cable structural
elements which are punctually anchored to the tunal and to the ground. Each cable can yield
in tension but cannot resist a bending moment.Idingth of the rockbolts is 4.65 m with a diameter
of 20 mm and a strength limit of 450 MPa.
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Fig. 7.4Geometry of the modé¢a). Detail of the displacements around the tunneihduits
excavation for section 12 (chainage 19{#9) R is the radius of the vault of the excavatechélin
(5.8 m)
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Sections showing the largest convergence and tladleshconvergence are back-analyzed by
using the above constitutive model, Fig. 7.6 aifd & horizontal pressure coefficiek§ of 1.4 has

been assumed. The values of the mechanical paraneétibe joints are identical in both casgs (

=0,15 MPa,¢j =20 °,y; =5 ° ando;; =0.01 MPa). The values of some of the paramefettseo

rock matrix are assumed the same in both sectirs40 GPag = 40°,y = 15 °g; =0, /10 and

v = 0.3). The four other parameters of the matrffedifrom one section to another, Fig. 7.6 and
Fig. 7.7. The largest values.{) of parameters, ng, G), andn,, are assigned to the smallest

convergence (section 29) and vice versa. The inafiserved behavior is accurately reproduced

with the model.

Target 4

10 - 0.93 m
@ e U=
28m “Target 1

5.8m
Fig. 7.5Geometry of the tunnel and average position otahgets considered in the simulations
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Fig. 7.6 Back analysis of convergence data of section haifage 1976) (largest convergence)
and schematic average position of the targetstjrighthe section
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Section 29 (chainage 2322)
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Fig. 7.7Back analysis of convergence data of section Bifage 2322) ( smallest convergence)
and schematic average distribution of the targeght] in the section
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where the matrix is in plastic state, green zomegree areas where joints are in plastic state and
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state in the rockbolts (rockbolts drawn in red haached the elastic limit)
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The developed plastic zones around the tunnel lamdoickbolts stress state 90 days after the
excavation of the tunnel are shown in Fig. 7.8sfeetion 12 and Fig. 7.9. for section 29.
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Fig. 7.9Section 29 (chainage 2322) (smallest convergeiiastic area (red zones are the areas

where the matrix is in plastic state, green zomedhae areas where joints are in plastic state and

blue zones are the areas where matrix and joiatg@lastic state at the same tinf@) Stress
state in the rockbolts (rockbolts drawn in red heaached the elastic limifp)

Sections within zone A can be simulated by fittihg cohesion of the jointg and a variability
parameter with values between 0 and 1, which can be seervagable describing the degree of
damage of the ground, taking as reference valdessgction 19 giving the smallest convergence
and 1 for section 12 giving the largest one. Thigmeter permits to simply evaluate the time-
dependent parameters of the matrix and the mabdtiesion for all sections in zone A (Equation
7.1). The variability parameteris evaluated for each section by fitting the cogeece measured
along direction 1-4. As this direction is sub-phaiaio the weakness planes, it is assumed that the
convergence measurements along 1-4 are represermftihe matrix behavior. Once parameter
is evaluatedgj is fitted from the convergence measurements aliimegtion 2-4. The stronger the
convergence along 2-4, the stronger the anisotbfhye section and the lower the valuepfThe

other parameters remain the same for all the sectio
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C=Cpin a+ (1' @) Cmax

Gy = kaina +(1-a) kaax
(7.1)

MM = MM i@ + (1- ) MM max

The comparison between computed and measured gamgss along directions 2-4 and 1-4
for the various sections in zone A is shown in Fig.0. The agreement of the numerical results
with the observed field measurements over a pesfo@0 days is very good. A quasi-constant
convergence rate is reached after four or five m®because of the presence of a Maxwell viscous
elementy,, in the rheological modek andc; take different values for each section. Some of the
sections which exhibit very strong anisotropy @& ttonvergences are simulated by assuming then
cohesionlessc( = 0). Within the studied range of values assigned ® parameters of the
constitutive model, sections showing an anisotrogyo (8 = Coox 2-4/Coox 1-4) larger than 4
cannot be properly simulated (sections 19, 20 &)d¥he values of andc; for each section are

reported in Table 7.1.
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Fig. 7.10Back analysis of convergence data of sections wizbne A (from chainage 1905 to
chainage 2723)
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Section 23 (Chainage 2267)
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Fig. 7.10Back analysis of convergence data of sectionsinvitbne A (from chainage 1905 to
chainage 2723)
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The fit for the rest of the sections within zonea# be found in Appendix D.

Tab. 7.1Fitted values o andcj for each section within zone A

Section Chainage o G Coox 1—4 b

8 1905 0.97 0.28 18.2 2.24
11 1965 0.95 0.24 20.72 2,22
12 1976 1.00 0.15 23.28 2,51
13 1998 0.85 0.30 20.38 1,73
14 2018 0.70 0.33 14.75 1,83
16 2063 0.75 0.00 13.64 3,85
18 2136 0.60 0.00 10.66 3,84
19 2157 Anisotropy ratio > 4 7.18 6.42

20 2184,5 Anisotropy ratio > 4 11.28 4.29

23 2267 0.60 0.20 11.01 2,37
24 2287 0.20 0.07 6.98 2,60
25 2289 0.50 0.28 8.93 2,12
26 2292,5 0.30 0.35 7.60 1,92
28 2296 0.45 0.52 8.11 1,74
29 2322 0.00 0.15 6.34 1,89
30 2341 0.45 0.00 8.88 3,41
33 2438 0.70 1.40 9.72 1,29
36 2509 0.77 0.15 13.05 2,81
37 2531 0.70 0.00 11.84 3,83
41 2626 0.70 0.15 11.60 2,57
43 2682 0.65 0.09 10.91 3,12
44 2723 0.70 0.15 11.30 2,73
45 2745 Anisotropy ratio> 4 8.03 4.65

A linear correlation can be found between the \miits parametew: (fitted along direction 1-
4) and a parametef defined in equation 7.Z is a function of the instantaneous convergence
evaluated in the semi-empirical convergence lawglttirection 1-4 €., 1—4) (see chapter 5) (Fig.
7.11).C 1—4 min 1Sthe instantaneous convergence along directionat-deiction 29 (showing the
smallest convergences) afd, ;_4 max IS the instantaneous convergence along directiondr-4 f

section 12 (showing the largest convergences).
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Fig. 7.11Linear correlation betweaenand&

7.6 Long-term numerical simulations of the Fréjus roadtunnel

We have shown above that the proposed constitoto@el is able to correctly reproduce the field
data. It is always a challenging question to assi@ssperformance of a model that has been
calibrated on data recorded during few months fedisting the very long term behavior of a
structure. It is however, an interesting problemtast the predictive capacity of the model.
Therefore, a numerical prediction of the averageiterm behavior (40 years) of the Fréjus road
tunnel has been carried out. We first identify@dsl section (section 23 in chainage 2267) showing
an average response within zone A. The valuesaiigchanical parameters which govern section

23 short-term behavior are:= 0.6 andc; = 0.2 MPa. With this set of parameters, we extiapo

the long-term convergences of section 23 at 40sy@asuming that the final support is not installed
and by using the empirical convergence law fitredhie previous chaptek (= 10.5 m,m = 4.5,
n=0.3, Coxr_s =261 mMMCy,q1_4 =11.0 mm,T,_, = 3.3 daysT,_, = 1.9 days), Fig. 7.12.
Finally, we perform a numerical analysis of sect®® using the proposed constitutive model and
without the final support (Fig 7.12). It was ob&dnthat with the chosen constitutive model, it is
not possible to find a single set of parametere &breproduce short-term convergences and mid
and long-term convergences at the same time. Shikié to the linear Maxwell element in the
rheological model which leads to constant deforamatate in the long term and therefore cannot
reproduce the decreasing convergence rate of tpaieah convergence law. For this reason, in an
attempt to keep the model as simple as possible,sets of parameters are used in the same

numerical simulation. The first set of parameters: 0.65 and:; = 0.2 MPa) is used to fit short-

term convergences. The short-term convergencesoaidered to be the ones that occur before
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the installation of the final concrete lining (10&ys after the excavation of the section). The blue
vertical line shown in Fig. 7.12 (a) separatesshert-term convergences from the mid and long-
term convergences. A second set of parameters@tosreproduce the long-term convergences.
Only two parameters of the second set are modifsedompared to the first ong; is multiplied

by 23 and7;, is multiplied by 12, (Fig. 7.12).
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Fig. 7.12Medium-term(a) and long-tern{b) back analysis of convergence data of section 23
within zone A (chainage 2267)

Finally, we use the identified parameters of theleidor the simulation of the Fréjus road tunnel
with the installation of the final lining system wmrder to study the long-term ground/lining

interaction, Fig. 7.13. The installation of thediitining is carried out in two steps: installatioh
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the invert at 350 m from the excavation face amthitation of the final lining at 600 m from the
excavation face (107 days after the excavatioh@ection). In consequence, the activation of the
second set of parameters coincides with the iasi@tl of the final lining. With this approach, the
effect of the installation of the final lining ohd ground behavior is explicitly taken into account
(the final lining exerts a pressure on the rocksrthst can lead to the progressive closure of the
existing joints of the ground which will therefoaéfect the time-dependent behavior of the rock
mass). A long-term Young’'s modulus for the concretell GPa is used in the numerical

simulations.

FLAC3D 5.01

©2015 Itasca Consulting Group, Inc.

Zone
Colorby: Group ~ Any

excavation
lining_1
lining_2
raft_1
raft_2
rock
sidewall_down

Fig. 7.13Geometry of the model: the Fréjus road tunneliemfinal lining
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Fig. 7.14Plot of the computed maximal principal stresshim vault of the road tunnel after 40
years

Fig 7.14 shows the computed maximal (in absoluligeyarincipal stress in the vault of the road

tunnel after 40 years. The highest value takesepla¢he East side of the vault where strongest
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convergence occurs. The highest stress reachesPEbdfter 40 years (Fig. 7.15). This value is
slightly smaller than the admitted uniaxial comgres strength of a C35/45 concrete estimated at
17 MPa. Measurements of stresses in the lining haea carried out in the road tunnel with a flat-
jack test (between chainages 1800 and 2200) imtgears. In the East side of the vault values
ranging from 5 to 32 MPa (with an average of 16 Miave been retrieved. These data are thus in
accordance with the numerical predictions. Fromnilmmerical simulations, we obtain a constant
convergence rate of 0.25 mm/year in the lining. situ monitoring convergence rates of the
lining range from 0.15 to 0.3 mm/year (data regtbetween chainages 1800 and 2200 from year

1980 to year 1997). The computed results and te#urdata are thus in an acceptable accordance.
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Fig. 7.15Highest computed stress in the vault as a funadfdime

7.7 Conclusion

A numerical back-analysis of the convergence measents of the Fréjus road tunnel has been
carried out in order to calibrate a constitutivedaloable to reproduce the instantaneous and the
time-dependent behavior of the rock mass in onth@®fmost complex areas of the tunnel. The
computed sections showing the smallest and thedampnvergence successfully fit short-term
convergences. The response of these extreme seotipresents the envelope of convergences in
the studied area. The obtained set of geotechpéralmeters is realistic and is in accordance with
the literature. The rest of the sections in thdistiarea are fitted by adjusting only two paramsete
the joints cohesion which is related to the anggmtrof the section and a variability parameter
which is representative of the magnitude of theveogences of the matrix which fall within the

identified envelope of convergences.
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A linear relationship between the variability paser and a parameter which is a function of

the instantaneous convergence along direction ey targets 1 and 4 is proposed.

Furthermore, a numerical prediction of the longrténteraction between the ground and the
lining of the Fréjus road tunnel has been carrigtd Bhis study is based on the hypothesis that the
extrapolation of the convergence law of Sulem e{1887) allows for the prediction of the long
term convergences of the ground integrating th& bmdting and the sprayed concrete support.
These convergences are back-analyzed with the izaherodel. Two different sets of parameters
are necessary to fit short-term convergences amgdtlerm convergences within the same numerical
simulation. The behavior of the ground identifieahh the unlined tunnel is applied to simulate the
lined tunnel in order to predict the long-term grddining interaction. Reasonable predictions of
the stress state and of the convergence rate itirting after 40 years are obtained with this

approach.
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CHAPTER 8 PREDICTION OF THE RESPONSE
OF THE FREJUS SAFETY GALLERY

8.1 Introduction

In chapter 7 a calibration of a visco-elasto-ptaatiisotropic model has been carried out based on
convergence data recorded in the road tunnel. ©bdhis of the numerical study of the Fréjus road
tunnel, an attempt to predict the response of tegu§ safety gallery is presented in this chapter.
The ground behavior identified from the study o fRréjus road tunnel is extrapolated to the
parallel zones of the safety gallery excavatedhéingame geological formation. The objective is to
evaluate the stress state in the segmental lifitfgeagallery during excavation and to discuss also

the long term predictions.

An interesting question concerns the effect ofakeavation method on the ground properties.
Drill and blast methods can significantly damage itck mass whereas TBM excavation reduces
the disturbance of the ground. Therefore, the teng ground properties might be affected by the
excavation method. It has also been observed irrakewvell documented cases that the
deformations observed during the constructionsd@nd parallel tube are smaller than in the first
tube although the geology and the construction atkdif the second tube were the same as in the
first tube like for example in the Simplon tunnBt€iner 1996). This was attributed to the drainage
and consolidation effects triggered by the excawvatif the first tube. Even when the two tubes are
far enough to preclude any mutual interaction edéht responses can be observed in relation with
the strong heterogeneity and local variabilityrad properties in squeezing grounds (Mezger et al.,
2013).

Furthermore, a study of the effect of the backfgliused in the safety gallery on the stresses

developed in the lining is carried out.

8.2 Interpretation of stress data retrieved from the sgmental lining

Monitoring data from pairs of strain gauges embeddehe segmental lining of the safety gallery
is first analyzed. The stress state in the lining be obtained from strain data by assuming an

elastic behavior of the concrete. A Young’s modufi20 GPa is considered for the concrete.

The segmental lining is submitted to a loading Wwhi the result of the combination of two

mechanisms that take place during the excavationeofunnel:

* Instantaneous buckling: Schistosity planes thattamgent to the tunnel wall tend to
buckle during the excavation. This buckling mechantakes place projecting rock

blocks that are detached from the tunnel wall angaict the TBM and the installed
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lining. Within the first meters after the TBM pageg9 m to 20 m from the tunnel face),
the annular gap is not completely filled up witte tbackfilling material. As in
consequence, the segmental lining is not proteanteldthe detached rock blocks impact
the lining favoring the emergence of cracks indbecrete.

+ Time-dependent convergence of the ground: The tiependent behavior of the ground
results in a time-dependent loading of the lininging and well after the tunnel

excavation.

These two mechanisms are generally combined aficuilito separate. However, in the present
work, an attempt to identify the main mechanisntggan each monitored section is carried out.
From the stress data, the instantaneous bucklfegtes identified and separated from the effect of

a time-dependent response of the ground.

Fig 8.1 shows stress data in function of time myril257 (chainage 2902). Measurements
resulting from instantaneous buckling can be idieatiin those pairs of gauges (one at the intrados
and one at the extrados) showing an opposite bahéuie gauge is compressed while the other
one exhibits tensile stresses). In Fig. 8.1a, dditees represent stress measurements from those

pairs of gauges embedded in a segmental lininghnisi@affected by the impact of instantaneous

buckling.
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Fig. 8.1Evolution of the stress state in function of timeing 1257 (chainage 29023)
schematic representation of the position of tha@rsigauges within the concrete rifin

In Fig 8.2, the stress measurements recorded bytiiee sensors and mainly controlled by the

time-dependent convergence of the ground are plotte

Some tensile stresses are nevertheless obsenadtaplotted in Fig 8.2. They may be due to
the efforts induced by the longitudinal supportiad TBM which is jacked against the segmental
lining in order to advance. Within the first metafter the TBM passage, the annular gap is not
completely filled up with the backfilling materiahd as a consequence the longitudinal support of

the machine may induce important tensile efforth@asegmental lining.

=2V ]

5 1
—_ // =<2V E
g ]
E 4 , = = ) - =3V 1
= /
% - s ————* --3VE
fom / 2 & g 3¢
£ A — 2R1
a ——
E ;/%Z:/ ~-2RE

o -=3RI
3RE
-1
0 10 20 30 40 50 60 70 80

Time (days)

Fig. 8.2Evolution of the stress state related to the titependent convergence of the ground as a
function of time (ring 1257 at chainage 2902)
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8.3 Numerical prediction of the safety gallery response

Gravel

Mortar

Fig. 8.3Scheme of the geometry of the lining and the hbickf in the safety gallery

A 3D numerical simulation has been carried out WitiAC®P in order to simulate the behavior of
the Fréjus safety gallery. Fig. 8.3 and 8.4 shoavghometry of the numerical model. Far field
boundaries are placed at a distance of 36 radiisfdering an outer radius of the galléyf 4.5

m) in order to minimize boundary effects. The léngt the model is 90 m. An average value of
190 mm is assumed for the overcutting and an exciytof the lining (0.095 m) with respect to
the TBM cutting head is considered. The size ofelbenents at the tunnel wall is of 0.6 m. Tine
situstress state is initially imposed everywhere indbmain (average depth of 1067 m and average
specific weight of the ground of 27 kN9mGravity effects are disregarded. The step ofeation

is 1.8 m which corresponds to the transversal lenfta segmental lining. An advancing rate of
12.9 m/day is considered in accordance with thea@mee advancing rate observed during the
excavation of the safety gallery. A small enoughetistep is chosen in order to guarantee quasi-
static mechanical equilibrium (Billaux & CundalQ43).
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Fig. 8.4Geometry of the numerical model of the safetyegsll

Buckling phenomena are not considered in the ptesady. The unsupported spam is taken
equal to 19.8 m. It is assumed that the annularigaompletely filled up with the backfilling
material only at this distance of 19.8 m. A “santWitype backfilling composed of gravel and
mortar is considered in the simulations. The grawel the mortar are assumed to have an elastic
response with a Young's modulus of 100 and 500 kMBpectively. The installed elastic lining has

a thickness of 40 cm and its Young’'s modulus i$SEa.

The ground behavior identified from the study oé ttoad tunnel is extrapolated for the
simulation of the safety gallery. From preliminagmputations, it was obtained that assuming the
same values for the constitutive parameters asthabbrated on the road tunnel leads to an
overestimation of the stresses in the lining. Aslthing is placed at a distance of more than two
diameters to the tunnel face, its response is mamhtrolled by the time-dependent behavior of
the rock mass. Therefore, the instantaneous cotngtitparameters are kept the same in both
tunnels and the time-dependent paramdteysny, G, ) are adjusted and multiplied by a facfor
This is attributed to the fact that, when tunnelmigh a TBM, the ground is less damaged than
when tunneling by drilling and blasting and as assmuence time-dependent convergence is
expected to be lower. It is found that the Frépfety gallery response can be correctly reproduced
by taking a value of" equal to 15.
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Fig. 8.5Predicted envelope of maximal hoop stress in tfetysgallery and retrieved maximal
hoop stress from sections within zone A

Fig. 8.5 shows the envelope of the predicted malXmoap stresses (dotted lines) in the lining.
This maximal stress state corresponds to the zbs#ess concentration in the lining (Fig. 8.7).
These computations are performed by taking thetitotige parameters calibrated on the sections
of the road tunnel which exhibits the highest drellowest convergence. We can observe that the
maximal hoop stresses (resulting only from the tdependent behavior of the ground) retrieved
from the different sections of the safety gallaryzone A fall within the predicted envelope. The
average maximal hoop stress obtained with the mmaleimeters describing the average behavior
of the road tunnel(= 0.6 and;; = 0.2 MPa) is also plotted in Fig. 8.5 (black khsolid line).
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Fig. 8.6Predicted envelope of minimal hoop stress in tietgagallery and retrieved minimal
hoop stress from sections within zone A

Similarly, Fig. 8.6 shows the predicted envelop¢hef minimal hoop stresses in the lining. We
observe that the minimal hoop stresses retrieveh the safety gallery are predicted with less
accuracy than the retrieved maximal stresses. Timeerical results tend to overestimate the

minimal stresses and tensile stresses are nonedtai

Following the sign convention of FLAE, compressions are taken negative, thus compressive
stresses correspond to the minimal principal stieas plotted in Fig 8.7. We can observe that the
maximal compression is located at the invert asrtbgar injected in the annular gap tends to lead

to stress concentration in this area (see Fig. 8.7)
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Fig. 8.7Minimal principal stress (maximal compressionjha lining after 3 months (the
constitutive parameters that give the larger edfare assumed in the computation)

8.4 Long-term numerical prediction of the Fréjus safetygallery

The above numerical simulations show an accurabet-sfrm prediction of the safety gallery
response as a good approximation of field datableas achieved. However, the question arises
concerning the long term predictive capacity ofrthenerical model as applied to the safety galley.
Obviously no long term data are available at thenewat, therefore only blind predictions can be
performed. A numerical prediction of the averagelkerm behavior (40 years) of the Fréjus safety
gallery has been carried out. For that, we consitler constitutive parameters of the model
corresponding to the average behavior (see Fiya8.8sed for the short term predictions. For the
segmental lining, we take a constant Young modafus2 GPa corresponding to the long term
behavior of the concrete. The mechanical propemieshe mortar and the gravel are kept
unchanged. The numerical computations lead to amahxompressive stress located at the invert
of about 25 MPa in the lining after 40 years (s&p 8.8). This prediction looks reasonable and

gives confidence to the predictive capability & iroposed approach.
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Fig. 8.8 Highest computed compressive stress as a funafitme.

8.5 Effect of the backfilling on the efforts developedn the segmental lining

In the following, we explore the role of the batlikig on the efforts developed in the lining. For
simplicity, a 2D “equivalent” plane strain modekioposed. As the unsupported span is 19.8 m, it
is assumed that a deconfining rate of 100% has@réaken place when the lining and the

backfilling are installed. The 2D numerical simudatis carried out in two steps:

» Instantaneous excavation of the tunnel considenmigstantaneous behavior of the ground
(no time-dependent effect).
» Installation of the lining and the backfilling aadtivation of the time-dependent behavior

of the ground in the numerical model.

10
——Max. stress 2D model

9

——Min.stress2Dmodel | ___.=="""

8 | ===Max. stress 3D model

7 | ===Min. stress 3D model

Stress (MPa)
W
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Fig. 8.9Comparison of the evolution of the maximal andrfirimal stresses in the lining
obtained from a 3D model and a 2D plane-strain mode

Fig. 8.9 shows the maximal and the minimal stresst® lining obtained from the plane-strain
and the 3D simulationsy(= 0.65,¢; = 0.09 MPa,F = 10). The elements size of the mesh is the
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same in both models. Both approaches show sinaiaits. In Fig. 8.10 and 8.11 computed minimal
principal stresses of both simulations are ploti#d.can conclude that the 2D “equivalent” plane-

strain model is acceptable as the stress statsettttom both computations is comparable.
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Fig. 8.102D plane-strain model: Minimal principal stressagmal compression) four months
after the lining installation
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Fig. 8.113D model: Minimal principal stress (maximal comies) four months after the lining
installation
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(a) (b)

(©)

Fig. 8.12Annular gap filled up with a homogenous backfdlimaterial composed of gravel
(gravel backfilling)(a), annular gap filled up with mortar in the invenidawith gravel in the rest
(gravel + mortar backfillingjb), annular gap filled up with mortar in the invernidain the crown

and with gravel in the rest (“sandwich” backfill)n@)

In order to study the influence of the backfilliog the efforts in the lining three different
configurations have been studied (Fig. 8.12): (iphwar gap filled up with a homogenous
backfilling material composed of gravel (gravel kfling), (i) annular gap filled up with mortar
in the invert and with gravel in the rest (gravahertar backfilling) and (iii) annular gap fillegpu
with mortar in the invert and in the crown and wgtiavel in the rest (“sandwich” backfilling). An
elastic response is assumed for the gravel anchémar with a Young’s modulus of 100 and 500

MPa respectively.

Each configuration has been studied under fouewdfit scenarios in order to assess the effect

of anisotropic initial state and anisotropic beloawf the rock mass:

» Isotropic conditions. The stress state is isotrqfic= 1) and the constitutive model is
visco-elasto-plastic and isotropic with = 0.65 and# = 10 (the joints are not activated
within this scenario).

* Anisotropic constitutive model. The stress statisasropic (K, = 1) and the constitutive

model is visco-elasto-plastic anisotropic with= 0.65,¢; = 0.09 MPa and"= 10.
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» Anisotropic stress state. The stress state is @oBo with A, of 1.4 and the constitutive
model is visco-elasto-plastic and isotropic with @ = 0.65 andF= 10 (the joints are not
activated within this scenario).

* Anisotropic constitutive model and stress state. The stress state is anisotropic with Kj
of 1.4 and and the constitutive model is visco-elasto-plaatisotropic withe = 0.65,¢; =
0.09 MPa and-= 10.

The efforts developed in the lining are studieddach configuration and each scenario (Fig
8.13).

==

Positive signs
convention

Fig. 8.13Position and sign convention for the efforts deped in the lining

The configuration where the annular gap is onlgdilup with gravel (Fig. 8.11 (a)) is first
studied (Fig. 8.14 and 8.15).
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Fig. 8.14Configuration with only gravel backfilling: Normé&dad developed in the lining in
function of the positio® three months after the lining installation. Blutical lines indicate the
points at the tunnel wall where larger convergenaks place (when joints are active)
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Fig. 8.15Configuration with only gravel backfilling: Bendirmoments developed in the lining in
function of the positiod three months after the lining installation. Bluatical lines indicate the
points at the tunnel wall where larger convergenaks place (when joints are active)

The plots in Fig. 8.14 and Fig. 8.15 show that urgtgropic conditions of the ground, bending
moments developed in the lining are almost zero raordhal efforts are almost constant. Small
variations of the efforts are due to the smallations of the thickness of the annular gap because
of the eccentricity of the lining (0.095 m) withspect to the TBM cutting head. When an
anisotropic initial stress state is consideredmadrefforts are increased everywhere in the lining.
Furthermore, the bending moments are here agaligitég because of the homogenization effect
of the backfilling. However, the influence of arisotropic constitutive behavior of the ground is
more important. The presence of localized strongvemences at the tunnel wall induces an
increase on the efforts everywhere in the linimgparticular, in those areas where the strongest
convergences take place the strongest efforts bi@ned. This effect is amplified when an
anisotropic stress state is considered in the ctatipos. It can be inferred from these results that
when the joints are active, the performance obhekfilling is less than for an isotropic behavior

of the ground.

Until chainage 1763, mortar was injected in theehmbefore the installation of the concrete
rings. Fig. 8.16 and 8.17 show the computed digtidl of the efforts in the lining for a “mortal +
gravel” configuration. The effect of the mortardojed in the invert can be observed. The injected
mortar concentrates normal loads in the liningtlemmore, bending moments appear in the contact

between mortar and gravel because of the diffeseimcstiffness of both materials.
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Fig. 8.16Configuration with mortar + gravel backfilling: Ioal loads developed in the lining in

function of the positiod three months after the lining installation. Blwetical lines indicate the

points at the tunnel wall where larger convergenaks place (if joints are active). Shaded areas
in the graph indicate the zones where mortar wjastied
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Fig. 8.17Configuration with mortar + gravel backfilling: Bdimg moments developed in the
lining in function of the positiod three months after the lining installation. Blwgtical lines
indicate the points at the tunnel wall where largmrvergences take place (if joints are active).

Shaded areas in the graph indicate the zones wiatar was injected
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With a “sandwich” type backfilling efforts are alswreased in the crown (Fig. 8.18 and 8.19).
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Fig. 8.18Configuration with sandwich backfilling: Normaldds developed in the lining in
function of the positiod three months after the lining installation. Bluatical lines indicate the
points at the tunnel wall where larger convergetaks place (if joints are active). Shaded areas

in the graph indicate the zones where mortar wjastied
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Fig. 8.19Configuration with sandwich backfilling: Bendingoments developed in the lining in
function of the positiod (sandwich backfilling) three months after theripinstallation. Blue
vertical lines indicate the points at the tunnellwéere larger convergences take place (if joints
are active). Shaded areas in the graph indicateathes where mortar was injected
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8.6 Conclusion

The Fréjus safety gallery response can be predigtextrapolating the ground behavior identified
from the study of the Fréjus road tunnel. It isared that although instantaneous parameters can
be assumed the same in both tunnels, the time-depenonstitutive parameters of the rock mass
to be considered in the numerical model depend thmexcavation process. It is obtained that the
shear modulus and the viscosity of the Kelvin elenaed the viscosity of the Maxwell element of
the considered CVISC constitutive model have tanbdiplied by a factoF=15 for the rock mass

for TBM excavation (Fréjus safety gallery) as conapieto drilling and blasting excavation process
(Fréjus road tunnel). This can be attributed tcosijaificant damage induced in the rock by blasting
effects. Very good predictions of the maximal h@tgess are obtained when compared to the

retrieved data. However, the minimal hoop strestightly overestimated.

Numerical computations have been pursued up toetlisyin an attempt to evaluate the
predictive capacity of the model. For that, we édeisa section of the safety gallery with model
parameters corresponding to an average behavieohtained that the maximal compressive stress
reaches 25 MPa after 40 years. Of course, noditial are yet available for this long term response.
However, one may consider that predicted stressesnaa reasonable range and that the limit

strength of the lining might be reached in som¢ices.

The effect of the backfilling used in the safetyleyg has been studied. It can be inferred that
the backfilling homogenizes the stress state iditiigg for isotropic behavior of the ground (even
under anisotropic initial stress state). Howevss, gerformance of the backfilling is less for stgyon
anisotropic behavior of the rock mass as strony@mences are concentrated within some areas
at the tunnel wall. The injection of mortar in theert and in the crown of the annular gap plays a
major role in the stabilization of the concreteggnHowever, it is observed that the discrepancy

between the stiffness of the mortar and the ssfra the gravel increases the efforts in the djinin
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CONCLUSIONS AND PERSPECTIVES

1. Main findings and conclusions

The present work aimed at studying the behavidurfiels excavated under squeezing conditions.
Particular attention has been paid to the effe¢thefmethod of excavation on the response of the
tunnel. For that, we have referred to the caseysttithe Fréjus road tunnel and of its safety gglle
which are an example of two parallel tunnels extavan such difficult conditions but with
different methods. The Fréjus tunnel response wiviab excavated by drill and blast methods is

compared to that of its safety gallery which wasasated with a TBM.

Applicability of the convergence-confinement methodto full-face excavation of circular

tunnels with stiff support installed near the face

In the present study, the ConVergence-ConFinen@vit{F) methods have first been revisited.
Their applicability in a pre-design stage of fidee circular tunnels with a stiff support systerarne
the face has been studied. The CV-CF methods vdretbased on plane-strain assumptions are
compared with numerical simulations. The numerstadulation is able to capture the 3D effects
which take place close to the excavation faceal wonclude that the so called “implicit methods”
(Nguyen-Minh & Guo or Vlachopoulos & Diederichs) @ambination with any LDP expression
(Panet, Corbetta or Vlachopoulos & Diederichs) gaveeliable evaluation of the stress state at
equilibrium in the support provided that the linisgelatively soft, and for for values of the slisyp
numberN ranging from 1 to 5The evaluation of the radial convergence of theigdas good with
any CV-CF approach. The accuracy of the equilibratate prediction with the different methods

decreases with increasing dilatancy angle.
Proposition of an empirical formula for the designof circular tunnels excavated in full section

A set of empirical formula have been proposed aeoto predict the equilibrium state of circular
tunnels excavated in full section. A large ranggralund and lining properties have been covered
with the empirical approach. The prediction of gteess state in the lining is obtained with an

accuracy of 10% while the predicted displacemenbtsined with an accuracy of around 20%.
Analysis of monitoring data of the Fréjus road tunrel

The Fréjus road tunnel was confronted to squeegingnd conditions during and well after its
excavation which was performed by drill and blastmods. A survey campaign was carried out in
the tunnel in order to monitor the convergencas®tunnel wall during the excavation works. The

strongest convergence generally occurs along thetthn defined by targets 2 and 4 which is quasi
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perpendicular to the schistosity planes. A firglgsis of the convergence data consisted in a tobus
fitting of the convergence measurements of Fréasl tunnel by means of the semi-empirical law
of Sulem et al. (1987). With this simple techniggepund convergences are well represented.
Furthermore, this analysis has led to the ideumtiion of some “homogeneous” zones. These zones
correspond to similar values of the instantaneaumsergence&,,, along direction 2-4. However,
the rate of convergence does not seem to cortelétte magnitude of the convergences. The values
of the characteristic tim& of the convergence law are quite heterogeneousaayg from 0.5 to

5 days.
Analysis of monitoring data of the Fréjus safety giery

The Fréjus safety gallery runs in parallel to thad tunnel. In consequence, it encounters similar
geotechnical conditions. During the excavatiorhef$afety gallery carried out with a single shield
TBM an important survey campaign took place. Théected monitoring data consisted in:
convergence data at the inner face of the condrage convergence data of the ground measured
with hydraulic jacks through the TBM shield, momitg data obtained from strain gauges
embedded in the segmental lining of 49 sectionchvican provide information on the state of
stress in the lining, cracks observations and attiermation obtained during the excavation such
as the thrust force exerted by the TBM. From thedyeans of these data it is concluded that the most

reliable ones correspond to the ones retrieved &ain gauges.

A comparison between the two parallel tunnels leslrarried out. There is a good agreement
between the monitoring data of both tunnels. Thaseas of the tunnel where strongest
convergences are observed correspond to the zbnies gallery where a higher stress state was

measured in the lining.
Numerical back-analysis of the Fréjus road tunnel

The instantaneous and the time-dependent behdavibe sock mass of the Fréjus road tunnel has
been studied by means of a numerical back-anadfsfee convergence measurements of the road
tunnel. The constitutive model of the rock maswigco-elasto-plastic with weakness planes
(ubiquitous joints model) in the direction of thehistosity of the ground in order to account fer it
anisotropy. A calibration method has been develapedder to properly fit most of the sections in
of one of the most complicated areas of the roaddl This method consists in the identification
and on the back-analysis of the sections of thd taanel showing the smallest and the larges
convergences. The rest of the sections of the edfudiea can be fitted by adjusting the joints
cohesion and a variability parameter which reprissére magnitude of the convergences of the
matrix. The limitations of the model in terms ofisotropy have been studied with this work as

sections showing an anisotropy factor larger thaarthot be properly simulated.
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Based on the extrapolation of the convergence lagutem et al. (1987) a prediction of the
long-term convergences of the ground in an hypmhletinlined road tunnel has been carried out.
These long-term convergences have been back-adalytethe numerical model by using two set
of parameters within the same numerical simulatiofirst set of parameters used in order to back-
analyze the short-term convergences and a secomd parameters used in the back-analysis of
the long-term convergences. Finally, the behavieh® ground is used to simulate the road tunnel
with its support system. Reasonable predictionhefstress state developed in the lining after 40

years have been obtained following this methodalogy
Numerical back-analysis of the Fréjus safety gallgr

An attempt to predict the response of the Fréjtetypgallery has been presented in this study. The
behavior of the ground identified with the studytlé road tunnel has been extrapolated to the
parallel zones of the safety gallery. From the mirakresults, we have concluded that although
instantaneous parameters can be assumed the shoih tannels, the time-dependent constitutive
parameters of the rock mass to be considered inuherical model depend upon the excavation
process. In practice, the shear modulus and tleesity of the Kelvin element and the viscosity of
the Maxwell element need to be multiplied by a dadf =15 for the modelling of the TBM
excavation (Fréjus safety gallery) as compareditting and blasting excavation process (Fréjus
road tunnel). The reason of the existing of faét@tems from the fact that the damage induced in
the rock by blasting effects is more important tkt@a one induced by a mechanized excavation.
The results of the prediction are very good in teohthe maximal hoop stress if compared to the
retrieved field data (3 months of monitoring). Haee the minimal hoop stress is slightly
overestimated. With the same set of model parasé¢éxcept the consideration of a long term
Young's modulus of the concrete of the lining), dwenputations are pursued up to 40 years. It is
obtained that the proposed model leads to reasetainy term predictions which however cannot

be confirmed in absence of long term field data.

A detailed study of the effect of the backfillingad in the safety gallery has also been proposed.
For an isotropic behavior of the ground, the bdlakdi homogenizes the stress state in the lining
(even if the initial stress state is anisotropidpwever, if the rock mass exhibits a strongly
anisotropic behavior the performance of the badakdjlis less efficient as strong convergences are
concentrated within some areas at the tunnel Whk. concrete rings need to be stabilized after
their installation. For this reason, mortar is abggl in the invert and in the crown of the annular
gap. However, it is observed that the discreparetyvéen the stiffness of the mortar and the

stiffness of the gravel increases the efforts enlthing.
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2. Practical implications for the design

The study of the CV-CF methods has clarified thgiplicability to full face circular tunnels with
stiff support near the face. It will allow the enger to choose the most appropriate method for a
preliminary stage of the design of a tunnel. If pagameters of the mechanical problem fall outside
of the applicability domain, the proposed empirifaimula can be used in order to obtain the

equilibrium state between the ground and the sufipang.

The empirical law of Sulem et al. (1987) is a veoyverful tool which can be used to accurately
reproduce the convergences that take place atuttrelt wall. It can be used to determine
homogeneous zones in a tunnel in terms of one oe parameters of the law. In the present work,

the fitting law has also been used as a predi¢tiohin order to evaluate long-term convergences.

A simple methodology for the numerical back-anialyg a tunnel excavated by conventional
methods (the Fréjus road tunnel) in squeezing gtdiais been proposed. The first step consists on
the identification and the fitting of the sectioshowing an extreme behavior in terms of
convergence data in the studied area. The respintbese sections represents the envelope of
convergences. The behavior of the rest of theaeivill fall within the identified envelope. The
rest of the sections can be fitted by adjustinguameter related to the anisotropy of the section
(the joints cohesion) and a parameter which isasgntative of the magnitude of the convergences.

A similar approach could be applied to other prigext tunnels excavated in squeezing ground.

The constitutive model chosen for the numericalgations of the Fréjus tunnel and of its safety
gallery is quite simple and it is able to reprodacdsco-elasto-plastic and anisotropic behavior of
the ground. However, it reaches its limits undeorsy anisotropic conditions. Furthermore, the
presence of a constant dynamic viscosity of thewdixelementy,, gives as a result a constant
convergence rate at mid-term and at long-term.réetre, this parameter might be adjusted for

reasonable long term predictions.

When survey galleries are excavated before theudiveoof a tunnel for the study of the ground
properties, they are generally excavated with cotiweal techniques. These properties are in many
cases directly used in the design of the main tumiavever, the size effect and the technique of
excavation play an important role in the mechanieaponse of the ground. If the main tunnel is
excavated with a TBM, due attention should be paithe extrapolation of the properties retrieved

from the survey gallery as the damage state ofrgtanight be significantly different.

From the numerical study of the backfilling, it da@massessed that the injection of mortar in the
annular gap of a tunnel excavated with a TBM shdaddcarefully studied. Hard points can be

created in the backfilling which could punctuallwér stress concentration in the lining.
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3. Suggestions for future research
Preliminary design methods

The study of the CV-CF methods falls within thenfieavork of an instantaneous behavior of the
ground. The consideration of the time-dependentaamsbtropy effects would be the next step in
this research. The differed effects could be cared by progressively degrading the mechanical
parameters of the ground as proposed by Tran Maah @016) or by means of visco-plastic

rheological models.

The proposed empirical formula in order to prediat equilibrium state of circular tunnels
excavated in full section have considered an urmtieg length equal to the tunnel diameter (the
normalized parametet*has been fixed to 1). It would be interesting téead the formulation
having this parameter as a variable. More generather constitutive models (such as Hoek and
Brown failure criterion) could be considered to ielnrthe empirical approach. The empirical
formula could be enhanced with an equation foctirevergence that takes place between the tunnel

face and the shield tail.
Numerical developments

Concerning the time-dependent and anisotropic heha¥ the ground, in the proposed visco-
elasto-plastic anisotropic model, the anisotropytltd rock mass is taken into account by
considering weakness planes in a isotropic maftkension of the model to an anisotropic matrix
will permit to describe stronger anisotropic effegs observed in some sections of the Fréjus tunnel
Furthermore, introducing non-linear parameterstfe Maxwell and the Kelvin elements will
permit to describe decreasing creep rates in thg-term. One possibility would be that these
parameters evolve with the cumulated deviatora@istiAnother type of constitutive models based
on time-dependent degradation of the rock massepties could be further developed. This
approach has been initiated in the paper of TranhMd al. (2016) and presently pursued in another
PhD work devoted to the Lyon-Turin base tunnel.tirenmore, it would be useful to relate the
mechanical parameters of the visco-elasto-plasign&ropic numerical model and the parameters
of the convergence law. For that, one could putiseielevelopment of empirical relationships (Tran
Manh et al., 2016)
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APPENDIX

APPENDIX

APPENDIX A - Total set of results of the comparisdw,,,,* between the different approaches

In an attempt to assess the applicability of the@Vmethods to tunnels excavated with a double
shield TBM some numerical simulations have beenedpout by fixing the value of the parameter
d* to 2. The results are summarized in Fig. Al. aigd &2. It is inferred from the results that a
classical CV-CF method in combination with the L&ffPanet provides an equilibrium state which
is in agreement with the numerical simulation&'if> 0.25. The effect of the stiffness of the lining
on the GRC is less than in the case of singlealigineling. The implicit method of Guo & Minh
combined with an LDP of Panet provides also redsenasults except fa¥=5 where the implicit
method reaches its limitbl€5 andd*=2).

R*=12.5; ¢=20.0°; )=0.0°
1.0 — 1.0 . ,
e Classical Method - LDP Panet (1995) G & M Method - LDP Panet (1995)
0.8 = *  Numerical simulations (FLAC3D) 0.8 g [+ * Numerical simulations (FLAC3D)
% N=1 : % N=1
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04 04
0.2 0.2
00 0.2 0.4 0.6 0.8 1.0 o8 0.2 0.4 0.6 0.8 1.0
1.0 1.0
0.8 0.8
’\ —5 \r —5
* 06 i * 06 e
o 04 04 -
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Fig. A1l. Comparison ob,,,,, " between the different approaches whén2, R*=12.5 andp=20°
for incompressible plasticity/( = 0). Classical method on the left column and iaipiethod of
Nguyen-Minh & Guo on the right column
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R*=125; ¢$=20.0°; 4 =0.0°

5 5
. =+ Classical Method - LDP Panet (1995) . v M & G Method - LDP Panet (1995)
4 ® o Numerical simulations (FLAC3D) 4 ® Numerical simulations (FLAC3D)
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*:§ 3 i‘§ 3
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Fig. A2. Comparison ofi(e)* between the different approaches whén2, R*=12.5 andp=25°
for incompressible plasticity)( = 0). Classical method on the left column and iaipinethod of
Nguyen-Minh & Guo on the right column
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APPENDIX B - Total set of results of the comparisiw,,,,,.* between the different approaches
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R*=10.0; ¢=20.0°; ¥=0.0°

2.0 2.0
N =1 + Classical Method - LDP Panet (1995) N =1 | G & M Method - LDP Panet (1995)
1.5 ==+ Classical Method - LDP V & D (2009) 1.5 ==+ G &M Method - LDP V & D (2009)
* + + Empirical expression * — B &RMethod - LDPP & G (1983)
51.0 e e Numerical simulations (FLAC3D) £1.0 # Empirical expression
bg bE ® o Numerical simulations (FLAC3D)

APPENDIX
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Comparison ofo,,,,* between the different approaches wh&r10 and $=20° for

incompressible plasticityy( = 0). Classical methods on the left column andlieitp
methods on the right column

¥ =10.0; ¢=20.0°; ¢=6.7°
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Comparison ob,,,,.* between the different approaches wiRér10 andp=20° for non-

associate plasticity( = ¢/3). Classical methods on the left column and inipinethods
on the right column
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R*=10.0; ¢=20.0°; ¢ =20.0°
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Comparison ofo,,,,* between the different approaches wh&r=10 and $=20° for
associate plasticity( = ¢). Classical methods on the left column and impiieéthods on
the right column
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Comparison ofa,,,," between the different approaches wh&r=10 and $=25° for
incompressible plasticityy( = 0). Classical methods on the left column andliitp
methods on the right column
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APPENDIX D - Back analysis of convergence dataeations within zone A (from chainage
1905 to chainage 2723)
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Section 16 (Chainage 2063)
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Section 18 (Chainage 2136)
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Section 26 (Chainage 2292.5)
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Section 36 (Chainage 2509)
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Section 43 (Chainage 2682
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