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ABSTRACT

In densely populated areas, there is increasing construtibigh-rise buildings adjacentto
existing tunnels. Thimteractions inolved arecomplexand unavoidableBased on experience and
field monitoring many tunnel ownergmposeexclusionzonesfor construction close to their
tunnels. Thigesearchstudies the effect of a newly constructadlding supported by a shallow
foundaton on a pre-exising tunnel. With the aid ofthe PLAXIS software, adetailed three
dimensional finite element analysis is used to conduct a parametric study showing the interaction
between the burialocation of the preexisting tunnel and the new shalldaundation. The
concrete lining is modelleldy using thenewly developed concrete model included in the PLAXIS
userdefined library. The model considers the fimearity of the material behavio and the
distinction between strength in tension and comsgios. The constitive soil where the tunnel
system is constructed is simulated by using a hardeningneaiel with smabstrain stiffness,
which accountdor increased stiffness at small straifie construction of the tunne$ divided
into several phses where eaclphaseis simulatedwith the advancement of the shield boring
machine. Accordingly, new design guidelires be developefbr shallow foundations in close

proximity to pre-existing tunnels
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CHAPTER 1 INTRODUCTION

1.1 STATEMENT OF THE PROBLEM

Traffic worldwide is increasing at the same rate or even higher as the population gepettially

in urban areasThroughout the 20 century, urbanization has been occurring worldwide at an
unprecedenterhte [1].According to a recent UN researich1990, 43 percent (2.3 billion) of the
worl dos popul at i oln2010iowere50 percent ofithebgbolmal papulatianswas
living in urban aready 2015, this had grown to 54 perceftofllion). By 2030,it is expected to
reach60 percent and nearly 70 percent by 2080This substantialirbanzation shift over time
has led to the emergence of the megacity. New York and To&ye tve first known megacities
both reackda populatiorof over 10 million by the 19505lowever today, they are far from alone
in their size[3]. In 2018 there were33 megacities across the globe from Sao Paunld Mexico
City in the Americasto CairoandLagos in Africa, and from Istanbul amdioscowin Europeto
Beijing andDhakain Asia. Consequentlyseveral adversesdffic and environmental conditions
encounter tis megacities evolution, for which underground infrastructure, such as tuistéks,

bestpracticalsolution

The fact that land in megacisies scarce andery expensive has led to the construction of high
rise buildings close to prexisting tunnelsThe interaction between buriadfrastructure and
foundations is unavoidableand the nature of thisoil structure interactionSSI) problem s
complex. The associate®SI| can reduce or increase the vertical or horizontal tunnel lining
diameter, causing oliaation or squat phenomena. This can imply spalling at segment joints and
cracking at various locations around the tunnel lining. It coldd eause openings at the radial

joints, resulting in the entry of saline water that could lead to significantetendegradation in



the form of extensive concrete delamination and steel deteriorbtente, several researchers
have investigated this tieraction problem considering several parameters such as thdingine
process, construction sequence, proximftthe tunnel to the foundation, foundation type, burial
depth of the tunnel, the associated ground movement and possible damage to adjdoeyg b

[4-6]. Many tunnel owners have developed restrictive guidelines including imposing an exclusion
zone for he construction of foundations close to their tunnels. These guidelines are mostly based
on experience, not on a fundamental understandinigiotomplex problem. The adverse effect

of foundations on existing tunnels was monitored in a few field casiestwtere it was found to

be considerablerf9]. In addition, the longerm exposure of a reinforced concrete tunnel lining to
sulphates orldorides in groundwater can lead to concrete deterioré&i®ishown in Figure-1)

and consequentlyr@duction of its load carrying capacity.

Figure 1- 1: An example otoncrete deterioratioim tunnels [10].

1.2 THESIS OBJECTIV ES AND ORIGINAL CONTRIBUTIONS
This complexinteraction problenbetween the foundations of a new bulglibuilt over a pre

existing tunnelwas previously investigated using a combination of in situ observations and/or



numerical modelling. However, previogtudies onlysimulatedone aspect of the building, such
asthe basement excavation cagehe buildirng without consideration of the building itself as a
whole [11 and 12] Another group of studies did not simulate the actions of the tunnel boring
machine(TBM) during excavation, including the face and grout pressures and consequently
ignored a critical gsect of the problem. Alsahe vast majority oprevious research has modelled
the tunnel lining as an elastic beam or plate and has considered mh@sotonic continuous
structure. In fact, the shield tunnel lining is formed by assembling prefabraaterbtesegments
bolted togetheto form rings that arerected within the tunnel bor@ther researchers have studied
the interaction between basememntavation and an existing tunnel by using a 2D plain strain
scheme and have modelled the soil as ielastelastieperfectly plastic. However, models which
assume that the soil is elastic, or elaptcfectly plastids not capable of modelling the déffent

interactions in the soil during the tunnel excavation.

This project involve comprehensive numerical mdtileg using the finite element (FE) code
PLAXIS 3D to investigate the considered problem by modelling all of its geometric and material
aspectsin this studythe tunnel construction is divided into several phasesimulatein detail

the construction sequendeach phase simulates the advancement of the shield boring machine.
The pressure at the face of the tunmakassigned so as to maimntaan equilibrium between the
pressure inside the machine chamber due to the exda@teand the earth pressure outside the
cutting surface. Other aspetisingsimulated include the shape of the machine, which is conical
in most cases; injection of tigeouting material in the gap left between the tail skin and the lining;
the hydraut jack forces driving the machine, which are exerted on the already installed lining;

and installation of the new lining with an equivalent grout layer behind.



In addition, the effect of lining deterioration on the overall response of the systsmvestigated
using 3D models considering various tunnel configurations and different levels of lining
degradation. The degradatisassimulated using a smeared approach irctvineduced stiffness
waslocalized at the degradation locations. The FE mestrefined around and in close vicinity

of the tunnel and near locations where-tiorar behaviar is anticipated to assure high accuracy
of the results. Interface elementaling for both slippage and gapping to occur from the PLAXIS
library wereused to mdel the interface between the soil and the tunnel lining. Both intact and
degraded concrete lininggeremodelled using the new concrete constitutive model, included in
the PLAXIS userdefined library, modified to simulate the behaviour of reinforced a&tacin
which, more realistic stress distributions can be obtained, as thknearity of the material
behaviour and the distinct different strength performance in casipreand tension is considered.
Soil hardening and elasfgastic constitutive modg will be used to model the soil and the
interface. This research will lead to the development of new design guidelines for shallow and

deep foundations in close vicinipf existing tunnels.

1.3 SCOPE AND ORGANIZATION OF THE THESIS

This thesis comprises: (B detailed overviewof previous studies considered the interaction
between surface structures and tunné3 investigating theeffect of the constitutive material
modelemployed on predictions of the behaviour of earth pressure bahietddriven tumels

(3) using the developed 3D modelitovestigae how newly constructed buildings supported on
raft foundations affect prexisting tunnels(4) investigatinghow newly constructed buildings
supported on raft foundations affect fadsting deterioratd tunnels and 6) developing a
simplified procedure to incorporate the effect of-présting tunnels in the analysis of new

buildings



The layout and organization of thieesisaresummarized in the following section:

Chapter 2explores thenteractionissuebetween surface structures and tunnielghis chapter, a
general overview othe previous researalegarding soft ground tunnelling and the associated
grounddeformatiors is presented. In additiothe effect of tunnéing on existing structureszas

discussed utilizingwo-dimensional finite element models

Shield-driven tunnelling involves a comple®SI problem, wherethe stress history and its
developmentluring castructionheavily influence thg@erformanceNumerical modelling must
therefore,focus on selecting appropriate constitutive models for soils and struesineisable
numerical models to predict expected settlements, lining pressmet®ther desigparameters
are essential for satennel designHence,Chapter 3investigates theffect of the constitutive
material model employed on predictions of the behaviour of earth pressure balancdrsleeald

tunnels

Chapter 4studies the effect of a newtypnstructed building supporteg b shallow foundation on

an intact preexisting tunnel A detailed threalimensional finite element analysigas used to
conduct a parametric study showing the interaction between the burial location of éxéspng
tunnel and the new shallow foundati The intact concrete lining is modelled by using the newly
developed concrete model included in the PLAXIS aedined library. The model considers the
nortlinearity of the material behaviour and the distinction betwstength in tension and
compres®n. The soil where the tunnel system is construciedsimulated by using a hardening
soil model with smaiktrain stiffness, which accounts for increased stiffness at small strains. The

construction of the tunnel is dded into several phases, wheeele phase is simulated with the



advancement of the shield boring machine. Accordingly, new design guidetnedeveloped

for shallow foundations in close proximity to pegisting tunnels.

Chapter 5presents the resultd a comprehensive finite elemeamalysisexerciseconducted to
investigateinvestigating how newly constructed buildings supported on raft foundations affect
pre-existing deteriorated tunnelsccordingly,a set of exclusion zones agesign guidelinesere
developed fohigh-rise buildngs supported on raft foundations close proximity to prexisting

deterioratedunnels.

In Chapter 6 the development a simplified procedure to incorporate the effect ofgxisting
tunnels in the analysis of newilglings is presentedAlso, correction factors were obtained to

accompany the proposed procedure.

Finally, Chapter 7summarizes the findings and conclusialesluced from the whole thesis and

proposes areas for future research.
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CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

Tunnels are a crucial component of modern transportation infrastructure. They are often required
for roads which cross mountain ranges or passdtlemesers or canals. Sevenmaegacities in

various parts of the world (e.g., New York, Washington DC, Toronto, London, and Mexico City)
expanded their subway systems in the late 1960s to 1970s, and for the first time used precast
segmental concrete tunnalings. The concept of seditructure interaction (SSI) evolved at that

time and was widely implemented in tunnel lining design. Predicting the internal forces in tunnel
linings is a major issue to be addressed in the design of new tunnels and, evanpuodeatly,

in the assessmeand evaluation of older tunnels. These internal forces can result from geostatic
in situ loads, or surface loads imposed by the foundations of new buildings. Vertical and/or
horizontal tunnel lining deformations due to thésads can cause cracking orea crushing of

the tunnel lining, especially near joint locations. Tunnelling in urban areas poses many challenges
because of the potential to adversely affect existing subsurface and surface structures (Kolymbas,

2005). Conersely, new developments andface structures can affect geristing tunnels.

Tunnelling in rural areas where there are no surface structures is referred to as greenfield
tunnelling. In such cases, ovexcavation of the soil during tunnelling is amary concern,
because it mayelhd to soil failure if sufficient support is not provided during construction (see

Figure 2 1).

In contrast, in urban areas the main focus is on controlling the effect-@xiptiag structures of
ground movements due to telling and/or reducing the fett of surface structures on pre

existing tunnels. All of the analysesegented in this thesis consider the effect of foundations of



new buildings on prexisting tunnels. However, a detailed explanation of the effect nétiimy
induced ground movemenon existing structures is also presented to outline how problems

involving soitstructure interactions between surface structures and tunnels are generally treated.

Extent of the surface
settlement trough

gy B2

Figure 2- 1: Greenfield displacements caused by tunngl(efter Attewell et al., 1986)

Several researchers have explored how ground movements around tunnels translate into a
distribution of settlements on the ground surface (i.e., settlement troughs). Early stedbdes
confined to field observations. Lategrious analytical procedures and closed form solutions were
developed to predict tunnel lining internal forces and deformations. Each of these solutions can be
applied to very specific conditions and geometym® of these solutions are concerned with the
static analysis of linings and lining loads, while others focus on the prediction of settlement
troughs. Generally, analytical procedures and closed form solutions possess several attractive
features, includindheir relative simplicity and capability gfartially accounting for saiining

interactions.

This chapter presents a brief background on available tunnel excavation techniques. The chapter

then provides a general overview of currently available metfardgredicting ground surface
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settlements irgreenfield conditions, and the shortcomings of these methods. In addition, the
chapter presents the results of a study conducted to assess the disturbance of nearby surface
structures caused by tunnelling inddaround displacements, and describes the features of

this SSI problem, some aspects of which are also significant for the main topic of this thesis (i.e.,
the effect of surface structures on-grasting tunnels). Furthermore, the effect of saltsfapeze

thaw cycles on the performance ofitel linings is discussed.

2.2 AVAILABLE TUNNEL EXCAVATION TECHNIQUES

2.2.1 Cut and cover tunnelling

The cut and cover construction technique has been used for many years as a means of building
underground transportan facilities. This technique, which is uséeéxcavation from the surface

is possible, is economical if the tunnel is relatively short and at a shallow depth. The depth is
considered to be shallow if the height of the cover above the tunnel is nogneatér than the

tunnel diameter (FHWA, 2009 ut and cover tunnelling involves excavating an open cut by using
traditional excavation methods, and then constructing the tunnel lining under normal construction
conditions in the excavation. Once the linimgconstructed and waterproofing and draaag
measures have been undertaken, the tunnel is backfilled with suitable materials up to the initial

ground level.

This construction technique may involve one or both of the two methods: batt@onstruction

ard top-down construction. In bottomp constration, the final structure is independent of the
support of the excavation walls; whereas, indogn construction, the tunnel roof and ceiling are
structural parts of the excavation walls. Bottam cutandcover construction involves the
excavation of drench in which the tunnel is built. Temporary structures, such as sheet pile walls
and secant pile walls are typically required and installed. In this case, the side slopes of the

11



excavation may involve themeval of up to six times as much materialtesvolume of the tunnel

itself, and may extend an additional three tunnel diameters on each side of the excavation, for a
tunnel with a depth of cover equal to its diameter. The tunnel is constructed froatttme blab,

up to the tunnel walls and roofhe excavation is then covered, and the ground level is restored
for use by abowground operations. In contrast, the-tdgwn cutandcover construction method

is often employed if there is a limited width aght-of-way for excavation, or if use of tterea

above the tunnel (e.g., for abegeound transportation systems such as highways) is paramount
and side wall deflections must be limited to minimize damage to adjacent structures (FHWA,
2009). In such casgsxcavation support is installed first, cmtimg of structures such as slurry
walls, secant pile walls, or sheet pile walls, which usually become the permanent walls of the
tunnel. A shallow excavation is created, where the roof of the tunnel is aiedtan grade. The
excavation is then coverddr continued use while the tunnel interior is excavated from below
grade, with bracing provided to the support walls. The early covering of the excavation permits
faster turnover from the beginning of constroie to the restored availability of the graisurface.

In both bottorup and topdown construction sequences, dewatering of the work area may be

necessary before the ground material is excavated.
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2.2.2 Rock tunneling methods
2.2.2.1 Dirill and Blast

The drill and blast method is by far the most commonly used rock excavation technique. It is
associated mainly with mining applicatioi$ie basic approach is to drill a pattern of small holes,
load them with explosives, and thaitiate an explosion to create an opening in the rock. The

blasted rock is then removed, and the surface of the rock is supported.

Figure 2- 3: Drill and blast tunne{civildigital.com)
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2.2.2.2 Tunnel boring machine (TBM)

Tunnel boring machines excavate rock mass via rotating and crushing methods. Enormous
pressure and large thrust forces are applied to the rock face while rotaticty@dg actions are

carried out by several disc cutters mounted on the machine cutterhead

Figure 2- 4: Tunnel boring machingivildigital.com)

2.2.2.3 Roadheaders

Rather than boring with the circular cressction provided by TBMs road header machine has
multiple heads that cut slots or other shapes that can be morergfiiicierms of providing usable

volume

14



Figure 2- 5: Roadheaders machiavildigital.com)

2.2.3 Soft ground tunneling
2.2.3.1 Shield tunneling

Earthpressurebalance (EPB) andurry faceshield tunnelboring machines (SFM) are similan
thatboth types ofmachine have a revolving cutter whaeldan internal bulkheadyothrely on
mechanization and computerization to conaiiousfunctions andboth are associated with the
use ofprecast concrete segmert#mwever, in the case of ERBachinespressure is transmitted
to the face mechanicallyja the soil. In contrast, BM machinesransmit pressure to the face
hydraulicallyvia a viscous fluidormed by thenaterialcutand trapped at the face and mixed with

slurry (essentially compsed ofbentonite and water).
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Figure 2- 7: Slurry face boring machine (SFM) (from Herrenknecht)

2.2.4 Sequential ExcavationMethod (SEM) 1 NATM

The sequential excavation method (SEM), also commonly referred to as the new Austrian
tunnelling method (NATM), is a concept that is based on understanding the behavior of the ground
as it reacts to the creation of an underground iogefhe strength of the ground is utilized and

the ground itself becomes part of the tunnel support. A shotcrete lining redistributes loads in the
ground by deflection. The NATM tunnelling procedure involves: classification of the ground;

excavation anduppot based on ground investigations; definition of the excavation and support

16



by outlining themaximum unsupported excavation length; application and reinforcement of the
shotcrete lining; ground reinforcement via bolts or dowels in the rock; subdiakibe tunnel
into top heading, bench, invert, and side wall drifts; requirements for ring closure; and local

additional initial support as required via dowels, bolts, spiles, face support wedges, and shotcrete.

Shoterest
Shotereat
LY
Top heading
T e o B
Bench/Tnvert Bench/Invert
(a) (b)

Figure 2- 8: London bridge station, London, UKa) cross sectionp) longitudinal section and
(c) photo

2.3 GROUND DEFORMATION IN SOFT GROUND

1. In hard ground such as rock, usually ground movements during the
tunnelling process are not a problem. However, in soft ground
displacements can arise for various reasons (after Mair and Taylor 1997,
Figure 2 9):

2. Deformation of the ground toward the face due to stress relief;

3. Radial ground movements due to the passage of the shield (necessitating
correct alignment of the sheebrtilting it up to prevent it from diving

into the ground);

17



4. Presence of a tail void due to the difference in diameter of the tail of the
shield and the installed lining, resulting in a tendency for the ground to
move into this gap;

5. Distortion of the tunel lining as it starts to take the ground loading;

6. Time-dependent consolidation in figgained soils (i.e., soft clays) as
the construction process changes the stress regime locally around the
tunnel. This causes changes in the water pressure withipottes
between the soil particles. As these excess pore water pressures

equilibrate over time the ground changes in volume and consolidates.

- -

| — | | L i | | ]
-

Figure 2- 9: Primary components of ground movements with shield tunnelling

These &ctors can result in displacements that reach the ground surface, where they can influence

superimposed and adjacent structures.

2.4 EFFECT OF TUNNELING ON EXISTING STRUCTURES

During tumelling operations, nearby structures and the tunnel interact. Téragtion is affected

by the size, shape and material of a structure and its position relative to the tunnel. Attewel et al.,
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(1986) discuss some idealized modes of behavior of longshad buildings due to tunnel

construction, as summarized below:

Short Building:

Short buildings ride the forward settlement wave with little

i]_,D » significant sagging or hogging deformation.

!
/

Tunnel |,
% Short buildings experience tilt as a rigid body, but with little
e .7 significant sagging or hogging deformation across a ftransverse
~ O ~
settlement.
Long Building:
Long buildings experience progressive
gl grieen
/ oy hoggng Togng  / ¥ deformation and differential settlements
/ ! )
p i T )’ Tiona V/ as the tunnel advances.
Potential sagging and hogging of a long
building across a transverse settlement
NN sagong P trough, when directly above the tunnel
. /s
N e o centerline, and offset from the centerline.
\Q/ unnel

Several researchers have investigated cracks as an indication of dissgsstures andhave

developed classification methods to assess structural damage
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2.4.1 Empirical Methods

Skempton and MacDonald (1956), Polshin and Tqi®57) and Bjerrum (1963) proposed

empirical method#ocused ordamage caused by settlement arising from the weighstoficture.

Skempton and Macdonald (1956) defined tlieimagecriterion the angular distortiob, as the

ratio of differential settlementi, tothe distancd, between two points. They found that structural

damage occurred whér> 1 vahdbhéltcracksin walls and partitionappearedvhenb> 103 00
They recommended= 1 u 500 a s hirnameTokarn (1857} intradie thesconcept that

tensile strains induced mstructureause cracking and suggested a critical tensile sifdip; =

0.0%%. They defined theidamagecriterionslopeas the ratio of the differential settlement of two

adacent supportso the distance between them. For steel and concrete frame buildings, they
recommendeds | o p e ,@nd where thére is riafill, they recommendedsal ope O 1020

These recommendations agree well with those of Skempton and MacDonald

2.4.2 Analytical Methods

Burland and Worth (1974) assumitthe beginning of cragkg is associated with the average
tersile strainin abuilding. Tensile strain can occur due to bendweyt{cal cracks/direct tensile

strain) or sheamg (diagonal cracksidgonal tensile strain). The maximum tensile strain is then

the greater of bending strain or shear strain. To obt@mtaximum strain in buildings, they
modeled building facades as a linear elastic deep beam undergoing sagging and hogging modes
of deformation geeFigure 2 10). They suggested tHai rangedrom 0.05% to 0.1% for masonry
structures and from 0.03% @05% for reinforced concrete beams. This approaab later

updated by Burland (1997yho proposed the use @af deflection ratio rathethan angular
distortion. Furthanore Burland et al. (1977) replaced the concept of critical tensile strain with
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thatof limiting tensile strainUm. These researchedefined six categories of damageoviding a

framework for evaluatig damage baseah ease of repair and crack widgeéTable 2.1)

Mz = maximum relative deflection

. Hogging Zone' Sagging Zone

I I L !
I ) i |
,Bending Tensile  piagonal |

Cracking Shear Tensile!

Cracking :

B = angular distortion

@ = tilt

Figure 2- 10: Idealizdrepreserdtion of a building as an elastic beam

Table 2.1: Classification of building damage after Burland et al., 397

Damage Degree Description of
Category | of severity | typical damage
0 Negligible | Hairline cracks less than about 0.1mm wide.
1 Very slight | Fine cracks easily treated during normal decoration.
Crack width up to lmm.
2 Slight Cracks are easily filled. Redecoration probably required.
Crack width up to 5mm.
3 Moderate | Cracks can be patched by a mason. Repointing and

possibly replacement of some brickwork. Crack width
from 5-15mm.

4 Severe Extensive repair work involving replacement. Crack
widths from 15-25mm.
5 Very severe | Major repairs required including partial or complete re-

building. Crack width typically greater than 25mm.

Boscardin and Cording (1989) included lateral stbginsing simple superposition to consider the
role of horizontal extension induced by adjacent excavation and tunnedbegrigure 2 11).

Table 2.2 shows the relationship between limiting tensitain,Hmn, and category of damage
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which wasfirst put forward by Boscardin and Cording (1989) aneérlatpdated by Son and

Cording (2005)

*_
hl Ahg

er=(An2-An)/L

Figure 2- 11. Horizontal tensile strain

Table 2.2: Damage Category Criteria after Boscardimd Cording, (1989) and Son and
Cording, (2005)

Method

Boscardin and Cording (1989) Son and Cording (2005)
Category of damage B (X107%) &p (%) Een (%)
Negligible 0-1.1 0-0.05 0-0.05
Very slight 1.1-1.6 0.05-0.075 0.05-0.075
Slight 1.6-3.3 0.075-0.15 0.075-0.167
Moderate to severe 3.3-6.7 0.15-0.3 0.167-0.333
Severe to very severe =>6.7 >0.3 =>(0.333
Namazi and Mohamad (2012) extended Burl andds

and vertical forces of the building wall are dependent on tilt as otire @omponents that causes
building damag. They concluded that, under a high degree of tilt, the tolerance of the building to

deflection and horizontal displacement decreases.
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2.4.3 Numerical Methods
2.4.3.1 Two-Dimensional Finite Element Models

A two-dimensional finie element analysis was undertaken by Fishermann et al., (1994) to predict
settlement and damage of the Mansion House in London due to the construction of the Docklands
Light Railway. Three separate tunnel sections were planned threleuilding ¢comprisedof 5

storeys of masonry walls iad suspended timber floors). Thground materialswere gravel and
London clay. The soil was modelled as linear elastic and the masonry facade as simple beam
elements witha uniform elastic modulus of 1 GPa aad® 0 i s s ©oro02. Theapredictions
agreed well with the field data only when the verticgimort oftheorthogonal walls was modelled

by using vertical springs at the ends of the investigated wall. This indicates that the 3D geometry
of the building needed to lw®nsideredBy using 2D finite element methodbe researchePotts

and Addenbroke (1997) studied the effect of building stiffness on settlement profiles due to
tunnelling. The soil was modelled as a nonlinear elgdéistic material and was given Laon

clay properties. Plane strain conditions were assumed. The building was reqatese linear

elastic beam. The analysis did not include the building weight or anydhmsmsional effects.

Calabresi et al., (1999) predicted the damage to thelCastagelo in Rome due to tunnelling.

The soil was modelled @ elasticplastic material and constedof silty alluvial sands overlying

stiff clay at a depth of 30 nT.he structure was modetl as a massive masonry cylinder 64 m in
diameter and 35 m ¢in, with a slab foundation 6 m thicKhe diameter of the tunnel was 11.8 m.
Finite element results were compared to empirical predictions and gave good agreement in terms
of damage prediction parameters. The evaluation of the damage to masonry buyidigiebing

the masonry wall as nonlinear when the tunnel is driven symmetricalgr anseries of regularly

spaced orthogonal masonry walls vasformed byusing 2D numerical analysiMiliziano et al.,
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2002). The soil was modellday usingan elasteplastic MohrCoulombmodel,wi t h  Youngos
modulus increasing linearly with deptih.was concluded that damage would be overestimated

when neglecting the sedtructure interaction. Further analyses of masonry walls gareed out

by Boonpichetvong and Rqt§2004). They presenteai2D tunnelling analysis including a full

masonry facade naelledby using a fracture mechanics approach

2.4.3.2 Three-Dimensional finite element method

Zakhem and El Naggar (2016) preszhtadetaied comprehensive 3D finite element nedd
developed to study the induced structural distortions of adjacent structures tlunmelling
activities.

In this study, a comprehensive procedure is developed to assess sefitbelmesd damage to
buildings and the associated saiiructure interawn (SSI). This procedure is based on a finite
element methoavherethe building, he ground and the tunnelling processes are combined in a
single numerical model. The lining of the tunnel is Mty usingaconcrete constitutive model
modified to sinulate the behavior of reinforced concrete thatmore realistic stress distributions
can be obtainedsuchas the nonlinearity of the material behayiand the distindy different

strength performance in comgssion and tensioran betaken into accoun

2.4.3.2.1. Problem definition

This section presents the development of the FE models that were used to carry out the numerical
analyses presented in this study. pheblemconsidered involves a higiise building (15toreys

with 1 basement) on a mat foundati@sting on a thick sandy layer underlain by bedrock at a
great depthgeeFigure 2 12). The 3D FE models were establisbgdising the computer program

PLAXIS 3D AE.O01 (PLAXIS bv, 2015)A sensitivity analysisvas conducted, arehappropriate
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meshsizewas utilized accordingly. The FE models were employed to perform a comprehensive
parametric study to investigate timeraction between the building and the turarelto evaluate
the forces within the differestructural members. This study presentsdseilts of the first stage

of the research.
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2.4.3.2.2. Geometry

The FE modetonsidereds 180 m wideextends 162 m in thedirection and is 60 m deep. These
dimensions are sufficient to allow fany possible collapse mechanism to develop and to avoid
any influence from the model boundaries. Figure 2.12 shows the geometry pfotilem
considered. The tunnedse assumed to be buriedl depths ranging from 1D to 2.5D, where D is
the tunnel diamet, andat horizontal locations rangirfgom 0B (directly beneathhe centerline

of the mat foundation) to 1,Bvhere B is the width of the mat foundation
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2.4.3.2.3. Soil stratigraphy and used material malel

Thesoil layer is assumed to be horizontal throughout tbdeh The ground water table is located

well below the foundation leveso thatthere is no influence of the water table on the ultimate

bearing capacity of the foundation. The analyses wenelucted assuming drained conditions.

The unit weightunsat= 20 kN/n?. TheMohr-Coulomb modeWasselected as the material model.
TheMohrCoul omb model involves only fi vEed080i c pa
k Pa, (2) P 6 ¥ &3s (8)wobesion)Ca 0.2 kdPa, (4friction angle,i = 38, and (5)

dilatancy angley = 0.

2.4.3.2.4. Mat foundation

The 20m x 18 m mat foundation considered in this analysis is located at the centre of the sand
deposit.The foundatiorconsists ofconcrete0.75 m thick with unit weight,o = 24 kN/n?. The
foundaton is modeled by using plate elements from the PLAXIS library wédHinear isotropic

behavior. YoRngd6, mo@duld @8, k Paz,=@xbd Poi ssonds |

2.4.3.2.5. Tunnel lining

The lining wasmodelled as volume elements by usingrbalinear elastalasticconcrete model
developedby Schadlichand Schweige(2014) According to thecasesconsideredthe tunnelis
modeled with lining thickness= 0.05D (i.e., 400 mm in this caseéj all instancesthe tunnel
lining is modelled as concrete with uniteight, 2 = 24 KN/n?. The tunnelconstructionwas
simulated utilizing simplified approached by considering uniform surface contraction of 0.5%

around the tunnel
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2.4.3.2.6. The used FE mesh and its boundargonditions

The model was builby usingapproximately?250,000 3D 1éhode tetrahedral elements. Figure 2

13 shows theneshgeneratedor the model The average size of the element was approximately
110 mm.The lateral boundaries were placed at least 4 times the width of the foundation in each
direction to smulate the infnite medium.The bottom boundary was placed at 60 m below the

ground surface.

. |60m

Figure 2- 13: Meshgenerated for the model

2.4.3.2.7. Results

A parametric study was conducted to examine the effect otuimeel burial depth on the
performance of the mat foundatiohhe influence otheexisting structure on moments and thrusts

developedn the tunnel lining waalsostudied.
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In the parametric study, the tunnel was assumed to be latieeetly beneaththe centdine of the
matfoundation In addition,tunnelburial depths ranginffom 1D to 2.50 at horizontal locations

ranging fromOB to 1B were investigated

A. Effect of the existing structure on moments and thrustsdeveloped in the
tunnel lining

Figure 2 14 shows the perceageincreags (in comparison to the case where there is no surface
structure of the thrust and moment in the tunnel lining at the springline and crown logatlters

the tunnel is locatedirectly beneatlthe centerline of thenatfounddion at burial depthsangirg

from 1D to 2.5D.In comparisonFigure 2 15 shows the perceadeincreass of the thrust and
moment at the springline and crown locationken the tunnel is located at a constant depth of
1D, at horizontal locations rangirfigpm OB (where the center tfe tunnel is directly beneath the
center of the mat foundatiotg 1B.

It canbe seenfrom Figure 2.14 that the thrust and moment increase considerabtymparison

to the case where there is no surface strucespeciay when the tunnel is locatedirectly
beneaththe centerline of the building close to the surfdeigure 2.14(aghows that the thrust
increaseslmost 120% at the springline and 30% at the crown. When the tunnel is located at a
depth of 1Dat a horizontal locatiodB or morefrom the centerline of the foundatigseeFigure
2.15), thepercentagéncrease in the thrust and moment dragsce the tunnes locatedfurther

away from the strongestfluence zone of the building
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B. Effect of an existing structure on displacement of the tunnel lining

Figures 216(a) and 216(b) show theertical (crown) and horizontal (springline) deformatain
the tunnelining for a tunnel locatedirectly beneatlthe centerline of thmatfoundation at burial
deptts ranging fromilD to 2.50 and for aunnelwith a burialdepth of 1Dat horizontal locons
ranging from0B to 1Bfrom the mat foundation centerlin@spectively. It can be seen from Figure

2- 16(a) that the vertical deformation increases as thallepth of the tunnel increases. Similar
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trends in behavior can be observed for horizahe&brmation at the springline. It can $eenthat

the maximum deformation of the lining is less than the tolerable deformation (less than 1% of the
diameter).This is within safety limits The behavioillustratedin Figure 2 16(b) is expected. As

the unnel is locatedurtheraway from the foundation, stredae tothe foundationnterferes less

with the tunnelling zone and consequently less deformation ®doufigure 2 16(b)it can be

seen that at locatidh5B (wherepart of the tunnek under tle mat foundationthe displacement

valuesdropdue to differential settlement
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Figure 2- 16: Displacement of the springline andam of the tunnel lining when the center of
the tunnel is locate(h) directly beneath theenterline of the mat foundation at burial degpth
rangingfrom 1D to 2.5D and(b) at a burial deptlof 1D, at horizontal locatins ranging fron®B
to 1B from thecenterline of themat foundation

C. Effect of the tunnel on the pressure below the existing mat foundation

From Figure 217, which represents the distribution of vertical sttesseath the mat foundatipn
it can be seethat the pressuras generalre notuniform. The maximum applied pressure in all

cases is less than the calculated allowable bearing capacity of the soll.
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Figure 2- 17: Pressurdeneaththe centerline of the mat foundatiasen the center of the tunnel
is locaed (a) directly beneatlthe centerline of the mat foundation at burial depngingrom
1D to 2.50Q and(b) at a burial deptlof 1D, at horizontal locations ranging frod® to 1Bfrom

the mat foundation centerline

D. Effect of the tunnel on the settlementf the existing mat foundation

Figure 2 18 shows the deformed shape of the centerline of the mat foundation. The maximum
value at the center of the nfaundationis less than the tolerable settlemastcan be seen from

the figure It can be seen fromigure 2.18(aYhatthere is lessettlemenbf the mat foundation

when the tunnel is located underneath the mat foundatiarshatlowerburial deph close to the
foundatonThe def or med shape of the mat hasiai ncr ea:
depth varied from one tunnel diameter to 2.5 tunnel dianm@tes.of several factoisfluencing

the settlement of shallof@undationds the supportinggroundstiffness Sincethe stiffness of the

tunnel lining isgreaterthanthatof sand, the found@n soils become stiffaf a tunnel ispresent;
thus,thesettlement iseducedIn Figure 2.18(b)it can be seen thathen the tunnel is located at

0.5B (wherepart of the tunnel is under the mat foundatjafifferential settlement occsiin the

matfoundation
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2.4.3.2.8. Summary of the main findings of the study

This study was conducted to examine the effect ofepisting highrise buildings on the forces

and deformations developed in the tunnel lining and w&eea. The conclusions are summarized

below.

1. When the tunnel is located within the overstressed zana (lepth of up t@D andat a

horizontal distance from the foundation of ugt&B), the defemations, bending moment

and thrusts increassubstantiallyin comparison to the case where there is no surface

structuredue to the interaction between the foundation and the tunnel

2. The horizontal deformation of the lining at the springline thiedverical deformation at the

crown decrease as the burial depth of the tunnel increases

3. All of the above effed decreassubstantially odisappeakvhen the tunnel ifocatedat a

burial depth of 3D or more below the foundation
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4. The pesence of théunnel aes not really affect the vertical pressure underneath the
foundation and its deformed shapee to the high stiffness of the tunnel linimghich acs
as a support below the foundation

5. The current engineering approach to mbdglconcretelinings in numerical simulations
assumes a | inear elastic material with a st
excavation stages. While realistic lining deformations may be obtained with this nmathod,
lining stresses are usuallga high, in particulaif the lining is subjected to significant
bending

6. With the new constitutive modehore realistic stress distributions can be obtgibedause
the nonlinearity of the material behavior is taken into account. Furthermore, thigystdibil
the tunnel came checked at all intermediate stages without the need for additional capacity

checks of the lining crossection

2.5 EFFECT OF CHLORIDE SALTS AND THE FREEZE-THAW CYCLE ON
TUNNEL LINING PERFORMANCE

Corrosion of steel reinforcement isc@emmon problem assated with reinforced concrete
structures. Chlorides are one of the most common corrosion triggersinBesalts used in cold

climate conditions are the mositdespreadgource of chlorides that affect concrete structures.

Corrosioninduced cracks develajue to rust (iron oxide) accumulated on the reinforcement bars.
Rust is the main product of corrosion. This accumulated layer of rust can occupy up to 6 times the
volume of the original steel. As a result, the concrete is pushetaaqubcracks develops the
corrosion progresses, more and more agstimulateand the cracks continue to grow.
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When the cracks become wide enough, a portion of the concrete beneath the bars spalls off, leaving
the bars completely exposed. Once the hms their bond witlthe concrete due to spalling, the
section behaves more like a plain concrete section. As a result of corrosion, a structural member

may lose a significant portion of its strength and might even collapse.

Corrosion cracks may widen if water gets into tteecks and freezes. The expanded ice within the

cracks causes them to widen and leads to further deterioration.

In cold climates, freezing and thawing are the most common source of wed#ted crackingn
concrete structures. Concrete may be damagéekbying of water in the paste, the aggregate, or
both. Weatherelated cracking can also be caused by volume changes in concrete as a result of

alternate wetting and drying and heating and cooling ofrede structures.

Accordingly, water can damage toals in several wayduring their working life. Itcan cause
internaldeterioraion of the mortayeg., the strength of the concrete lining of the railway tunnel
between Shimonoseki and MajiJapan waseducedwith cracks developing in the concrstebs
and deterioration of thecement asphalt mortar (Howard, 199Water can alsaorrode the
reinforcementas occurredn the United Arab Emirates road tunnel between Dubai and Deira
wherethe reinforcedconcrete lining was damaged dueatiigh level ofchloride in the concrete
resulting fromthe seepage of salty water through the structure (Howard, 198d)adation and
redu@dstrength otheconcrete an likewiseaffect the tunnel liningas in the aseof the cement
concrete tunnel lining of th8alart hydroelectric gallery in France, whexeriousleakages were
founddue to dissolution of the binder and even the calcareous aggh&fdeés.can alsaffectthe
tunnelinstallation,with icicles appeang in the ceiling slab and the roads becominganycold

days as happened in tiead tunnel between Gollin and Werféwstria (Howard, 1991).
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Gulikers (2003) used a simplified numerical model to investigate the electrochemical behavior of
embedded pas/e steel reinforcement in tunnel linggvith a restricted oneided access to
oxygen. Amleh and Ghosh (200Benexamined the influence of corrosion on bond strength at
the steelconcrete interfaceas well ashe associated slip and crackifigey deeloped anonlinear

finite element model to accoufudr the effect of corrosion on deterioration of the bond. Sun Fu
(2007) concluded that the depth of the tunnibe chloride diffusion coefficient and
electrochemical corrosion are the main factors afigdiie durability anéxpected service lifef
atwnnellinngbased on theoretical and | aboratory ex
Wang (2008) analed the effects of chloride ion diffusion, chloride concentration and thickness
of the concrete over on the carrying capacity of the tunnel linstgucture of a harbor tunnel in
China. In addition Chen et al. (2010) measured the durabilityaafoncrete lining under the
combined action of a compressive load and carbon penetrhtiostudying the @sea tunnel
between Qingdao and Jiaozhou. Tiamale{2012) tested the durability afconcrete lining under

the combinednfluenceof a freezethaw cycle and carbonation

2.6 SUMMARY AND RESEARCH NEEDS
The following section highlights themain research needs identified by the conducted literature

review.

1. Previousstudies simulateanly one aspecbf the buildingwhile considering the SSI
between tunnels and surface structud@s.most casesthese studes consideredhe
basement excavation caskthe building without consideration of the building itsedfaa
whole In this thesis the whole building is simulated in the numerical siutlyding its

basement excavation and construction sequence
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2. Most of the previous studiesaldoes not simulatine actions of the tunnel boring machine
(TBM) during excavatin, including the face and grout pressures and consequently ignored
a critical aspect of the probledm thisthesis thedevelopechumericalmodel accounts for
thestaged construction sequence, including the interaction between the TBM machine and
the surounding soil, the applied face pressure and jacking forces, the interaction between
the segmental tunnel lining and the surrounding sod,tha injection pressure of the talil
void grout and its hardening with time

3. The vast majority of existing reseantiodelledthetunnel lining as an elastic beam or plate
and has considered it as a monotamntinuous structurdn fact, the shield tunndihing
is formed by assembling prefabricated concrete segments bolted together to form rings that
are erected withi the tunnel bore.

4. Several existing researchdsidied theinteractionbetween basement excavation and an
existing tunnel by using 2D plan strainscheme2D models, however, cannot simulate
complex 3D geometries, the 3D nature of the excavation processr t he e ect s
passage of a tunnel in the longitudinal direction. Hence, 3D modelling is essential for fully
capturing all the meciméssms of ground deformations and stress redistribution induced by
tunnelling

5. Many of research available in theeliature nodelled thesoil using elastic or elastic
perfectly plasticsoil models Linear elastieperfectly plastic models have befund to
provide slightly better predictions than the elastic models but are still incapable of fully
capturing the perfornmece Henceto achieve better predictionthe conductedumerical
analyseshould utilizean advancedchonlinear constitutive soimodelto model the soil

behaviour.
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6. Many tunnel owners have developed restrictive guidelines including imposing an exclusion
zone for the construction of foundations close to their tunnels. These guidelines are mostly
based on experience, not ofuadamental understanding of this complex probldemnce,
rigorous exclusion zones and design guidelines that can be used byowwneed, tunnel

designers and other involved professionals is needed.

Accordingly, in an effort to answer some of ther@nt research needs highlighted abdhe,
presentthesispresents the results afcomprehensivé&D finite elementexerciseto investigate
how newly constructedbuildings supported on raftoundations affecintactand degradegre-
existing tunnel lining. Thus a new design guidelinean bedeveloped to impose an exclusion

zone for the construction of structures close tegxisting tunnels.
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CHAPTER 3 EFFECT OF THE  CONSTITUTIVE
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3.1 ABSTRACT

Earth pressure balance (EPB) shididzen tunnelling involves a complex sairucture
interaction problem, where performance is heavily infleeifay stress history aitd development
during construction. Numerical modelling must therefore focus oncts®le appropriate
constitutive models for soils and structyrssnulating construction procedgrand sequense
and modelling the soil/structuraterface. Reliable numerical models to predict expected

settlements, lining pressures and other design pressare essential for safe tunnel design.

This paper discusses these factors in detail by utilizing adeelimented case study of twin
tunnelsin Shanghai. A 3D finite element model of the behaviour of reinforced concrete tunnel
linings is developed ursg thenew PLAXIS concrete model. Predictions of four different advanced
soil constitutive models are compared with measured field resultsegsdbge model effectiveness

and suitability. The undrained behaviour of the saturated soft silty clay #ul @mnnelling site is
studied during and after advancement of the shield tunnelling machine. The comparison matrix

includes surface settlemenbtighs along transverse sections, and changes developing in earth and
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pore water pressusaroundthe tunnel. ie HSSmall soil model, which accounts for increased

soil stiffness at small strains, was found to be the most suftatdeldressing these probie

Keywords: numerical modelling, soft clay, tunnelling, EPB, settlement, pore water pressure, case
history, soil structure, hardening soil model, HSSmall soil model, modifiedadaynsoil model,

soft soil model

3.2 INTRODUCTION

Closed shield tunnel boringachines (TBMs), including earth pressure balance (EPB) TBMs, are
frequently used to excavate and advancedlsnmnder any soil conditions, especially in soft soils
below the groundwater table [8]. This tunnelling method permits more stable tunnel exgavat
where the excavated soil mixes with the slurry and is pumped back under pressure to stabilize the
working face, thus balancing the earth pressures in the ground. The BEB8 GfBMs has grown
rapidly in recent decades due to advantages such as safdtp] of groundwater, minimal ground
movements, and operating costs lower than those for other types of shield machinery. The
modelling of tunnels constructed with this methodst address not only the nonlinearity and
anisotropy evident in tunnelling@blems in general, but also the complexities arising from the
excavation sequence, including the interaction between the TBM machine and the surrounding
ground, applied face psure, jacking forces, segmental lining, and tail void grouting and injection

pressure.

Surface settlement induced by tunnel excavation with EPB TBM machines is commonly estimated
by using approaches ranging from simplified empirical and analytical mettwdore rigorous
finite element numerical simulations. Each of these mathiades in complexity and hence in the

accuracy of its predictions. In practice, empirical and analytical methods are typically used in the
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early stages of the preliminary desigf TBM tunnels. They are useful for quickly studying the

effect of excavatin process parameters on settlements and their effects on surface structures. Peck
[30] and Schmidt [39] estimated the vertical surface settlement trough by utilizing a Gaussian
normal distribution function. This approach was later improved by Oteo & M&8}ahd Sagaseta

et al. [34], who considered additional tunnel and ground parameters such as the tunnel radius, and
the soil elastic modul us asadappaachsamnedtimatetizet i o .
subsurface movement or stress distributidlence, Sagaseta [35] andftiel & Sagaseta [43]
developed closetbrm solutions for near surface tunnels in isotropic homogeneous incompressible
soil, assuming an elastic haface. These solutions account for volumetric compressibility, the
effects of gound loss, and the ovadition of the tunnel. Verrujit & Booker [46] generalized
Sagasetads solution to calcul ate su+nfindtece set
medum, as well as displacements and stresses throughout the elasspdwioganathan &
Poul os [ 23] enhanced Verrujit and Bookerds sol
a gap parameter that accounts for the void formed around the tlumébd ovetexcavation. El

Naggar et al. [14] and El Naggar & Hinchberger][@i8veloped two closefbrm solutions for
composite tunnel linings in elastic ground. The first solution considers the lining and the grout
annulus as an inner thimalled shelland an outer thickvalled cylinder, respectively, embedded

in elastic ground.This solution accounts for the effect of ground convergence prior to the
installation of the lining. In the second solution, the analysis is extended to account for the
rotationa stiffness of the tunnel joints. It should be emphasised that efosedsolutions can at

best yield only a rough approximation of the ground behaviour. Nevertheless, they can provide a

quick and useful method of settlement prediction.

44



The rapid advareof computers in the last few decades has allowed researchers to develop two
dimensional (2D), and thresimensional (3D) numerical models which utilize the finite element
(FE) method with different aspects of soil behaviour to estimate-siadt longterm ground
settlements due to tunnelling. However, most finite element tungetiodels available in the
literature are twalimensional and assume plane strain conditions [24,15,33,41,19,20,18,9,2,44,
andL3]. In most of these studies, the predictions ofpPihe strain FE models are compared with
yeld dat a. Pl amgeneraly usea begsause thaylregusreefeweracomputer resources
and are less timeonsuming than thregimensional analyses [5]. 2D models, however, cannot
simulate complex 3D geaant r i e s, the 3D nature of the exca\
passage of a tunnel in the longitudinal direction. Hence, 3D modelling is essential for fully
capturing all the mechanisms of ground deformations and stress redistribution induced by
tunnelling [4,6,5,45,27]. There are some key aspects which control the prediction accuracy of 3D
modelling of tunnelling problems, especially for soft ground. These include the constitutive soll
model employed, modelling of the tunnel lining and its mat@eaformance, and modelling of

the excavation process itself, including the construction process and sequence.

Several constitutive models for soft soils are reported in the literature. The linear elastic material
model has been found to be inappropribezause the calculated displacements involve heave due

to unloading e ects and erfecdyspiastia neoteis ddve Heeh2 , 1 0 ]
found to provide slightly better predictions than the elastic models but are still incapable of fully
cgpturing the performance. For example, when a linear elpstiectly plastic soil model was

used for 2D modelling of Shanghai Metro line 2, it predicted shallower and wider surface
settlement troughs than those actually observed during constructioM fild will be discussed

further bel ow.-claymogel (MECQ) useckby Mair &tnal. [25] was also found to
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predict wider and patter settlement troughs,
particular, the FE model used was a 2D pldrearsmodel and did not account for the excavation
sequence. In the work of these researchers, the excavation was simulated simply by reducing the
radial pressure along the inside boundary of the tunnel to zero. However, recently Xia et al. [48]
developeda 2D model of Shanghai Metro line 2 by using a MCC model. The predicted results
matched the measured data more closely than did the results of Mair et al. [24,25], however the
predicted trough settlement differed by approximately 20% from the measureHeiata, linear
elastieplastic models and other soil models based on them predict surface settlement troughs that
are too wide and shallow. The reason for this is that they cannot correctly account for the nonlinear,
inelastic soil behaviour which has Ipeghown to occur at small strains and is an essential feature

of the soitstructure interaction in tunnelling [7]. Furthermore, all structural elements including the
tunnel lining are typically represented in available models in the literature by linstic @iodels

or at best elastiperfectly plastic material models, despite the fact that concrete behaves differently

in tension than in compression.

The primary objective of this paper is therefore to develop a comprehensive 3D finite element
model capale of capturing, to a great extent, the complexstilcture interaction associated with

the tunnel excavation process. The model developed accounts for a staged construction sequence,
including the interaction between the TBM machine and the surrousdihghe applied face
pressure and jacking forces, the interaction between the segmental tunnel lining and the
surrounding soil, and the injection pressure of the tail void grout and its hardening with time. A
concrete material model newly developed AKRIS is utilized to model the reinforced concrete
elements of the tunnel lining. The effectiveness and suitability of four different advanced soil

constitutive models are also assessed, by comparing their predictions with the measured results.
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The four sd models considered are: i) the hardening soil model (HS); ii) the hardening soil model
with smaltstrain stiffness (HSsmall); iii) the modified castay model (MCC); and iv) the soft

soil model (SS). The undrained behaviour of the saturated soft s§tyail at the tunnelling site

was studied during and after advancement of the shield tunnelling machine. The predictions of the
models developed were verified against the measured field results of thdowathented twin

tunnels of the Shanghai Metro éir2 case study [21]. The comparison matrix includes surface
settlement troughs along transverse sections over the short and long term, and earth and pore water

pressure changes around the monitored tunnel and their development with time.

3.3 THE CASE STUDY CONSIDERED

Shanghai, the largest and probably the most developed metropolis in mainland China, has the
world's most extensive rapid transit system, comprised of 16 metro lines with a total length of 644
km. This paper examines the construction of the firasplof the second metro line in Shanghai.

The construction of this phase started in December 1995 and was completed in February 1999.
The line extends from the Pudong district in the east, under the Huangpu River, and connects with
the Puxi district in thevest. It consists of twin tunnels 16.4 km long, each with an outer diameter

of 6.2 m and an inner diameter of 5.5 m, excavated by earth pressure balance closed shield tunnel
boring machines (ERBBMSs). The length and thickness of the lining rings are anweh 0.35 m,
respectively. Each ring consists of 6 precast reinforced concrete segments joined together by 16
steel bolts in the circumferential and longitudinal directions. Because the twin tunnels pass
underneath one of the busiest cities in China, aenskte system of field instrumentation was
installed along the tunnel to monitor the construction process and to capture any effects on nearby

infrastructure. The results of the 3D FE model developed in this paper are verified against the
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measured field da of section S2, located at the intersection of Chengdu Road and Nanjing Road.

Lee et al. [21] describe this case study in more detail.

3.3.1 Geology

Shanghai is located roughly 70 km from the seashore, on the Yangtse River Delta in the large
coastal plairbounded by the East China sea and the Yangtse River. The subsoil of these coastal
lowlands is composed of a thick sequence of normally consolidated soft soils. Metro line 2 is
located in this area of alluvial and marine sediments. Several boreholes Weceadong the

tunnel route to investigate the subsurface conditions in the project area. Fifgieows the
locations of the boreholes along creestion CC [22]. Figure3-2 illustrates the complex soll
deposits comprising six clayey layers, which aandwiched between five aquifers (aquifers | to

V). Aquifers | and Il are interconnected, which means that their ground water level and pore water
pressure change simultaneously. This paper considers the top 50 m of soil, consisting of silty clays
and sad as per Lee et al. [21]. The depth of the twin tunnels of line 2 is about 15 m. The tunnels
are located in a soft silty clay deposit. TaBle summarizes the soil properties obtained from the

ground investigation program conducted at the site [21].
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Table 3.1: Soil parameters obtained from the test site [21]

Layer Name Thicknesy Bulk |Specifiq Water | Void Plastic |Compressiof Soil [Coefficiert of| Coefficient
no. (m) density] density] content| ratio index index cohesior] permeability] of earth
JBulk Gs w € Ip Ce co kv pressure a
(KN/m?3) (%) (%) (kPa) (m/s) rest, K
1 M'Sci'i'ﬁ‘”eow 1.4~3.35| 18.00 0.85 0.05 2 6.00E06 0.43
2 Silty Clay 0.7-2.2 | 18.70| 2.73 | 34.80 | 0.97 21.00 0.51 13 1.72E09 0.46
3 M“%?’g; f”ty 3.3-4.9 | 18.00| 2.72 | 4050 | 113 | 17.80 0.65 7 2.18E09 0.52
4 Mucky Clay | 8.8-10.5] 17.00| 2.75 | 51.10 | 1.44 26.60 0.46 10 1.51E09 0.57
5-1 Silty Clay |[10.2-12.1] 18.30| 2.73 | 34.80 | 1.01 17.30 0.46 10 3.00E09 0.50
Silty Clay with
5-2 | thin silty sand 10.2-12.2| 18.30| 2.72 | 33.00 | 0.98 22.10 0.37 20 1.42E07 0.41
layers
6 Silty Clay 1.8-3.8 | 19.90| 2.72 | 23.80 | 0.70 15.10 30 3.00E09
7-1 Silty Sand wit 3.7~7.0 | 20.10| 2.70 | 22.50 | 0.64 11.20 1.57E07

Silty Clay
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3.3.2 Method of tunnel construction

TheShanghaMetro line 2tunnelwasconstruotdwith earthpressurdoalance (EPB) tunnel boring
machines geeFigure 3-3). The body of the TBM machingas6.34 m in diameter and 6.24 m
long. The most importargrinciple of EPB is to control the removal of tseil volume into the

soil chamber as th&hield advancesvhile maintaining an equilibrium between the earth pressure
inside the chambeand the earth and hydrostatic pressures outside the cutting surface. An
imbalancecanlead to run or flow soil conditins. The gap left between the tail skim &hne lining

is then injectedvith compensatig grouting material composed of a mixture of fine round sand,
fly ash, lime, and various admixtures.

Shield jack o
Lining segments

-~ Shield body f

L
| { I I I ]

A"

Cutter disc %

} { T [
|—Soil chamber \—Screw conveyor

Figure 3- 3: Earth pressure balance shield tutinglmachine

3.4 SOIL/MATERIAL MODELS CONSIDERED

As mentioned above variety of soil constitutive models are available in the literature. These
models vary in their complexity anthus in their modelling capabilities. Thehoice of a
constitutive model depends on several aspettwhich the most important agenerally the type

of intended analysisthe expected precision of predictionthe expected soil behaviouand

available soil parameters.
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The following section sumarizes the features and capabilities of each of the four soiéls

considered, togethevith the concrete modeised

3.4.1 The hardening soil model (HS)

The hardening soil model is an advanced model capable of simulating the behaviour of different
types @ soft and stiff soils [38]. The HS model has superseded thelhylpemodel of Duncan

and Chang [12], by using the theory of plasticity rather than the theory of elasticity (see3Figure
4). The failure stress is determined by using the M&dwlomb failire criterion. The yield surface

of the hardening plasticity mobis not fixed in the principal stress space and can expand due to
plastic strains. In the hardening soil model, the stress dependency of soil stiffness is accurately
described by using thradifferent input stiffnesses. These are the triaxial loadin{nest,O ,

(see Figure3-4(a)) which determines the magnitude of both the elastic and plastic strains; the
oedometer loading stiffnes®, , (see Figur&-4(b)) which accounts for the plastic strain due to
primary compression; and the triaxial unlaoaglreloading stiffnessQ , (see Figure3-4(a))
which, i n conj unc t}i aeternmnedthe grBund behawouor drsler unboading ,
and relading conditions. In Figurg4,,, and, representthe major and minor prindipgiesses,
wande are thesoil strength parameters, represents the axial strain, and represents the
reference overburden stress.the HS modelD is used instead of the initial modulus,, for

small strains. As a taegt modulus, this is more difficult to determine experimentally, and is given

as:
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whereO s a reference stiffness modulus corresponding to the referencajstresehe power

& in the above equation reflects the amount of stress dependency. Likewise, the stress dependent

stiffness modulusdr unloading and reloading is given as:

HATO , OBI
GAT-0 7 OE] ¢

where’O is a reference stiffness modulus for unloading and reloading corresponding to the

reference stress

The yield function'Q) in the HS model is given as:

“Q ” ” C ” ”

N
!O I;] ” ” ‘O

wherel is the plastic shear strain afdis the asymptotic value of the shear strength, where

n —.'Y isthe failure ratio, and is theultimate deviatoric stress\gn by:
pOBI K76
—_— L] 9]
s oel” ¢
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Figure 3- 4: Definitions of(a) O andO for drained triaxial test results, arld) O for
oedometer test results

3.4.2 The hardening soil model with smalkstrain stiffness(HSSmall)

At low strain levels most soils exhibit a greater stiffness, which varies narijingith strain and
deaeases to less than half of its initial value at higher strain levels. This relation is illustrated by
the typical Sshaped stiffnesstrain curve in Figur&-5. This stiffnessstrain relation is based on

the Hardin and Drnevich [1@quation:

o o
0, L ?
Py
o1
0 X

O . . . .
where,.a is the ratio of shear modulus to the maximum shear modulus at a very small strain, and

T is the maximum shear stress at faillree hardening soil model with smaliran stiffness

(HSSmall) is an extension of the hardening soil model. The main difference is that HSSmall

accounts for the increased stiffness at small strains by using two additional material parameters:

() 'O , the smalistrain shear modulus, aii@ [ g, the strain level at which the shear modulus

is reduced to about 70% of the small strain shear modulus [36]. In HSSmall it is also assumed that
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the elastic modulus is dependent on the level of stresstlas rardening soil model. Henc®,

is a function of the strength parameters together with the state of stress and the reference shear

modulusO . Figure3-6 shows an example of a stiffness reduction curve used in the HSSmall

model.

1 . H_o_HRetaining walls
S |
&) a———|Foundations
o
=
z l————p»{ Tunnels
(=]
E Very
= small - ; —
2 strains Conventional soil testing
w J - H.
Small strains
Larger strains
0 T T T T ™
le le? le* le3 le? le'!

Shear strains ys

Dynamic methods

e}
Local gauges

Figure 3- 5: Characteristic soil stiffnesstrain behaviour, with sin ranges typical of laboratory
tests and structures (after Atkinson & Sallfors [3])
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Figure 3- 6: Secant and tangent shear modulus reduction curve

3.4.3 The modified camclay model (MCC)

The modified cantlay (MCC) model [31], oa of the most commonly used soil models, is an
elastieplastic strain hardening model. The derivations of the MCC model utilize critical state
theory, with a basic assumption that there is a logarithmic relaippbsbween the mean stress,
Nnaain virgin isotropic compression and the void ratio, e. In the MCC model the stiffness is assumed
to increase linearly with the stress. The yield criterion of the MCC model is an ellipse. It is smooth
in the pg plane (seeigure3-7), with a crossedion independent of the Lode angle, and is defined

as a function of the preonsolidated pressurg () as described by:
MM A 0 nEenn m W

wherer) is the effective mean stress, api the effective deviatoric stress. M is the tangent of the
critical state line, which determines the shape of the yield surface (height of the ellipse) and

influences thecoefficient of lateral pressur®, , in a normally consolidated stress state under

56



onedimensional compression. In this model the hardening is controlled by tvemselidated

pressurer) , which depends on the volumetric strain as follows:
n n Q p Tl
0 0 PP

wheren and Q represent the initial consolidation pressure and the void ratio, respectively.
- represents the volumetric strafn, is a parameter that depends 'n _is the compression
index which determines the compressibility of the material in primary loading]l @dhe

swelling index which determines the compressibility of the material in unloading and ngloadi

A Critical state Line

'dry side' / 'wet side'

Ko"-line
-

p P'
Figure 3- 7: Yield surface of the modified cam!| ay mo d egiplanen t he po

3.4.4 The soft soil model(SS)

The soft soil (SS) wdel, which is based on the MCC model, is intended mainly for primary
compression of near normaltigpnsolidated clayey soils. The SS model utilizes the Meyulomb
failure criterion, which is a functeldtumtionf t he
of the SS model in thg -riaplane is an ellipse (see FiguB€3(a)) that is depalent on the mean

effective stress) hand the effective deviatoric stregshtogethemwith the preconsolidation stress,

n hwhich it is determined from the plastic strain:
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where_" andll* are the modified compression aswelling indices, respectively (see Figie

8(b)). They distinguish between primary loading and unloacki@pding:

, 6 _

= c¢@wp Q p Q v
, co ll

I PO

¢cwgp Q p 0Q

where G is the compression indes is the swelling indeye is thevoid ratig and_ andll are the

camclay compression and swelling indices, respectively.

Y/ Ve
é threshold ellipse
‘ 1

ccote P,

() (b)

Figure 3-8:(a)Yi el d sur face of t-helang (b)fLagarithmic relatiomo d e |
between volumetric strain and arestress

Table3.2 summarizes the soil parameters of each four constitutive models defined previously and

used in the finite element analysis.
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Table 3.2: Input parameters of the foaonstitutive soil models

B HS and HSSmall MCC SS

Layer W"I IF>:I . T >ull Ag > 3 M o * 9 *
N0. | (kPa) | (kPa) | (kPa) | (kPa)

1 | 10,000 8000 | 30,000| 124,000| 1.40E04 | 0.0231| 0.0111| 1.418] 0.0125| 0.0060
2 1,111 | 888 | 7,184 | 29,000 | 3.00E04 | 0.2217| 0.0494| 0.764| 0.1126| 0.0251
3 942 | 754 | 9,165 | 34,990 | 3.30E04 | 0.2826| 0.0418| 0.760| 0.1327 | 0.0196
4 1,525 | 1,220 | 7,026 | 29,270 | 3.30E04 | 0.2000| 0.0625| 0.764 | 0.0820| 0.0256
51 | 1,256 | 1,005 | 8,898 | 33,240 | 3.20E04 | 0.2000| 0.0407 | 0.814| 0.0995| 0.0202
52 | 1,539 | 1,231 | 6,862 | 28,590 | 3.20E04 | 0.1609| 0.0519| 0.920| 0.0812| 0.0262
6 | 15,000| 12,000| 45,000| 65,000 | 3.00E04 | 0.0142| 0.0068 | 0.764 | 0.0083| 0.0040
7-1 | 20,000| 16,000 60,000| 75,000 | 3.10E04 | 0.0102| 0.0049| 1.157| 0.0062| 0.0030
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3.5 THE CONCRETE M ODEL

Schadlichand Schweiger [37] inoduced a new uselefined concrete model to PLAXIS
3D. Their concrete model is a nonlinear elastoplastic model wdikels into consideration
strain hardening/softening in both compression and terssongll as the timdependent
strength and stiffnessf concrete. The model is also capable of simulating the creep and

shrinkage behaviour of concrete.

This concrete modeiltilizesthe MohrCoulomb failure criterion for deviatoric loading and
a Rankine yield surface when subjectedtetasile loading contlbns. In compression, the
stress increases to the maximum compressive strefi@h, and then softens to the
resdual strengthwhereasn tension, the tensile stress increases linearly until reaching the

ultimate tensile streggth, "Q, , and then softens to the residual tensile strength.

The behaviour is governed by two distinct yield functions in terms of the major and minor

principal stresses (i.e,, and, ) as follows:

0 P X

0 . a o

where’Q and Qrepresenthe uniaxial compressive and tensile yield stresses, respectively.

. representthe intersection of thlohr-Coulomb failure enslope and the istropic axis
and is given by:

"0 0
C

OBl
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wheree represents the maximum inclination of tMehr-Coulomb failure envelope, as shown

in Figure3-9.

O £, oy £ -6

Figure 3- 9: Yield surfaces and failure envelope of the mode

In compression, this model follows the approach proposed by Schutz et alhi@] the stress
strain curve is divided into four zones, as shown in Figit&®a). In tension, the behaviour is
linear elasticuntil reaching theultimate tensile strength’Q, and then softens linearly to the

residual tensile strength, as showrrigure3-10(b).
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1.0
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Figure 3- 10: Normalized stresstrain curvga) in compressiofand(b) in tension
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The Schadlichand Schweiger [37] concretaodel is a comprehensive constitutive model that

involves 26 different parameters, as shown in Tal@eFor more details, please refer to Schadlich

and Schweiger [37].

Table 3.3: Input parametersf theconcretemodel

Desciption Value Description Value
YoungoOs ncondretdEa(&SPgo f| 31 Tensile fracture energy abncrete 6.9
Gt,zs(kN/m)

Poi ssonb6s r at | 0.15 | Equivalent length (if no regularizatio 0
is used)Leq(m)

Compressive strength ebncretefc 2s(MPa) 45 | ncr e gwith inaease 0po | 18
(m)
Tensile strength atoncretef; 25 (MPa) 4.5 Maxi mum frig&dI{°) o 37
Dil atanc@ angl 0 Ratio between creep and elastic stra| -
Ucr
Time dependency of elastic stiffneEs/Ezs 1 Time for 50% of creep strains, --
0 (days)
Time dependency of strengthy/ fc.2s 1 Final shrinkage strain, --

Normalized initially mobilized strengtiicon | 0.15 Time for 50% of shrinkage strains,| --

0 (days)

Normalized failure strength (compression| 0 Safety factor for compressive streng 1
fcfn Oic

Normalized residual strength (compriess, 0 Safety factor &9 1
fcun

Uniaxial plastic failure strain at 1h, 8h, 24t -0.001| Time for full hydration (usually 28 28
- days),thydr

Compressive fracture energyaincrete 100

Ge 24 KN/m)

Ratio of residuaVs. peak tensile strengthyn 0

3.5.1 Verification of the concrete model used
This section summarizes the results of the study conducted to verify the newly proposed concrete
model. Experimental data from the literature were used to evaluate its perferraadc

predictability for plain concrete as well as for fibeinforced concrte in compression. For this
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purpose, the timeependant features of the model were muted because the behaviour compared
was that of concrete at 28 daysgure3-11 (a) shows thenesh of the developed 3D numerical
model that was used in the verificationtbé concrete model. The plain and fiber concrete were
modelled by using higher order -b@de triangular volume elements. The verification models
comprised around 980 nodes arif) ®lements with an average element size of approximately 25
mm. The bottom bandaryof the modeWas fixed in the z direction and free in the other two lateral

directions. The input parameters of the plain and fiber concrete models are shown B4l able

Table 3.4: Input parameters of the plain and fiber concrete models

Y o u n g| Compressive| Tensile Compressive Tensile
modulus, strength, strength, fracture fracture
Ezs fc,28 ft,28 energy,Gc2s | enagy, Gizs
(KN/m?) (KN/m?) (KN/m?) (kN/m) (kN/m)
coan | 400 60x10° 3000 100 0.05
oncrete
Fiber 1 41310 80x10° 4000 130 6.9
Concrete

3.5.1.1 Stress strain curve of plain concrete in compression

Wee et al. [47] carried out a comprehensive experimental investigation that involved testing 163
cylindrical specimens (100 x 200 mm) in a Denison cldeegd, servecontrolled hydraulic testing
machine to generate strestsain curves of concrete in conagsion, with a 28lay compressive
strength ranging from 50 to 120 MPa. A 3D finite element motlalconcrete cylinder with the
same diameter and height was develope®LAXIS for a"Q, of 60 MPa, by using the new
concrete modelt can be seen from FiguB11(b) that the predictions of the proposed concrete

model are in very good agreement with the experimental curve.
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3.5.1.2 Stress strain curve of fiber-reinforced concrete in canpression

Mansur et al. [26] carried out an experimental investigation that involved testing 100 x 200 mm
cylindrical specimens in a closéabp, servecontrolled compression testing machine to generate
stressstrain curves of higistrength fiber concreten compres®n. The 28day compressive
strength of the specimens ranged from 70 to 120 MPa. The steel fibers used were Dramix hook
ended fibers of diametér = 0.5 mm and length= 30 mm, yielding an aspect raitiplz of 60.
Another3D finite element model of a corate cylinder with the same diameter and heigfth

"2, of 80 MPa and fibreeinforcement details, was developed in PLAXIS by usimg new
concrete modelt can be seen from Figu®11(c) that the predictions of the proposed concrete

model are irexcellent agreement with the experimental results.

120 » Test 120 = Test
_ (Weeetal 1996) (Mansour et al., 1999)
) PLAXIS 3D T80T PLAXIS 3D
'é L= L = E “ -.l W i
200 mm z 40 4 i 3 | | z [ —a
@ » L] @ n
b | ‘A: ' ! I 1 I
w0 t t t t t i »n 0% t t t 1
0 1 2 3 4 5 6 0 4 8 12 16
Strain (x 102 mm/mm) Strain (x 10~ mm/mm)
>
100 mm

(a) (b) (c)
Figure 3- 11 (a) used mesh(pb) validation of plain oncrete andc) validation of fiber concrete
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3.6 3DFINITE ELEMENT ANALYSIS

In order to investigate thafluence of the soil model employed on predictions of the behaviour
of shielddriven tunnels, four comprehensive finite element models were developesinigythe
commercial software package PLAXIS 2D17. The four models were designed to have the same
geometry, layout, construction sequence and procedures as the case study under consideration,
however, each of the models utilized a different constguswil model to simulate the soll
behaviour. The predictions of the four models were then comparee togasured field results to
assess the suitability of the different constitutive soil models. The comparison matrix included the
surface settlement trghs along transverse sections measured at one month and three months after
the construction. The ab¥itof the finite element models to predict the pore water pressure
development and the earth pressure changes around the monitored tunnel, and tbpmdatvel

with time, was also assessed

3.6.1 Geometry

Figure 312 shows the geometry of the problem under icenation. The centerline of the tunnels

is located 15 m below the ground surface, in layers 4 ahdFsgure 313 shows one of the
developed 3D numert models that was used in the verification. The natural ground and the
tunnel lining were modelled bysing higher order t@ode triangular volume elements. The
verification models comprised around 100,000 elements with an average element size of
approximately 120 mm in the zone between the tunnel and the grouted annulus. The large number
of small elementgnsured high accuracy, especially at locations where nonlinear behaviour was

anticipated.
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Figure 3- 12 Geological profileof the observed site (S2) (after Lee et al. [21])
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'I:Jayef 7-1 I_-
(b) Crosssection through the model

Figure 3- 13: Details of the3D finite element modatitilized for the ShanghaMetro line2
tunnel

3.6.2 Soll stratigraphy and material modelused

At the observed site, boreholes near the instrumentatioiorsaelvealed that the subsurface
stratification is relatively consistent, as shown in Figuré2 and 313(b). The various soil strata

and their soil properties@asummarized in Table 3.1. The ground water table was assumed to be
1.5 m below the groundigface, and the pore pressure was assumed to be hydrostatic with depth.
The analyses were conducted assuming undrained conditions. Four different 3D modelsdyere us

each with a different type of material model: The hardening soil model (HS), the hardeiiin
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model with smalistrain stiffness (HSsmall), the modified catay model (MCC), and the soft
soil model (SS). The soil parameters utilized for the fourtdatise models in shoftand long
term conditions were obtained from the laboratory experiaieesults presented by Lee et al.

[21] for the Shanghai soft clay encountered.

3.6.3 Tunnel lining

Shanghai Metro line 2 consists of twin tunnels. The outer dermoéeach tunnel is 6.2 m and the
inner diameter is 5.5 m. A craesgction of the tunnel ling is shown in Figure-34. The linings
were modelled as volume elements by usingnibelinear elastoplasticoncrete modehewly
developed by Schadlich and Scleiger [37] This concrete modelaccounts for strain
hardening/softening in both compressiom aensionas well as the timdependent strength and
stiffness of the concretdn compression, the stress is allowed to increase to the maximum
compressive strgth, "Q, , and then soften to its residual strength; while in tension, the tensile
stress increases linearly until reaching thigmate tensile strength’Q, , and then softens to its

residual strength. Table 3.2 summarizes the concrete paramstd.

Moreover the friction behaviowat the tunnefrout interface and the groesbil interface vere
modelledby using fivenode interface elements from the PLAXIS library, and the roughness of

the interaction was modelled by utilizing a strérngiduction factor at the interfacein&® = 0.67.
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Figure 3- 14: (a) Crosssection, andb) trajectory of the tunnel lining

3.6.4 Boundary conditions

A fully fixed boundary condition was assumed at the base of the matd2m lelow the tunnel
invert. In the models, the witl considered was 78 ,jand the lateral boundary conditions were
assigned to be free in the vertical direction and fixed in the horizontal diréChiese dimensions
are sufficient to allow any possible colispmechanism to develop and to avoid any arfae
from the model boundaries. In additi@sensitivity analysis was performed to check the effect
of the model size, the lateral boundaries, and the mesh quaityhe number of elements). The

analyss confirmed the suitability of the model dinsgansused

3.6.5 Numerical simulation for the tunnel construction process

The construction process of a typical EPB shield tunnel involves repetitive excavation procedures
(i.e., steps) with the installation of eaghg. Each step consists of sevarahsecutive sulsteps,

which must be properly modelled in the numerical simulation. The 3D finite element model
developed in this study employed the following -sidyps for each excavation step: First, the soil

in front of the EPB shield was excavated, angport pressure was applied at the tunnel face. The
tunnel face pressure was a bentonite pressareaing linearly with depthwith,, 5 setto 210

kPa and, ; setto 20 kPa/m. Th&PB shield vas then activated and the conicity of theskl

was modelled. The joints were simulated in the model where the lining segments were installed
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successively in the circumferential direction one after another to form a ring (each ring comprised
6 segments)Then, as the EPB machine advances in thgitadinal direction, the next ring, forms

the same way with its 6 segments activated successively. This process continues for the whole
construction process. In a typical EPB shield construction, cement ginjetcied at thdvack of

the shield to filthe annular gap between the extrados of the lining and the surrounding ground. In
this mode] the grout pressure at the back of the ERieldresulting from thebackfill grouting

was set to 220 kPa at the crqvamd increass with depthat a rate of 20 ki#m. As fresh grout
hardens with time and stiffeniss elastic modulus and strength increaBeus,the applied grout
pressuralecreasewith distance. The model accounted for this process by changing the imateria
properties of the elements in the grogtemnulugo the properties of fresh grout the current

step half-hardened groudt the previous ringandfully hardened grouat the ring preceding the
previous ring This processvasrepeae¢dwith each tunneadvancement. The grout behaviour was
modded by using the concrete model discussed above. Mfeomodel appliethe forceexerted

on the already installed liningy the hydraulic jacks driving the EPBhieldand modelled the
installation of anew lining ring. It should be noted that thest excavation step differs from the
following excavation steps, as in this step the tunnel is activated for the first time. Hence, in the
first excavation step of the model the tunnel has already advanced 6 m istil,thdrereasn

each of the subsagnt steps, each advancementheftunnel is only 1.5 mFigures3-14(b) and

3-15 illustrate the steps and ssteps followed in the developed model.

In this study, the calculation consists of several plastic phiadiesving the procedure described
above to excavate the firsand then the seconinnel of line2. For the longterm study,

consolidation phases werelized.
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Initial step H

Generation of the initial stress using Ko procedures

1. Deactivation of the fresh grout at the (i-3)™ ring;

2. Activation of the hardened grout at the (i-5)"
ring.

1. Deactivation of the fresh grout at the (i-4)" ring;

2. Activation of the hardened grout at the (i-4)®
ring.

1. Deactivation of the jack forces at the (i-5)" ring
and the grout pressure at the (i-4)® ring;

2. Activation of the fresh grout and jack forces of
the (i-9)™ ring.

1. Deactivation of the jack forces at the (i-4)® ring
and the grout pressure at the (i-3)™ ring;

2. Activation of the fresh grout and jack forces of
the (i-3)™ ring.

Step
(i+1)

1. Deactivation of the EPB shield and surface
contraction of the (i-3)™® ring;

2. Activation of the lining and grout pressure at
the (i-3)™ ring.

Step
(i+2)

1. Deactivation of the EPB shield and surface
contraction of the (i-2)™ ring;

2. Activation of the lining and grout pressure at
the (i-2)® ring.

1. Deactivation of the soil inside the tunnel, the
lining & grouting layer of the (i+1)™ ring and the
face pressure at the i ring;

2. Activation of the EPB shield, negative interface
& surface contraction of the (i+1)™® ring.

1. Deactivation of the soil inside the tunnel, the
lining & grouting layer of the (i+2)® ring and the

face pressure at the (i+hH ring;

2. Activation of the EPB shicld, negative interface
& surface contraction of the (i+2) ™ ring.

Activation of the face pressure at the (i+1)™ ring.

Activation of the face pressure at the (i+2)™ ring.

Step (i+3) H

Soil excavation and lining installation of the remaining rings

EPB Advancement (i+1)
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Figure 3- 15: Numerical simulation steps ftinetunnel eccavation
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3.7 RESULTS AND DISCUSSION

3.7.1 Surface settlement troughs along transverse sections

During the approach of the tunnel shield to the instrumentation section, S2, a slight heaving of the
ground was observed. This was because the soil pressure in tHeukR8ad was equal @10

kPa, which is larger than the-gitu total horizontal earth pressure at the tunnel axis depth, which
was around 205 kPa. During the passage of the shield body, a small increase in surface settlement
was detected, due to the exatwn of the soil aheh Surface settlement tended to increase while

the gap that was left between the tail skin and the concrete lining ring was filled with grout
material. A remarkable increase in surface settlement was observed until the dissipatost of

of the excess perwater pressure.

In Figure 316, the predicted surface settlement obtained by utilizing the four constitutive soll
material models (HSSmall, HS, MCC, and SS) is compared to the field measurements reported by
Lee et al. [21]. Figre 316 shows the numerical predictions $oirface settlement above the center

line of the observed tunnel at cressction S2 after 1 month (Figurel8(a)) and after 3 months
(Figure 316(b)). The maximum vertical surface settlement above the crown @ie month
predicted by the HSSmall modsl only 0.54% less than the measured value. On the other hand,
the values predicted by the HS, SS and MCC models are 4%, 27% and 32% greater than the
measured value, respectively. Hence, it can be seen tharttening soil models (HSSmall and

HS) genera realistic predictions because they account for most of features of soil behaviour, such
as densification, strestependent stiffness, po®nsolidation effects, dilatancy, and the
development of irreversiblerains at yielding. In addition, the most iompant criterion is the
incorporation of the three input stiffness parameteys,Hsesand Er. Thus, the magnitude of soil

deformation development and progress is accurately modelled by these models. ThellHSSm
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model predicted the same maximum settlenater three months as that obtained from the field
measurements. The other material models failed to perform satisfactorily feaetomgettlement,

as their predicted settlement values were around 2.5 bma®re larger than those obtained by

field measurements. The enhanced features of the HSSmall model, such as the variation of stiffness
with increased shear strain, and the nonlinear hysteretic-stragsrelationship in the small strain
domain allowe the HSSmall model to predict the displacaihteough accurately for lontgrm
settlement (after 3 months in consolidation). In addition, as can be seen from Figyrat3he

right side of the observed tunnel, the HSSmall model predicted a settleaught similar to that

shown by field measureents, whereas the HS, MCC and SS models predicted a heave which did
not occur in reality. It can be seen that the shape of the settlement trough is predicted very well by
the HSSmall model. The advanced Aimear HSSmall constitutive model is charactedizy its

ability to account for high soil stiffness at very small strains. This feature played a major role in
this study, because the tunnels penetrate through highly nonlinear soft soils. These observations
are similar to those reported by other researsisuch as Addenbrooke et al. Mpller & Vermeer

[28] and Hejazi et al. [LAhen using 2D finite element analyses. Hence, it can be concluded that
precise modelling of the variation of the stiffness modulite a change in strain level is of key

importance in the modelling of EPB tunnelling problems.
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Figure 3- 16. Settlement trough at croesgction SZa) afterl month and(b) after 3months

3.7.2 Pore water pressure changes arounthe tunnel

Figure 317 shows théocations of five vibrating wire piezometers installed around the monitored
tunnel. During the approach of the tunnel shield to the instrumentation section, S2, pore water
pressures started to increase due to the pregenezated at the cutting face. gy the passage

of the shield body, the excess pore water pressures began to decrease. Throughout the grouting
process, an increase of the pore pressure was observed, because the grouting pressure was greater
than the tothearth stress. This excess stdrte dissipate slowly with time after the grouting

procedure commenced.

74



70.0m
v1.5m A
op =
0
M i 5.8 m
rings o 6.8 m PEZ2
PEZ5 I5m
o -
85m Q8.6 m
ih PEZ4 PEZ1

Ms — 25m
casing /
on ( Q

16.6m TP Depth and No.

PEZ3 of piezometer
(i) —

0p .
Piezometer

U b i

Figure 3- 17: Layout of instrumentation with respect to the crssstion of the tunnel

Figure 318 illustrates changeof pore water pressure with tiraefive piezometers over a period

of 180 days. Piezometers 1 and 2 were located above the center line of the tunnel crown at depths
of 8.6 m and 5.8 m respectively, and piezometers 3, 4 and 5 were located at 3D/4 awthe fro
center line of the tunnel (vere D is the diameter of the tunnel), at depths of 16.6 m, 8.5 m and 6.8
m, respectively. In Figure-B8, the pore water pressure dissipation with time predicted by using
the soil constitutive models under considerat®icampared to field measuremergparted by

Lee et al. [21]. At the first piezometer, the pore water pressure after 180 days predicted by using
the HSsmall model is within 8% of the field measurement, and the predictions of the HS, MCC
and SS models are@en closer to the field measureneft the second piezometer, the pore water
pressure after 180 days predicted by using the HSsmall model is within 2% of the field
measurement, however, the predictions of the HS, MCC and SS models are 16%, 12% and 16%

greater than the field measurememspectively. At the third piezometer, the pore water pressure
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after 180 days predicted by using the HSsmall, HS, MCC and SS models is within 2% of the field

measurement. A similar trend was found for the fourth and fifthometers.

It can be seen fromidgure 318 that there is a reduction of pore water pressures around the tunnel,
because of the slow dissipation with time of the excess pore water pressure developed in the soll
during the subsequent excavation and linmgfallation sequences. During teame period, as

shown in Figure A6, additional consolidation settlement is detected on the ground surface.
Changes of the pore water pressure with time change the structure of the soil body, due to shearing.
The HSSmalmodel is again in good agreemeuith the field measurements. The shear hardening
mechanism tends to degrade the soil stiffness in the soil model, and thetireapstresstrain

relationship can be reproduced.
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3.7.3 Lateral movements indirections transverse tothe tunneling direction

Figure3-19 shows variation of the lateral displacement in directions transverse to the tunnelling
direction at 3 m away from the side of thennel, where an inclinometer casing was installed (see
Figure3-17). Figure3-19(a) shows the lateral displacement at 1 month, and F3glL@€b) shows

the lateral displacement at 3 months after excavation of the Shahefina line 2 tunnel. In Figure

3-19, the lateral displacements predicted by using the four constitutive soil models are compared
with the field measurements reported by Leale[21]. It can be seen from FiguBel9 that the

lateral ground deflectionsioutward except near the ground surface, where it is inward. The
maximum deflection is developed at the upper quarter of the tunnel opening. The lateral
displacements founditie months after the tunnel excavation differ only slightly from those found
after one month, indicating that most of the lateral movement occurred in the first month following
the passage of the shield machine. It can be seen that only the HSSmalisnabtkelto mimic

the shape and distribution of the lateral ground movementsditbe tunnel and in the vertical
direction. The maximum lateral displacement after one month is overestimated by only 1 mm by
the HSSmall model. All of the other models faitegoroduce a good prediction of either the shape

or the magnitude of the measdrcurves. As can be seen from FigBwE9(b), a similar trend was

found for the lateral displacement after three months. It can be also seen fronBH§utet the
centralbulge at the upper quarter of the tunnel opening predicted by the HSSmallaiosed}
matches that of the field measurements at 1 and 3 months, and below the tunnel opening (i.e.,
below 20 m) the soil deflection is very slight. The improvement in thdigiren of the lateral

displacement profile is a result of the small strairiretgds component of the model.
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3.7.4 Distribution of Earth Pressure

Figure3-21 shows the variation of total earth pressure with time at five pressure cells (see Figure
3-20) installed on the outer side of the lining segmehigure 3-21 compares the total earth
pressure distribution with time predicted by freposed soil material constitutive models with

the field measurements reported by Lee et al. [21]. It can be seen from3-Rjutleat the decrease

in earth pressure occursaglually with time, due to the consolidation effect of the grouting
material. Fo the first cell, the predictions of both the HSSmall and the MCC models closely match
the field measurements. Weaker agreement was exhibited by the predictions of the @ther tw
models, where the difference between the predicted and measured valuesheerarige of 15%

to 20%. For the second pressure cell, the predictions of the HSSmall model provided the closest
match with the measured results. The HS, MCC and SS modebstineated the earth pressure

by 17%, 14% and 22%, respectively. Similarly, tbe third pressure cell, the earth pressures
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predicted by the HSSmall model were within 2% of the field results, but the HS, MCC and SS
models overestimated the pressures by B8%6 and 11%, respectively. Similar trends were found
for pressure cells 4 arisl where the HSSmall model was able to produce predictions in better

agreement with the field measurements [11].

Figure 3- 20: Layout ofthe earth pressure cells
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3.8 CONCLUSIONS

Reliable numerical models for the prediction of expected settlements, lining pressures and other
relevant design parameters are essential for safe tunnel débigrelecton of appropriate
constituive material models for soils and structures is of giggiortance forthe precise
modelling of EPB tunnéhg problems.Furthermore detailed simulation of the construction
procedures and sequence is also very important. These factessandéial fothe development of
numerical models which can achieveaable predictiongandareeffective in mimicking the actual

performance ofhestructures.

3D finite element models were develogsdusinganew concrete modgio model the behaviour
of concreteunnel linings.In the FE modelsdeveloped, dur different advanced soil constitutive
models were utilized to model the soil behaviour. The predictions of eachmbttedsdeveloped
were compared with measured field results to assesadteleffectivenss and suitability. The
hardening soil modetith smaltstrain stiffness (HSSmahyas superior to the other models under
consideration in the modelling sbil behaviour. This superiority is attrilalle mainly to the
ability of the modeko mimic the vaations in stiffness that accompgrchangs in strain level

especially at small strain¥ his isa key featuréghatgovernghebehaviour particularlgf soft soils.
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CHAPTER 4 THREE-DIMENSIONAL INVESTIGATION
OF HOW NEWLY CONSTRUCTED
BUILDINGS SUPPORTED ON RAFT
FOUNDATIONS AFFECT PRE-EXISTING
TUNNELS

4.1 ABSTRACT

In densely populated areas, there is increasing construmtibigh-rise buildings adjacentto
existing tunnels. Thmteractions involved areomplex. Based oexperience and field monitoring
many tunnel owneranposeexclusionzonesfor construction close to their tunnels. This paper
studies the effect of a newly constructadlding supported by a shallow foundation anintact
pre-existing tunnelWith the ad of PLAXIS software, aletailed threalimensional finite element
aralysis is used to conduct a parametric study showing the interaction between thiedatraad

of the preexisting tunnel and the new shallow foundation. The intact concrete liningdslied
by using thenewly developed concrete model included in th&XIS userdefined library. The
model considers the ndmearity of the material behavio and the distinction between strength
in tension and compression. The constitutive soil wheeettimnel system is constructed is
simulated by using a hardening soibdel with smabstrain stiffness, whichccountgor increased
stiffness at small straingheconstruction of the tunn& dividedinto several phasesvhere each
phases simulatedwith the advancement of the shield boring machine. Accordingly, neigrde

guidelinescan be developeir shallow foundations in clog@oximity to pre-existing tunnels

Keywords:threedimensional analyses, shallow foundation, existing tunnel, strat stiffness,

new useidefined concrete model, stage constructios|weston zone.
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4.2 INTRODUCTION

According toa 2018 United\ationsreport, thenumber of peopléving in urban areas wiljrow

to 2.5 billion by 205qUnited Nations, 2018)his will result in an increasedemandor housing,
transportation and other public servic€Ele fact thatand in megacities iscarce an@xpensive
hasled to the construction of higtise buildings with basements very close togxisting tunnels.
Influence of newly constructed adjacent buildings is of major interest for tunnel operators in urban
areas, due to the high level of interaction betweerstibstructure of the buildings and existing
tunnels Do | e g al pSh&maZz0ad 200JandDevriendt et al. 2000 New developments
adjacent to prexisting tunnés disturb the stress path in the groumtdich canaffect the durability
and safety ofhetunnels.Theassociated se#tructure interaction (SStan reduce ancrease the
vertical or horizontal tunnel lining diameteausingovalization or squat phemena This can
imply spalling at segment joints and crackingatious locations around the tunnel linifigcould
also caus®penings at the raali joints resultingin the entry of saline wateithat could lead to
significant concrete degradation inetform of extensive concrete delamination and steel
deterioration. As well, additional water could lead to the flooding of the t{Doean et al. Q00).

For exampleexcavation fol highrise building with dbasementive levelsdeep to the east tie
Taipei Rapid Transit System (TRT&nnelsin Taiwan damaged a sectiontbetunnel. This is

an example ohdamage case history resulted from tbastruction of a new building over a pre

existing tunnelChang et al2001).

This interaction problem wagsreviously investigated using a combination of in situ observations
and/or numerical modléeng. However, previous studies only considered the baseexeavation
case without consideration of the building itself as a whete instancea series of fieldests

wereconducted to study the effect of basement excavatiadjacent existing tunnelBurford
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(1988) found that excavation tife Shell Centrebasement over Bakerloo line tunnels has led to
long-term heave of the Londoclay. Lo and Ramsay1991)investigated the influence of the
construction ophasdll of the York Mills Centre abovéhe TorontoTransit Commission (TTC)
subway tunnels By using a finite layer analysis program (FLANS), they highlighted the
importance of thesoil deformation modulsi parameter in unloading and emphasizedt
constructionproceduresand monitoring programsiust be caefully executedin the case of
construction over existing tunnels. In 20@&delMeguid et al(2002)studied the same Lo and
Ramsayproject. Byusinga 3D elasteplastic finite element program and a 2D plain strain analysis
they showedhe importance fgperforming 3Danalysesn such casessoodagreement was found
when comparing the results with the field measureménts! e § (00D usgd the 2D ARP-

90 FEM codeto evaluate the influence of a deep excavatiorPaague undergroundhilway
tunnels Three tunnels werata depth oR0 m and twowereata depth of35 m.The results were
compared with field measurements and interpreted by perfornmstgss path analysiSharma

et al.(2001) evaluated the effect ekcavatinga large hospital basememtarSi n g a Mass e 6 s
Rapid Transit (MRTyystem. Byperforming a 2D plain strain modahalysis with the aid ahe
CRISP FE program, thesompared thdinite element analysis results with field measurements.
Theyfound that the FE results were overestiad and highlighted the role of lining stiffnass
the liningdisplacement and distortiodheng and Wef{2008) performed a 2D plain strain model
analysis byusing the FE program ABAQUS to study the effecambverlying pit excavation on
existing tunnels. Thegoncludedhat the mostomplexcaseoccurredvhen the center of the tunnel
was located under the center of the diaphragm Walriendt et al(2010) performed a 3D finite
element analysigy using the ppgram LSDYNA to assess theffectof demolition, excavatioof

a new basementand construction of a new development thenearby London Underground
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Centralline. They found good agreementween the results of the FEA and field measurements.

By usingthe 3D FE program ABAQUSVang et al(2013) evaluated the effect of excavating an
underpass above an existing tunnel in Shanghai and compared the FE results with the .field data
Shi et al(2015 performed a 3D numerical analysis to examine the effentazdvating dasement

in dry sand oveanexisting tunnel.

Most previousresearch has modellatie tunnellining as an elastic beam or plate ahas
consideredt as a continuous structure. lact, the shieldunnellining is formed by assembling
prefabricated concrete rings bolted together and erected within the banaelJsuallyatunnel
ring has a length of approximatelyto 2 m. During the construction afining segmentthe boring
machineremainsstationary. Oncéheplacement othe segment completethe machine resumes
excavation for the placement of thextring. For this reasonn this study tunnelconstructions
dividedinto several phases.aéh phassimulateghe advanament of the shield boring machine
Thepressure at the face of the tunnel should be assggado maintain an equilibrium between
the pressure inside the machine chamber due to the excavateshdtlie earth pressureitside
the cutting surfaceOther aspects simulated incluttee shape of the machine, whickc@nicalin
most casesnjection of the grouting material in the gap left between the tail skin and the; lining
the hydraulic jack forces driving the machinenhich areexerted on the alreadgstalled lining
and installation of the new lining witéin equivalent grout layebehind. Other researchefsgave
studied the interaction between basement excavatiommaexisting tunneby using a 2D plain
strain scheme angave modelledhe soil as @lstic or elastiperfectly plasticHowever, models
which assumehatthe soil iselagic or elastieperfectly plastianay not be capableof modelling

the differentinteractiongn thesoil during thetunnelexcavation.
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The presentesearch conducts a Jdite elementparametricanalysis to investigateow newly
constructedbuildings suported on raftfoundations affecintact preexisting tunnel linings
Varioustunnel configurationsre considered, with the aid thie finite element program PLAXIS

3D (2018). The behavig of tunnel concrete lining elements assumed to obey the newly
developedconcrete modeh PLAXIS 3D, which takesnto consideration the neimearity of the
material behaviar, andthe strain hardening or softening in both compresaind tensiothatis
particularly relevant fomodellingconcreteln addition, the onducted omerical analysestilized

an advancedconlinear constitutive soil modeb model the soil behaviour. The udeardening

soil model with smalktrain stiffnes (HSSmall) accounts for increased stiffness at small strains.
Ng et al.(2015)used acentrifuge model tesind concludedhata constitutive modeWwhich can
capture variations soil stiffness withthe strain and stress patbuld offer a betterpredicton of

soil heaveduring the excavatioaf a basemerdadjacent to an existing tunnélhus a new design
guidelinecan bedeveloped to impose an exclusion zone for the construction of structures close to

pre-existing tunnels.

4.3 THREE-DIMENSIONAL FINITE ELEME NT PARAMETRIC ANALYSIS

With the aid of the software RAXIS 3D, threedimensional finite element analysegre
performed to study the interaction between a newly constructed building on a mat foundation and
a preexisting tunnel irmsandy layer. In this stly, the thrust force, bending momeamgdvertical

ard horizontal displacemesif the tunnel lining werevestigated. In additigrihe maximum and

differential settlemestunderneath the building foundation were examined.
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4.3.1 Numerical analysis program

The relationshipbetween a newly constructed buildingpported on a raft foundation and the
burial locationof an intact existing tunnel was examined by conducting a parametric study. The
problem considered involves a higise building (20 stories wittone basement) on a raft
foundationthat restson a thicksandy layer. The main structural system of the -nigé building
consistsof flat slabs of uniform thickness connected to columns (without the use of beams). The
gravity and lateral loads are withstooglthe lift shear wallshown in Figure 4. A largenumber

of threedimensional finite element rungas performed. In each run, the burlakation of the
existing tunnel was changetihus burial depthsrangingfrom 1D to 6D (vhereD is thetunnel
diameer) in the vertical directigrandlocationsfrom 0D (with the tunnekenterdirectly beneath

the centerline of the shallow foundation) to 10D in the horizontal direot@e examinedThe

FE modelconsideredas a depth of 6 andextendsl60 m n thex-direction andLOO m in the
y-direction. These dimensions asefficientto allow the development ofny possible collapse

mechanism and to avoid influence from the model bound@éesigures4-1 and4-2).
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Figure 4- 1: Plan view of highrise building
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4.3.2 Typical finite element mesh

Figure4-3 showsa typicalmeshgeneratedor the model. Taensurehigh-quality results, the FE
mesh was refined in clogeoximity to the tunneland near locations where nrbnear behaviar
was expected. The model was boytusingapproximately350,000 elements. The sand stratum
and existing tunnel volumes were modellgdfreansof 10-node tetrahedral elemenihe newly
constructed building was simulated utilizing plate elementsept for the columnsyhich were
simulated using beam elements. The bottom bounofatye modelwas fixed in all directions.
Vertical model lbundaries parallel ttheyz-plane were fixed ithe x-direction and those parallel

to thexz-plane were fixed inhey-direction.
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Figure 4- 3: Typical threedimensional finite element mesh

4.3.3 Simulation of the tunnel construction process

A crosssection of the tunnel liningg shown inFigure4-4. The outer diameter is 5.5, and the
inner diameter is 5 m. The tunnel linilgassumed to obey the concrete model, a new constitutive
model inthe PLAXIS software, where the ndmearity of the material behawio is considered,
and more realistic stress distributions can be obtaireze4.1 summarizeshe used tunnel lining
material parameters. Interface elements permittiegoccurrence ofither slippager gapping

wereused to model the interface between the soil andutireet lining.

The tunnels assumed to have beénven by using @&unnel being maching TBM). A schematic
diagramof the TBM shield igpresentedn Figure4-5. An imbalance between the earth pressure
inside theTBM soil chamber and the earth and hydatstpressurebeyondthe cutter dis¢eads

to a flow of the soil conditionsThus controlling excavation of the soil is an importarBM
concept. Grouting materied used to infuse the gap left between the tunnel lining and the tail skin.

The behaviar of fresh and hardened grouting materials was simulayeallinear elastic mdel
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with moduli of elasticity of 2 GPa and 10 GRaspectively, # o0i ss ah ® ® ,(aadunitof 0. 2

weightof 18 kN/n.
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Figure 4- 4: Transverse and longitudinal cressctions of the tunnel
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Table 4.1: Summary othetunnel lining material parameters adoptedthe finiteelement

analysis

Unit weight, o2 (kN/m 25
Youngo6s modul us edBEakNmdd shc31x1C6
Poissonds ratio, 3 0.15
Uniaxizal compressive strength of cured shotcreteyat fc 28 45 x 103
(KN/m?)
Uniaxial tensile stregth of cured shotcrete aydr, fi 25 (KN/m?) 4,500
Time dependency of elastic stiffness/Hzs 1
Time dependency of strength ffc s 1
Normalized initially mobilized strengthgoh 0.15
Uniaxial plastic failure strain at 1h, 8h, 24h, -1x10°
Compressive fracture energy of cured shotcretgdt®c 2s
(kN/m) 100
Tensile fracture energy of cured shotcreteyat G2 (KN/m) 6.9
Il ncrease of Ucp with increaci8
Maxi mum fri@k(on angle, @ 37
Safetyfaobr f or compressive stre 1l
Safety factor dor tensile stl
Time for full hydration, dyqr (days) 28

-~ Shield body f Shieldjack = @ ing segments

Cutter disc &%

—Soil chamber L Screw conveyor

Figure 4- 5: Tunnelboring machindTBM) schematic crossection
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Figure 4-6 defines the sequencing ofethtunnel constructionThe sequencing simulation

proceduregan besummarizedn detailas follows

Step_1, face excavatioifhe volumenside the tunnel is excavatexhd the water conditioreze
set to dry. At the outer surface, the TBM shield, negatiterface and surface construction are

activated. All the surface loads in the front plane are activated to simulate the face pressure.

Step_2, TBM shield with conicitylTheremainingconicalpart of the TBM shield is defined. The

face pressure in thedint plands deactivated.

Step_3 and Step_4, TBM shield with constahield diameter and tail Thelast two parts of the
shield have a constant diameter. Hence, the surface contraction at the outer surface is set to

uniform.

Step_5, grouting and jackirusting: At the outer surface, the TBM shield and surface contraction
are deactivated-or the outer volumes, the lining is activateohd the fresh grout with defined
pore water conditions is activateiimulating the pressure due to the bélilgrouting. At therear

plane, the surface load simulating jack thrusting is activated.

Step_6, prdinal lining : Waterconditions of the fresh grout materaeset todry, and the jack

forces are deactivated.

Step_7, final lining Thefresh grout material is2setto hardened grout.
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Figure 4- 6: Numerical simulation steps ftunnelexcavatiorsequencing

4.3.4 Constitutive models and parameters

Sand behavuars are described by using tirardening soil model with smadtrain stiffnes

(HSSmall) included in the PLAXIS software package. This material model accounts for increased
stiffness at small strains by using two paramet@s:, the smallstrain shear modulus; ands,

the strain level at which the shear moduluseeduced tapproximately 70% of the small strain
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